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was presented with the Peter Hedgecock Award in recognition of his dedication to the activities of 
Committee El0. His efforts led to the development and refinement of numerous standards, to the 
presentation of many technical papers in the Effects of Radiation on Materials symposia series and 
other international forums, and to advancement of the materials technology used in nuclear power 
plants. He has been a mentor to many, and a valued advisor to all. He will be missed greatly. 
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Foreword 

This publication, Effects of Radiation on Materials: 20 tn International Symposium, contains selected 
papers presented at the 20th Symposium on Effects of Radiation on Materials, held 6--8 June, 2000 
in Williamsburg, Virginia. The symposium was sponsored by ASTM Committee El0 on Nuclear 
Technology and Applications. The symposium chairman was Stan T. Rosinski, Electric Power Re- 
search Institute. Martin L. Grossbeck, Oak Ridge National Laboratory, Todd R. Allen, Argonne Na- 
tional Laboratory, and Arvind S. Kumar, University of Missouri-Rolla served as co-chairmen. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Contents 

Overview 

PRESSURE VESSEL S T E E L S ~ E N E R A L  

Review of Current Recommendations from the Recent IAEA Specialists Meeting on 
Irradiation Effects on Pressure Vessel Steels and its Mitigation---L. M. 
DAVIES, W. L. SERVER, V. LYSSAKOV, AND S. T. ROSINSKI 

A Mechanistically-Based Model of Irradiation Damage in Low Alloy Steel Submerged 
Arc Welds--T. J. WILLIAMS AND D. ELLIS 

Vessel Investigation Program of "CHOOZ A" PWR Reactor after Shutdown---c. 
BRILLAUD, Y. GRANDJEAN, AND S. SAILLET 

Development of Reconstitution Technology for Surveillance Specimens in Japan Power 
Engineering and Inspection Corporation--s.  KATAOKA, N. KATO, K. TAGUCH1, M. 

YAMAMOTO, AND Y. OKA 

PRESSURE VESSEL STEELS--MASTER CURVE APPROACH 

Master Curve Characterization of Irradiation Embrittlement Using Standard and l/3- 
Sized Precracked Charpy Specimens--B.-s. LEE, W.-L YANG, M.-Y. HUH, S.-H. 
CHI, AND J.-H. HONG 

Radiation Damage Assessment by the Use of Dynamic Toughness Measurements on Pre- 
Cracked Charpy-V Specimens---E. LUCON AND R. CHAOUAD1 

Comparison of Transition Temperature Shifts Between Static Fracture Toughness and 
Charpy-V Impact Properties Due to Irradiation and Post-Irradiation Annealing for 
Japanese A533B-1 Steels.--K. ONIZAWA AND M. SUZUKI 

Yield and Toughness Transition Predictions for Irradiated Steels Based on Dislocation 
Mechanics--M. WAGENHOFER, H. P. GUNAWARDANE, AND M. E. NATISHAN 

xi 

28 

42 

55 

68 

79 

97 

Master Curve Evaluation of Irradiated Russian VVER Type Reactor Pressure Vessel 
S t e e l s - - H . - W .  VIEHRIG, J. BOEHMART, J. DZUGAN, AND H. RICHTER 109 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



vi CONTENTS 

Fracture Toughness Characterization of 304L and 316L Austenitic Stainless Steels and 
Alloy 718 After Irradiation in High-Energy, Mixed Proton/Neutron Spectrum--  
M. A. SOKOLOV, J. P. ROBERTSON, L. L. SNEAD, D. J. ALEXANDER, P. FERGUSON, M. R. JAMES, 

S. A. MALOY, W. SOMMER, G. WILLCUTT, AND M. R. LOUTHAN 125 

PRESSURE VESSEL STEELS--MICROSTRUCTURE AND MODELING 

Review of Phosphorous Segregation and Intergranular Embrittlement in Reactor Pressure 
Vessel Steels----c. A. ENGLISH, S. R. ORTNER, G. GAGE, W. L. SERVER, AND S. T. ROSINSKI 151 

Modeling of Phosphorous Accumulation on Grain Boundaries in Iron Alloys Under 
Irradiation--v. A. PECHENKIN, 1. A. STEPANOV, AND Y. V. KONOBEEV 174 

Grain Boundary Phosphorous Segregation Under Irradiation and Thermal Aging and Its 
Effect on the Ductile-to-BmTTLE TRANSITION--S .  SONG, R. G. FAULKNER, AND P. E. J. 

FLEWITT 189 

An Evaluation of Through-Thickness Changes in Primary Damage Production in 
Commercial Reactor Pressure Vesse l s - - -R .  E. STOLLER AND L. R. GREENWOOD 204 

Hardness and Microstructure Changes with Thermal Annealing of Neutron-Irradiated 
Fe-Cu Alloys--H. KAWANISHI AND M. SUZUKI 218 

Effects of Copper Concentration and Neutron Flux on Irradiation Hardening and 
Microstructure Evolution in Fe-Cu Model Alloys---R. KASADA, T. KITAO, K. 
MORISHITA, H. MATSUI, AND A. KIMURA 237 

Effects of Neutron Irradiation and Thermal Annealing on Model Alloys Using Positron 
Annihilation Techniques---s. E. CUMBLIDGE, G. L. CATCHEN, A. T. MOTTA, G. BRAUER, 

AND J. BOHMERT 247 

Microstructural Evolution in High Nickel Submerged Arc Welds--j. M. HYDE, D. ELLIS, 
C. A. ENGLISH, AND T. J. WILLIAMS 262 

PRESSURE VESSEL STEELS--MECHANICAL PROPERTIES 

An Evaluation of the Effect of Radiation Environment on Linde 80 Reactor Vessel 
W e l d s - - M .  j .  DEVAN AND W. A. PAVINICH 

Reirradiation Response Rate of a High-Copper Reactor Pressure Vessel Weld--s. K., 
ISKANDER, R. K. NANSTAD, C. A. BALDWIN, D. W. HEATHERLY, M. K. MILLER, AND I. 

REMEC 

Relation Between Resistivity and Mechanical Properties in Heat Affected Zone of 
Welded Pressure Vessel SteelmR. KASADA, T. SUZUKI, K. ITOH, Y. NARUSE, AND 

A. KIMURA 

Fracture Toughness and Tensile Properties of Irradiated Reactor Pressure Vessel 
Cladding MaterlalmM. G. HORSTEN AND W. P. A. BELCHER 

291 

302 

315 

328 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CONTENTS 

True Charac ter i s t ics  of S t reng th  and  Ductil i ty for N e u t r o n - I r r a d i a t e d  Meta ls  a n d  
Alloys---o. P. MAKSIMKIN AND O. u TIVANOVA 

Investigation of Temper Embrittlement in Reactor Pressure Vessel Steels Following 
T h e r m a l  Aging, I r r ad ia t ion ,  and  T he r m a l  Annea l ing- -R.  K. NANSTAD, D. E. 
MCCABE, M. A. SOKOLOV, C. A. ENGLISH, AND S. R. ORTNER 

Composi t ion  Effects on the Radia t ion  E m b r i t t l e m e n t  of I ron Alloys---J. BOHMERT, 
A. ULBRICHT, A. KRYUKOV, Y. NIKOLAEV, AND D. ERAK 

AUSTENITIC ALLOYS 

The De te rmina t ion  of Bias Fac tor  Stress Dependence  f rom Expe r imen ta l  Data  on 
I r r ad i a t i on  Creep and  Stress-Affected Swelling in Austeni t ic  Stainless S t ee l s - -  
Y. V. KONOBEEV, V. A. PECHENKIN, AND F. A. GARNER 

Swelling and  Mic ros t ruc tu ra l  Evolut ion in 316 Stainless  Steel Hexagonal  Ducts 
Following Long-Term I r r ad i a t i on  in EBR-I I - - J .  I. COLE, T. R. ALLEN, a. TSAI, 
S. UKAI, S. MIZUTA, N. AKASAKA, T. DONOMAE, AND T. YOSHITAKE 

Radia t ion- Induced  Segregat ion and  Void Swelling in 304 Stainless Steel--T. R. ALLEN, 
J. I. COLE, AND E. A. KENIK 

Effect of I r r ad i a t i on  E n v i r o n m e n t  of Fast  Reac to r ' s  Fuel  E lements  on Void Swelling in P, 
Ti-Modified 316 Stainless SteeI--N. AKASAKA, 1. YAMAGATA, AND S. UKAI 

The Swelling Dependence  of Cold Worked  16Cr -15Ni -2Mo- lMn Steel on Neu t ron  
I r r ad i a t i on  in Tempera tu re ,  Fluence and  Damage  Rate  D u r i n g  its Use as a 
Cladd ing  Mater ia l  in the BN-600 Reac tor - -A.  v. KOZLOV, E. A. KINEV, S. V. 
BRYUSHKOVA, AND 1. A. PORTNYKH 

Tensile Proper t ies  of 12% Cold-Worked  Type 316 Stainless Steel I r r ad i a t ed  in EBR-I I  
U n d e r  Lower-Dose-Rate Condi t ions  to High Fluence---T. YOSHITAKE, T. DONOMAE, 
S. MIZUTA, H. TSAI, R. V. STRAIN, T. R. ALLEN, AND J. I. COLE 

I r rad ia t ion  Creep Deformat ion  of Modified 316 and  15Cr-20Ni Base Austeni t ic  Fuel  
E lements  I r r ad i a t ed  in FFTF- -A .  UEH1RA, S. UKAI, S. MIZUTA, AND R. J. PUIGH 

Behavior of Different Austenitic Stainless Steels, Conventional, Reduced Activation 
(RA) and ODS C h r o m i u m - R i c h  Fer r i t i c -Mar tens i t i c  Steels Unde r  Neu t ron  
I r r ad i a t i on  at  325~ in P W R  Envi ronment - - J . - c .  BRACHET, X. AVERTY, 
P. LAMAGNi~RE, a. ALAMO, F. ROZENBLUM, O. RAQUET, AND J.-L. BERTIN 

FERRITIC]MARTENSITIC ALLOYS 

Pos t - I r rad ia t ion  Deformat ion  Micros t ruc tures  in Fe-9CrmD. S. GELLES, M. L. HAMILTON, 
AND R. SCH,~UBLIN 

vii 

343 

356 

383 

401 

413 

427 

443 

457 

469 

487 

500 

523 

Effect of Spec imen  Size on  Fat igue Proper t ies  of  Reduced  Act ivat ion Fer r i t i c /Mar tens i t i c  
SteelmT. H1ROSE, H. SAKASEGAWA, A. KOHYAMA, Y. KATOH, AND H. TANIGAWA 535 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



viii CONTENTS 

Correlation Between Creep Properties and Microstructure of Reduced Activation 
Ferritic/Martensitic Steels---H. SAKASEGAWA, 1". HIROSE, A. KOHYAMA, Y. KATOH, 

T. HARADA, AND T. HASEGAWA 546 

Comparison of Thermal Creep and Irradiation Creep of HT9 Pressurized Tubes at Test 
Temperatures from ~490 ~ to 6 0 5 ~  B. TOLOCZKO, B. R. GRAMBAU, F. A. GARNER, 

AND K. ABE 557 

PROTON AND SPALLATION NEUTRON SOURCES 

Examination of 304L Stainless Steel to 6061-T6 Aluminum Inertia Welded Transition 
Joints after Irradiation in a Spallation Neutron Spectrum--K. A. DUNN, M. g. 
LOUTHAN, JR., J. I. MICKALONIS, S. MALOY, AND M. R. JAMES 573 

Microstrucural Alteration of Structural Alloys by Low Temperature Irradiation with High 
Energy Protons and Spallation Nentrons---B. H. SENCER, G. M. BOND, F. A. GARNER, 
S. A. MALOY, W. F. SOMMER, AND M. R. JAMES 588  

Retention of Very High Levels of Helium and Hydrogen Generated in Various Structural 
Alloys by 800 MeV Protons and Spallation Neutrons---B. M. OLIVER, F. A. GARNER, 
S. A. MALOY, W. F. SOMMER, P. D. FERGUSON, AND M. R. JAMES 612 

The Influence of High Energy Proton Irradiation on the Corrosion of Materials--  
S. LILLARD, F. GAC, M. PACIOTTI, P. FERGUSON, G. WILLCUTT, G. CHANDLER, AND L. DAEMEN 631 

The Effect of High Energy Protons and Neutrons on the Tensile Properties of Materials 
Selected for the Target and Blanket Components in the Accelerator Production of 
Tritium Project--s. A. MALOY, M. R. JAMES, G. J. WILLCUTT, W. F. SOMMER, w. R. 

JOHNSON, M. R. LOUTHAN, JR., M. L. HAMILTON, AND F. A. GARNER 644 

High-Energy Spallation Neutron Effects on the Tensile Properties of Materials for the 
Target and Blanket Components for the Accelerator Production of Tritium 
Project--M. R. JAMES, S. A. MALOY, W. E SOMMER, W. R. JOHNSON, D. A. LOHMEIER, 

AND M. L. HAMILTON 660 

RADIATION DAMAGE FUNDAMENTALS 

Microstructural Evolution of Reduced Activation and Conventional Martensitic Steels 
after Thermal Aging and Neutron Irradiation---M.-H. MATHON, Y. DE CARLAN, 
C. GEOFFROY, X. AVERTY, C.-H. DE NOVION, AND A. ALAMO 674 

Dimensional Characteristics of Displacement Cascades in Austenitic Steels under 
Neutron Irradiation at Cryogenic Temperature---A. v. ~:OZLOV, I. A. PORXNYKH, 
L. A. SKRYABIN, AND S. S. LAPIN 694 

On the a+T<-->v-Phase Boundary in Nickel and in Manganese Containing Stainless Steel 
AIIoys---w. SCH1DLE 704 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



CONTENTS 

Effect of Nickel on Irradiation Hardening and Microstructure Evolution of Proton 
Irradiated Fe-Cu Alloys---.. SHIBAMOTO, T. KITAO, H. MATSUI, M. HASEGAWA, 

S. YAMAGUCHI, AND A. KIMURA 

OTHER MATERIALS 

Effect of Final Irradiation Temperature and Frequency of Irradiation Temperature 
Cycles on Microstructural Evolution of Vanadium Alloys----N. NITA, K. FUKUMOTO, 
AND H. MATSUI 

Hardening of Vanadium Doped with Nitrogen by Heavy Ion Irradiation and Post- 
Irradiation Annealing--T. NAGASAKA, H. TAKAHASHI, T. MUROGA, N. YOSHIDA, AND 

T. TANABE 

Hydrogen and Helium Gas Formation and their Release Kinetics in Tungsten Rods after 
Irradiation with 800 MeV Protons--B. M. OLIVER, F. A. GARNER, M. L. HAMILTON, 
W. F. SOMMER, S. A. MALOY, P. D. FERGUSON, AND M. R. JAMES 

The Influence of Temperature, Fluence, Dose Rate, and Helium Production on Defect 
Accumulation and Swelling in Silicon Carb ide- - . .  KISHIMOTO, Y. KATOH, 
A. KOHYAMA, AND M. ANDO 

Microstuctural Stability of SiC/SiC Composites under Dual-Beam Ion Irradiation--- 
Y. KATOH, H. KISHIMOTO, M. ANDO, A. KOHYAMA, T. SH1BAYAMA, AND H. TAKAHASHI 

Molecular Dynamics Simulation of Radiation Damage Production in Cubic Silicon 
Carbide---L. MALERBA, J. M. PERLADO, I. PASTOR, AND T. D. DE LA RUBIA 

Influence of the Reactor and Cyclotron Irradiation on Energy Transformation during 
Plastic Deformation of Metal Materials---o. P. MAKSIMKIN AND M. N. GUSEV 

Irradiation-Induced Amorphization and its Recovery Behavior in Cold-Rolled and Aged 
Ti-Ni Shape Memory Alloys---A. KIMURA, T. HIROSE, AND H. MATSU1 

Effect of Mass and Energy on Preferential Amorphization in Polycrystalline Silicon Film 
During Ion Irradiation--M. TAKEDA, S. OHNUKI, T. SUDA, S. WATANEBE, H. ABE, 

AND 1. NASH1YAMA 

Crack Growth Resistance of Irradiated Zr-2,5Nb Pressure Tube Material at Low 
Hydrogen Levels---P. H. DAVIES, D. D. HIMBEAULT, R. S. W. SHEWFELT, AND R. R. 

HOSBONS 

ix 

722 

736 

746 

762 

775 

786 

799 

813 

825 

836 

846 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Overview 

ASTM Committee El0 on Nuclear Technology and Applications sponsors a biennial series of 
symposia on the effects of radiation on materials. The first symposium was held in 1960 and 
followed an earlier series begun in 1956 by Committee El0, then called the Committee on 
Radioisotopes and Radiation Effects. The meetings continue to be a major international forum for 
the presentation and discussion of research on the influence of radiation on the microstructure and 
mechanical properties of structural materials. In recent symposia, emphasis has also been placed on 
the advancement of emerging technologies to improve integrity assessment of major nuclear plant 
components (e.g., Master Curve fracture toughness methodology) in support of extended plant 
operation. The proceedings of the Twentieth International Symposium on the Effects of Radiation 
on Materials are published in this ASTM Special Technical Publication (STP) 1405. The 
Symposium was held 6-8 June, 2000, in Williamsburg, Virginia. 

As demonstrated in previous symposia in this series, the Twentieth Symposium continued the 
tradition of strong international participation. The 98 registrants for the Twentieth Symposium 
represented 15 countries and 53% of the participants were from countries other than the U.S. One 
hundred thirteen presentations were scheduled to be discussed during the Twentieth Symposium 
and, of the 57 papers in this STP, 67% have corresponding authors from countries other than the 
U.S. The high level of international collaboration experienced in previous symposia was also 
apparent in this symposium. Committee El0 considers such international participation important to 
the success of this series of symposia and to standards development in support of nuclear 
technology and applications. The organizers extend their appreciation of those international 
researchers for their participation and the excellent quality of presentations. 

The papers presented in this STP are organized in nine sections, four on reactor pressure vessel 
(RPV) steels, one each on austenitic and ferritic/martensitic alloys, one on proton and spallation 
neutron sources, one on radiation damage fundamentals, and the final section on other materials. As 
typical for recent symposia in this series, a large percentage of the papers in this STP (44%) deal 
with RPV steels and RPV integrity. 

The first four sections contain 25 papers that discuss various aspects of radiation effects on RPV 
plate, forging, and weld materials, including radiation-induced changes on mechanical properties, 
radiation damage mechanisms and associated microstructural changes, and the modeling of 
radiation embrittlement mechanisms. A section is also devoted to discussion of the Master Curve 
fracture toughness methodology for application to RPV integrity assessment. 

The section on austenitic alloys contains eight papers on various aspects of radiation-induced 
segregation, creep, irradiation-creep, swelling, and the associated changes in mechanical properties. 

Four papers are presented in the section of ferritic/martensitic alloys. Topics discussed include 
characterization of fatigue properites and evaluation of the miscrostructural stability in reduced 
activation ferritic/martensitic steels, the characterization of post-irradiation deformation 
microstructures in ferritic Fe-Cr alloys, and the evaluation of thermal creep and irradiation creep 
properties of HT9 materials. 
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• OVERVIEW 

The section on proton and spallation neutron sources contains six papers that examine the effects 
of high energy proton and spallation neutrons on the mechanical properties and corrosion behavior 
of various structural alloys. 

Four papers are presented in the section on radiation damage fundamentals. Topics discussed 
include microstructural evolution in martensitic steels and Fe-Cu alloys, the characterization of 
displacement cascades in austenitic steels, and phase boundary microstructure in nickel and 
manganese containing stainless steel alloys. 

The STP concludes with a section containing ten papers covering a broad range of materials 
including vanadium alloys, tungsten rods used in the production of tritium, silicon film, silicon 
carbide and silicon carbide composites, shape-memory alloys, zirconium-niobium pressure tube 
materials, and other metals and alloys. 

The diversity in subject material and the technical quality of the research presented in this STP 
reflect the continuing importance of the study of radiation effects on materials to the international 
scientific community and to the nuclear industry. This series of symposia will continue to provide a 
key international forum for the discussion of-radiation effects on materials. On behalf of the editors, 
1 extend my appreciation to all authors for their contributions and to the technical reviewers whose 
diligence helped maintain the tradition of excellence shown in this series of symposia and 
contributed significantly to the timely publication of this STP. 

Stan T. Rosinski 
Symposium Chair and Editor 
Electric Power Research Institute 
Charlone, North Carolina 
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Pressure Vessel Steels General  
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U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .



L. Myrddin Davies, ~ William L. Server, 2 Vjacheslav Lyssakov, 3 and Stan T. Rosinski 4 

Review of  Current Recommendations  from the Recent IAEA Specialists Meeting on 
Irradiation Effects on Pressure Vessel  Steels and its Mitigation 

Reference: Davies, L. M., Server, W. L., Lyssakov, V., and Rosinski, S. T., "Review of Current 
Recommendations from the Recent IAEA Specialists Meeting on Irradiation Effects on 
Reactor Pressure Vessel Steels and its Mitigation," Effects of  Radiation on Materials: 20 th 
International Symposium, ASTM STP 1405, S. T. Rosinski, M. L. Grossbeck, T. R. Allen, and A. S. 
Kumar, Eds., American Society for Testing and Materials, West Conshohocken, PA, 2001. 

Abstract: Under the auspices of the International Atomic Energy Agency (IAEA), the 
International Working Group on Life Management of Nuclear Power Plants sponsors 
specialists meetings on radiation embrittlement and mitigation. The purpose of these 
international meetings is to present state-of-the-art research results in the area of  radiation 
embrittlement, identify critical technical issues that require resolution in the international 
community, and officially to recommend research activities for IAEA member states in 
order to resolve these issues. The most recent of these international meetings was held 
April 1999 in Madrid. This paper discusses the specific conclusions and 
recommendations drawn at this most recent specialists meeting. Critical technical issues 
in the area of radiation embrittlement and mitigation, as identified through these 
specialists meetings, are discussed and summarised. 

Keywords: International Atomic Energy Agency, International Working Group on Plant 
Lifetime Management, specialists meetings, radiation embrittlement and mitigation 

Introduction 

Under the aegis of the International Atomic Energy Agency (IAEA), the 
Intemational Working Group on the Life Management of Nuclear Power Plants (IWG- 
LMNPP) being composed of participants from 27 countries and 2 international 
organizations, proposes a number of future international specialist meetings at their 

1Chairman of IWG-LMNPP, LMD Consultancy, 176 Cumner Hill, Oxford OX29PJ, 
UK. 
2President, ATI Consulting, P.O. Box 5769, Pinehurst, NC 28374, USA. 
3Scientific Secretary, IWG-LMNPP, Division of Nuclear Energy, IAEA, 
Wagramerstrasse 5, Vienna A-1400, Austria. 
4project Manager, EPRI, 1300 Harris Blvd, Charlotte, NC 28262, USA. 

3 

Copyright�9 by ASTM International www.astm.org 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



4 EFFECTS OF RADIATION ON MATERIALS 

regular meetings as part of its remit. For the past decade specialist meetings on radiation 
effects and its mitigation on nuclear pressure vessel steels have been held at two-year 
intervals in a number of locations which have included Balatonfured [1], Paris [2], Espoo 
[3], Vladimir [4], Madrid [5]. The next meeting in this series is being organized at the 
present time for June 2001 in Gloucester. Other specialist meetings on other topics are 
also held. The program and work of the IWG-LMNPP has been described recently 
elsewhere [6]. 

The recent process for smrtmarizing conclusions and recommendations from the 
specialists meetings has utilized a rapporteur selected from the attendees. It is hoped that 
these summaries can impact future research direction in the IAEA member states and 
within the international community in general. However, the proceedings from the 
specialists meetings do not have a wide distribution beyond the government 
representatives of the member states on the IWG-LMNPP. This paper provides a forum 
to disseminate the conclusions and recommendations to a wider audience. 

Methodology 

A list was prepared highlighting technical topics raised in the various meeting 
sessions at the Madrid meeting, The topics were organized corresponding to 'previous 
topics' and 'new themes'. This list is shown in Table 1. 

Recommendations 

Following the summary and review session (which included a discussion of the 
previous Vladimir [4] meeting Recommendations), the following list of key items were 
identified to be disseminated and carried forward to the next specialist meeting to be held 
on this topic. 
1) Continued support for the IAEA international database(s) on reactor pressure vessel 
(RPV) toughness was endorsed. 
2) Measurement of copper in solid solution should be continued for RPV materials 
containing significant levels of bulk copper. 
3) The role of phosphorus in creating damage during irradiation needs better 
understanding in terms of both hardening and non-hardening mechanisms. 
4) Considering potential inter-granular fracture, the effect of thermal annealing needs 
further understanding and quantification. 
5) The role of high nickel in promoting radiation embrittlement needs further 
understanding in terms of mechanisms and response at higher fluences; conflicting results 
have indicated different responses for similar" high nickel steels. A new Coordinated 
Research Programme (CRP) on this topic is being initiated. 
6) Further knowledge on the availability and use of reference materials (such as JRQ and 
HSST plates) for current and future surveillance programmesis still needed. 
7) The importance of consistent reporting of fluences was emphasised, and participants 
were requested to report all fluences in terms ofE > 1MeV and E > 0.5MeV. To alleviate 
some concerns involving differences in neutron energy spectrum, the use of dpa is 
encouraged, although it is recognised that there is still debate on the best measure of dose. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



T
ab

le
 

1 
- 

To
pi

cs
, s

es
si

on
s 

an
d 

co
m

m
en

ts
 fr

om
 M

ad
ri

d 
m

ee
tin

g,
. 

It
em

 ii
i t

 
P

re
vi

ou
s 
TO
pi
CS
 

1 
D

at
ab

as
es

 
2 

M
ea

su
re

 C
u 

in
 s

ol
ut

io
n 

3 
E

ffe
ct

 o
f P

 
4 

E
ffe

ct
s 

of
 h

ig
h 

N
i 

5 
R

ef
er

en
ce

 m
at

er
ia

ls
 

6 
Fl

ue
nc

e 
re

po
rti

ng
 

7 
N

ex
t S

pe
C

ia
lis

ts
 M

ee
tin

g 
in

 2
00

1 
8 

D
ire

ct
ly

 m
ea

su
re

 fr
ac

tu
re

 to
ug

hn
es

s 
(F

T)
 

9 
D

yn
am

ic
 fr

ac
tu

re
 to

ug
hn

es
s 

10
 

C
VN

 s
hi

fts
 v

s.
 F

T 
sh

i~
S 

11
 

Th
ru

-th
ic

kn
es

s 
ch

an
ge

 in
 to

ug
hn

es
s 

12
 

Irr
ad

ia
tio

n 
fa

ci
lit

y 
ca

ta
lo

g 
13

 
N

eu
tro

n 
flu

x 
ef

fe
ct

s 

M
ad

ri
d 

Se
ss

io
n"

 N
O

. 
I'

( 
X

 

(x
) 

X
 

X
" 

X
 

X
 

(X
) 

X
 

(X
) 

X
 

x 
X

 
X

 
(X

) 
X

 

X
 

2 
( 

(,
 

I 
( 

6 
[ 

co
m

m
e.

ts
 

X
 

IA
E

A
 a

nd
-o

th
er

s-
 .

.
.

.
.

.
.

.
 

(in
di

re
ct

ly
 d

et
er

m
in

ed
) 

X
 

X
 

X
 

B
ot

h 
fo

r I
G

F 
an

d 
'h

ar
de

ni
ng

 m
ec

ha
ni

sm
s,

 p
lu

s 
an

ne
al

in
g'

ef
fe

ct
 

X
 

X
 

rx
 

M
ix

ed
 e

ffe
ct

s;
 m

ec
ha

ni
sm

 n
ot

 c
le

ar
ly

 k
no

w
n 

X
 

X
 

A
m

ou
nt

 a
~a

U
ab

le
? E

no
ug

h 
fo

r t
he

 fu
tu

re
? 

X
 

E
 >

 1
 M

eV
; 0

.5
 M

eV
; d

pa
; s

pe
ct

ru
m

 
U

K?
 

X
 

X
 

X
 

M
as

te
r C

ur
ve

 (C
R

P
) e

m
ph

as
is

; s
om

e 
J'

-R
 cu

rv
es

 
X

 
C

ra
ck

 a
rr

es
t d

at
a;

 in
st

ru
m

en
te

d 
C

ha
rp

y 
V

-n
ot

ch
 (C

V
N

) 
X

 
X,

 
M

or
e 

da
ta

 n
ee

de
d 

X
 

-'
X

 
N

V
N

P
-2

 s
em

l~
ed

 a
t s

m
al

l d
ep

th
 / 

M
ag

no
x 

m
ic

ro
st

ru
ct

ur
e 

ev
al

ua
tio

n 
IA

E
A

 id
en

tif
ie

d 
X

 
X

 
X

 
S

pe
ct

ru
m

 e
ffe

ct
s,

 g
ra

di
en

ts
, t

he
rm

al
 v

s,
 ir

ra
di

at
io

n 
em

br
itt

le
m

en
t 

Ite
m

 
[ 

N
ew

 ] 
he

m
es

 P
re

Se
nt

ed
 

14
 

sp
ec

im
en

 re
co

ns
tit

ut
io

n 
15

 
R

e-
em

br
itt

le
m

en
t a

fte
r a

nn
ea

lin
g 

16
 

S
ub

si
ze

 s
pe

ci
m

en
s 

17
 

M
at

er
ia

l v
ar

ia
bi

lit
y 

an
d 

sa
m

pl
in

g 
18

 
Ef

fe
ct

 o
f p

re
st

ra
in

 o
n 

to
ug

h'
he

ss
 

19
 

R
el

at
io

ns
hi

p 
to

 N
D

T 
in

sp
ec

iio
n 

pr
og

ra
m

s 
" 

20
 

In
de

xi
ng

 m
et

l~
'0

ds
 

I , X
 

X
 M

ad
ri

d 
se

ss
io

n 
N

o.
' 

12
t 

(4
 

51
 

X
 X
 

X
 

X
 

X
 

X
 

X
 

X
 

X
 

X
 

X
 

X
 

6 
[ 

C
om

m
en

ts
 

C
VN

 &
 F

T 
(c

om
pa

ct
 te

ns
io

n)
 

M
od

el
 a

nd
 m

ec
ha

ni
sm

s 
In

cl
ud

in
g 

sm
al

l p
un

ch
; b

as
ed

 o
n 

co
rr

el
at

io
ns

 
In

te
rp

re
ta

tio
n 

of
 d

at
a 

S
iz

ew
el

l d
at

a 
B

as
ed

 o
n 

in
te

gr
ity

 a
ss

es
sm

en
t 

A
cc

ur
ac

y 
ne

ed
s 

to
 b

e 
de

te
rm

in
ed

 

C
op

yr
ig

ht
 b

y 
A

ST
M

 In
t'l

 (a
ll 

rig
ht

s r
es

er
ve

d)
; S

un
 D

ec
 2

0 
18

:1
8:

21
 E

ST
 2

01
5

D
ow

nl
oa

de
d/

pr
in

te
d 

by
U

ni
ve

rs
ity

 o
f W

as
hi

ng
to

n 
(U

ni
ve

rs
ity

 o
f W

as
hi

ng
to

n)
 p

ur
su

an
t t

o 
Li

ce
ns

e 
A

gr
ee

m
en

t. 
N

o 
fu

rth
er

 re
pr

od
uc

tio
ns

 a
ut

ho
riz

ed
.



6 EFFECTS OF RADIATION ON MATERIALS 

8) Direct measurement of fracture toughness is emphasized along with analysis methods 
employing the master curve approach; the ongoing IAEA Coordinated Research 
Programme (CRP) activities are strongly endorsed. 
9) More dynamic fracture toughness data are needed. 
10) More data should be generated for comparisons between Charpy V-notch and 
measured fracture toughness shifts; indexing methods in use currently should be re- 
evaluated. The use of sub-size specimens is required in some instances and appropriate 
correlations are needed. 
11) Through-thickness material properties after irradiation exposure are needed to support 
structural integrity analyses. 
12) The role of neutron flux effects is an area that continues to be debated; resolution of 
flux effects as a function of fluence, spectrum, temperature and other operating 
parameters is needed. 
13) Efforts to promote better and novel specimen reconstitution techniques are 
encouraged. 
14) Re-embrittlement after thermal annealing is an area of continued interest, especially 
for WWER steels. Models and mechanistic understanding are necessary. 
15) Material variability and sampling issues continue to be areas needing further study. 
Other effects such as pre-strain can also be important. 
16) New advances in computer modelling of radiation damage from first principles are 
encouraged, 

These key items or themes should be used as guidance for RPV embrittlement 
research topics in the future. Two additional recommendations were considered. Another 
specialists meeting on irradiation effects should be considered and also a catalogue of 
world-wide irradiation facilities should be developed. Note that a specialists meeting has 
been scheduled for June 2001 in Gloucester, UK. 

Progress on some of these recommendations can be reported, as indicated earlier. 
The IAEA has already initiated two major CRPs involving a large number of 
organisations from member'states to investigate: the "Mechanisms of Nickel Content 
Effect on the Irradiation Embrittlement of RPV Steels" and "Surveillance Programmes 
Results Application to RPV Integrity Assessment." The latter CRP will further assess the 
master curve methodology and application of fracture toughness testing. For the 
irradiations to be conducted during these programmes, the intention is for neutron fluence 
to be simultaneously reported as E > 0.5 and E > 1.0 MeV and also as dpa. 
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Abstract: A model of irradiation damage in low alloy steel submerged arc welds has 
been developed by fitting test reactor data to physically reasonable mathematical 
equations. The model is underpinned by a substantial amount of  microstructural data 
obtained using small angle neutron scattering, atom probe microscopy and other 
techniques. These data have been used qualitatively to show that the basic assumptions 
of the model are reasonable, and assessed quantitatively using the Russell and Brown 
modulus hardening model. 

The model predicts hardness change in welds irradiated at high neutron dose rates as a 
function of irradiation dose, irradiation temperature and chemical composition. 
Correlations have been developed to enable Charpy or fracture toughness shift to be 
predicted from hardness change. In addition, a simple modification to the basic model 
allows estimation of damage at power reactor dose rates. This has enabled comparison 
with US surveillance programme data. Possible reasons for the observed differences in 
data and predictions are discussed. Plans to validate the model by testing material from a 
decommissioned RPV are outlined. 

Keywords: Irradiation embrittlement, pressure vessel steels, submerged arc weld metal, 
modelling, copper, nickel, hardness, Charpy shift, fracture toughness shift 

Introduction 

The mechanisms of irradiation embrittlement of low alloy steels are now fairly well 
understood. Nevertheless there are a number of significant uncertainties and subtleties of 
behaviour which remain elusive. These, in conjunction with the common inadequacies of 
most databases (measurement inaccuracy and lack of values for all the variables that may 
be important), have been obstacles to the development of  a general predictive model, 
accurately applicable to a wide range of materials and irradiation conditions. Instead 
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WILLIAMS AND ELLIS ON SUBMERGED ARC WELDS 9 

there exist a number of models describing the effects of irradiation on the mechanical 
properties of low alloy steels. Each is fitted to a database representing somewhat 
different material and irradiation conditions from the others, and is typically identified to 
a specific country or reactor design. This paper presents one such model. It draws 
heavily on work by recent pioneers in the field, including Odette, Lucas, Fisher, Buswell, 
Jones and Stoller [1-7]. Previous evolutions of the model are described in [8-11]. 

The model has been developed to provide as accurate a description as possible of the 
particular database it represents, and to try to integrate a range of mechanical and 
microstructural data. It is hoped that the model will provide a useful reference point for 
the development of further understanding of the mechanisms of irradiation damage. 

Experimental Details 

Experimental details have been given previously in [8-11]. The following sections 
summarize and update the data relevant to this paper. 

Materials and Specimens 

The database used for fitting the model comprised 11 submerged arc welds in 150mm 
thick ASTM SA533B plate. The welds were austenitized at 920~ for six hours and 
water quenched, then tempered/stress relieved for 42 hours at 600~ followed by 6 hours 
at 650~ Chemical composition values are shown in Table 1. Several determinations 
were made for each weld and the maximum value for manganese (1.74%), for example, 
is the highest mean manganese content of any weld and 1.53% is the mean of the means. 

TABLE 1 - Chemical compositions. 

Mn Mo Ni Cu C Si S P 
Maximum 1.74 0.54 0.390 0.60 0.062 0.60 0.027 0.035 
Mean 1.53 0.50 0.159 0.27 0,053 0.43 0.018 0.023 
Minimum 1.42 0.47 0.043 0.07 0.045 0.37 0.012 0.016 

The specimens used were standard Charpy V-notched specimens to the ASTM 
Standard Test Methods for Notched Bar Impact Testing of Metallic Materials (E 23), half 
Charpy size blocks for hardness testing and "squat" compact tension (CT) specimens. 
The latter were to the design and dimensions of a standard 25 mm CT specimen 
(ASTM E399, Standard Test Method for Plane-Strain Fracture Toughness of Metallic 
Materials), except that the thickness (B) was 40 ram. The Charpy and toughness 
specimens were in the LT orientation. In the great majority of cases specimens were 
taken between 3T/4 and T/4, where T is the thickness of the weld. Broken test-pieces 
were used to provide material for microstructural examination. 

Irradiation Conditions 

Specimens were irradiated in materials test reactors: the Herald reactor at Aldermaston 
in the UK, and the Osiris reactor at Saclay in France. Neutron exposures were 
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10 EFFECTS OF RADIATION ON MATERIALS 

determined by in-house procedures that generally meet or exceed the requirements of the 
relevant ASTM Standards (E 693, E 944, E 181, E 261, and E 706). Most irradiations 
were carried out at a "high" dose rate (about 7 x 10 ~9 dpa/s), but a few were done at a 
"medium" dose rate (about 7 x 10 "~~ dpa/s) in Herald, and there was one "low" dose rate 
(about 9 x 10 -~ dpa/s) irradiation in Osiris. Irradiation temperatures were 225 ~ 255~ 
295 ~ and 315 ~ Figure 1 is a plot of dose versus dose-rate for each data set compared 
with U.S. surveillance data for low nickel welds (discussed below). 

Q. 
"O 

OJ 
U) 
0 C~ 

0 

.m_ 
"0 

1 .E-01 

1. E-02 

~E-03 

I O O  
0~ 
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1.E-04 + 

1 .E-11 1.E-10 1.E-09 1.E-08 1 .E-07 

Dose Rate (dpals) 

Figure 1 - Irradiation dose versus dose-rate for each data set. Th~ Rolls-Royce database 
values are compared with U.S. surveillance conditions for low nickel welds from the 

Eason Wright and Odette database [14]. 

Mechanical Testing 

Hardness testing was done using a Vickers Diamond Pyramid machine with a 20kg 
load. Specimen surfaces were carefully machined to avoid surface hardening and to 
provide clear edges to the hardness impressions. Most hardness changes were based on 
six hardness impressions before irradiation, and four after, on each of the Charpy 
specimens within the data set (normally fifteen but varying in number between one and 
sixteen). In the case of the half Charpy sized hardness blocks, the number of hardness 
impressions pre- and post-irradiation was much more limited. Assessment of 
unirradiated data obtained over several batches spread over a long period of time, 
suggested that the accuracy of hardness change determination (from the Charpy specimen 
sets) was 2 to 3 VPN. The estimated accuracy of each determination was used to weight 
the fitting process. Charpy and toughness testing were carried out to the standards cited 
above (ASTM E 23 and ASTM E 399). The Charpy data were fitted to tanh curves. The 
toughness data were analysed generally to the ASTM Standard Test Method for 
Determination of Reference Temperature, To, for Ferritic Steels in the Transition Range 
(E 1921), the Master Curve method, except that test temperature varied. 
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WILLIAMS AND ELLIS ON SUBMERGED ARC WELDS 1 1 

Microstructural Characterization 

A small number of samples were examined using a range of advanced metallographic 
techniques. Field emission gun scanning transmission electron microscopy (FEGSTEM) 
was done at AEA Technology Harwell, UK. Small angle neutron scattering (SANS) was 
done on the D11 spectrometer at the high flux beam reactor of the Institute Laue 
Langevin, Grenoble, France. Field ion microscopy was carried out in the energy 
compensated position sensitive atom probe (ECoPoSAP) instrument at Oxford 
University, UK. Techniques have been documented previously [11] and are also 
described elsewhere in this volume [12]. 

Data Bases and Analysis Techniques 

The Rolls-Royce (RR) mechanical property database for this investigation comprised 
2 Charpy sets with no hardness measurements, 73 sets with both Charpy and hardness 
measurements, 32 hardness only specimens and 20 transition regions toughness 
specimens. The final fitting for the main predictive models was done using in-house 
software based on a procedure by Britt and Leuke [13], which uses error estimates for the 
dependent and independent variable to avoid bias. Initial assessment of the data, and the 
fitting of subsidiary models, for example fits to the microstructural data, were done using 
spreadsheet databases and fitting tools. 

The comparisons with published data described below were with the database used by 
Eason, Wright and Odette to derive improved embrittlement correlations for RPV steels 
[14]. This is based on, but not identical to the U.S. Power Reactor Embrittlement Data 
Base (PR-EDB), and will be referred to herein as the EWO database. 

Hardness Change Model 

Base Model - High Dose Rate 

In the initial phase of the work the hardness data obtained at the high dose-rate at an 
irradiation temperature of 255~ (48 data sets) were fitted to provide a base model. 
Many different model forms were investigated but the following model (Eqs. 1-5) was 
established as the preferred candidate. This was on the basis of the statistical quality of 
the fit and conformance to the prevailing concept [e.g. 1-6] that irradiation damage 
comprises two components: matrix and precipitation damage. (A third component due to 
grain boundary embrittlement may be important in some cases [15], but there was little 
evidence for it in these materials.) The detail ok'the model is also owed in part to the 
empirical processes of fitting, and in part to the physical insights afforded by the damage 
characterization work described below and similar work by other investigators. 

The parameters underlined were obtained by fitting to the 48 data sets available. The 
parameters (in Eq 2) defining the temperature dependence of matrix damage were 
obtained from work by Jones on other materials and reported in [16]. The effectiveness 
of this term is shown in Figure 2, which compares the measured and predicted hardness 
changes for data at other irradiation temperatures, which were no___At used in fitting 
Eqs 1 to 5. 
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12 EFFECTS OF RADIATION ON MATERIALS 

Al l  = AMtx + APpt (1) 

AMtx = 8.65 • (2.66 - 0.0065 x Tit r ) x (dose) ~ (2) 

I  o,e 1 z~p t  = (41 + 1850 x P) x (Curet x - 0.164_) o.398 x tanh (15.7 - ~.-.-~ x Cumtx) j (3) 

rCu, Cu < 0.35 
Cumt~ = ~ ~0.35, Cu > 0.35 (4) 

APpt = 0, when Curet x < 0.164 (5) 

where 

AH = total hardness change due to irradiation (VPN) 

AMtx = matrix damage component of  hardness change (VPN) 

APpt = precipitation component of  hardness change (VPN) 

T,r r -- irradiation temperature (~ C) 

dose = irradiation dose (dpa) 

P = phosphorus content (weight %) 

Cu,,,, x = matrix copper content (copper in solid solution at start of  irradiation) (weight %) 

Cu = total copper content (weight %) 

The upper limit to Cu,n= (representing the effect o f  copper precipitation during heat 
treatment) was fixed on the basis of  FEGSTEM measurements of  matrix copper 
(Figure 3). This value is high relative to other work (for example Eason, Wright and 
Odette use 0.3% in [14]). However this can be explained by the relatively high final heat 
treatment temperature (650 ~ The fitted value of  the copper threshold i.e. the copper 
content below which hardening is entirely due to matrix hardening, is also high (0.164%) 
relative to most other work on low alloy steels (estimates range typically from 0.08 to 
0.1%). This can not be readily explained. The data underlying this value are shown in 
Figure 4. Although the effect is not shown clearly (total hardness change is plotted rather 
than just hardness change due to precipitation), the evidence is reasonably strong. The 
presumption is that, with a higher copper content, precipitate growth is more rapid. 

The dependence of  hardness change on phosphorus in Eq 3 was introduced following 
assessment of  residuals. Figure 5 shows the residuals of  the model as defined in Eqs 1 to 
5, but with the phosphorus value for all data sets set at the mean value for phosphorus for 
these sets (0.025%). Only those sets for which the model predicts a significant effect of  
phosphorus (i.e. with Cu~tx > 0.164% and dose > 0.010 dpa) are included on the plot. 
Other data would scatter about the zero residual line, obscuring the trend. The overall 
quality of  the fit is illustrated in Figure 6. Figures 7a and 7b show examples of  the fits to 
individual welds. In each case the upper data points are the measured total hardness 
change value, while the lower data points are the deduced values of  precipitation damage, 
being the total hardness change minus the model prediction for matrix damage. 
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Model Extension to Low Dose Rates 

The model defined by Eqs 1 to 5 is limited to prediction at the high dose rate 
(approximately 6.6x 10 -9 dpa/sec). It is now reasonably widely accepted that reducing 
dose rate may result in an acceleration of  precipitation relative to dose. (This is perhaps 
better seen as an effect of  increasing dose rate accelerating precipitation relative to time.) 
A useful discussion of  the phenomenon is given by Odette et al in [17]. It is assumed that 
dose rate does not affect matrix damage or the plateau value of  precipitation hardening. 
The insensitivity of  matrix damage to dose rate is reasonably well established by other 
workers. It is also shown in our data - though not brought out here. The lack of  an effect 
of  dose rate on the plateau is an assumption, although limited data do suggest that the 
assumption is correct. On this basis, Eq. 3 of  the above model can be modified to predict 
damage at low dose rates. 

APpt plat = (41 + 1850 x P) x (Curet x - 0.164) 0.398 (6) 

where 

APpt pl~ = plateau value of  precipitation damage (VPN) 

Equation 6 is conservative at pre-plateau doses (approximately 0.01 to 0.02 dpa for 
these welds, depending on copper content) but is accurate once the plateau has been 
reached. In order to provide accurate estimates of  shift for all doses and dose-rates an 
initial attempt has been made to modify Eq 3 to take account of  dose rate by introducing 
an acceleration factor, J. Following Odette [1], Fisher et al [2], Stoller [7] and others, the 
effect of  dose rate is seen as the result of  increasing vacancy concentration (hence 
diffusivity) as dose rate increases. For reasons of  pragmatism, J is defined as the ratio 
between the vacancy concentration at the high dose rate, nv H, and that at a different dose 
rate, n(. Thus J is equal to unity for the high dose rate irradiations in the RR database, 
and increases as dose rate reduces. The modification to Eq. 3 is simply 

tanh[ J x dose 
APp t=(41+1850x  P) x(Cumt x - 0.164) 0'398 x L(15.7_---~5-~--Cumtx) 

j 

where 

(7) 

(8) 

J =  acceleration factor 
nv H = total vacancy concentration at high dose rate (i.e. 6.6E-9 dpa/s) 
n~ ~ = total vacancy concentration under irradiation at other dose rates 
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16 EFFECTS OF RADIATION ON MATERIALS 

Indicated acceleration factors were determined for each of  the low dose rate 
irradiations by finding the J values that produced model predictions equal to the observed 
total hardness change. This was done only for those sets of  data with copper contents 
above the threshold and for which the amount of  precipitation predicted from the model 
with J =  1 was less than 95% complete. In order to estimate the uncertainty in the J 
values, the exercise was repeated for the high dose rate irradiations meeting the same 
exclusion criteria. The results are shown in Figure 8. There is a considerable amount of  
scatter, but by comparison with the error bar for the "mean" data point representing the 
high dose rate data, the evidence for a dose rate effect is clear. One point is off  scale. 
This is a point with a small (2 VPN) predicted hardness change due to precipitation for 
J =  1 and a small (12 VPN) predicted dPpt  ~ and the uncertainty in the observed J i s  
large. 

One value for SE is offscale at 9.1e-11,6.8 
3 ....................................................... ~ ............................................... 

0 
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O 
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+ SK(0.20) 

-- . - -  SE(0.18) 

O SO(0.17) 

�9 Mean 
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Dose Rate  (dpa /s )  

Figure 8 - Acceleration factor versus dose rate for the medium and low dose rate data. 
The high dose rate point ("mean ") provides an approximate estimate of  the uncertainty 

in the values (error bars are I standard deviation). The "model" curve is an approximate 
fit to the data (Eqs. 8 and 9). Figures given in the key are mean Cu levels for the reduced 

data set for which low dose rate data exist. 

Conceptually nv' increases from the thermal equilibrium value as dose rate increases 
from zero. It passes through a point of  inflection where the rate of  increase of  the 
vacancy concentration is proportional to the rate of  increase of  dose rate (where the rate 
of  precipitation relative to dose is independent of  dose rate), and ultimately saturates. It 
was beyond the scope of  this work to attempt to model this explicitly, but the following 
equation provides a crude simulation, which has been approximately fitted to the data 
shown in Figure 8. 

n~ = exp{ln(a) + ln(fl) x tanh[(ln(d') - ln(d~)))/y] } (9) 
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where 

d'-- dose rate (dpa/s) 
a, fl, d ~ and y are fitted parameters 

(a/fl corresponds to the thermal equilibrium vacancy density) 
(a  x fl corresponds to the saturation vacancy density at high dose rate) 
(d~) is the dose rate at the point ofinflexion) 
(y defines the width of the transition between thermal and saturated conditions) 

It was not possible to produce a reliable converged fit (due to the mathematical form 
of the above equation and narrow range of dose-rates available). However, the following 
parameter values were selected because they give a reasonable fit to the data and were 
reasonably consistent with Stoller, Figure 7 of [18]. 

a = 5.9x 10 -9 

/3= 4.0 x 10 4 

d'0 = 4.25 x 10 -9 

y= 1 x 1019 

The time to reach the plateau shift at the high dose rate is about 400 hours. This, 
using the values of a and fl above, produces an estimate of the time to reach the plateau 
for thermal ageing of 2000 years, which is reasonably consistent with other estimates. 

Eqs 8 and 9 with the parameters given above provide a reasonable fit to the data 
(Figure 8) and are not inconsistent with other evidence. However, other possible model 
forms would give equally good descriptions of the rather limited and scattered data 
available. 

Eason, Wright and Odette [14] include time as a variable in their improved 
embrittlement correlations for the U.S. surveillance database. The dose rate dependency 
so produced is substantially weaker than Eqs. 7-9 above. 

Hardness Change versus Toughness and Charpy Shift Correlations 

A correlation was developed between toughness shift and hardness change as shown 
in Figure 9. The regression fit is given in Eq. I 0. 

AT 0 = 2.68x A/-/ (10) 

where 

AT 0 = shift in the Master Curve T o (reference temperature) (o C) 
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The Charpy shift versus hardness correlation, shown in Figure 10, was based on work 
by Odette, Lombrozo and Wullaert [19]: 

AT4, =kT~v x ,SJ-,r + C • ln / ' -  -10) x (UU - 4 1 ) / F a s t - 1  
2 L(U t -41 ) •  (U U -10)J 

(11) 

where 

AT41 = Charpy shift at the 41J index level (~ 
krH = correlation coefficient (fitted for each weld individually) (~ 
C -- transition curve width parameter from the Charpy tanh fit (= 60 ~ 
U s = irradiated Charpy upper shelf toughness (J) 
U u = unirradiated Charpy upper shelf toughness 

The value of  C used was the mean for all Charpy curve fits. To ensure that this could 
be treated as a constant, the values from the individual tanh fits were examined to 
determine whether C was correlated to weld heat, copper, nickeD, shift, dose or irradiation 
temperature. No correlation was found. The value ofkTH was fitted to each weld 
individually. The mean krH over 9 welds was 2.44 (~ + 0.29 (one standard 
deviation). Taken with Eq 10 this implies about 10% greater toughness shift than Charpy 
shift (at the 10J index), whereas most published data suggests that this difference exists in 
plates, but not welds. The welds in this study had a similar heat treatment to plate, and it 
is possible that this is a significant factor in the correlation. 
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Any correlation of shift to hardening would break down if significant non-hardening 
embrittlement (NHE), for example from phosphorus segregation, were to occur. The 
Charpy shift versus hardness change data were examined for evidence ofnon-linearity or 
non-zero intercepts, which might indicate NHE effects. Also selected specimens were 
fractographically examined. There was no evidence of a significant effect of segregation 
on mechanical properties within the range of the database, though there was a tendency 
for the proportion of the boundaries failing intergranularly to increase with irradiation. 

Comparison with U.S. Surveillance Data 

The model predictions were compared with results from the EWO database described 
earlier. Data sets were selected which were for weld metal, with nickel contents less than 
or equal to 0.4% and which had values for all the variables required for prediction and 
had values of Charpy shift. In total this amounted to 63 sets. The Charpy shift data were 
converted to hardness change using initially the parameters found in the RR fits above. 
This however resulted in significant overprediction. The predictions were recalculated 
using the Odette et al [19] estimate of C (50~ and by refitting the value of kvH to the 
EWO data. The latter gave a value of 1.64 (~ (c.f. RR 2.44). In [20] Odette and 
Lucas give AT/A~ = 0.65 (~ where AGis the yield stress change, and AH/Ao'= 
1/3.6 (VPN/MPa); i.e. AT/AH = 2.34 (~ However in Ref.[19] it is noted that 
AT/A~ is non-linear and values of 0.5 (~ are evident for lower shifts, giving 
AT/AH= 1.8 (~ only 10% greater than the fitted value. Figure 1 la shows the 
basic model (Eqs 1-5) fit to the EWO data using a kmvalue of 2.44 (~ 
Figure 11 b shows the revised model (incorporating Eqs. 7-9) with the re-fitted kvH of 
1.64 (~ The open symbols are those for which a dose rate effect would not be 
expected (i.e. low copper, or full precipitation under high dose rate conditions). 

6O 

A 
Z 
n 
> 4o 
._~ 

~ 20 

. ~  

-20 

-20 

') 'U 

0 20 40  60  
E W O  D a t a b a s e  V a l u e  ( V P N )  

6O 

A 
z 
o. 
~,  40  

~ 2o 
a. 

-20 

-20 

o 

0 20 40  60  
E W O  D a t a b a s e  V a l u e  ( V P N )  

Figure 11 a and b - Calculated versus predicted hardness change for low nickel welds in 
the EWO database. In a) the calculated values are nominal and assume high dose rate. 

In b) the acceleration factor is calculated according to dose rate and the Charpy 
hardness relationship has been refitted in order to scale the results to the h l line. The 

open circles are sets that are not changed by the acceleration factor. 
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The above manipulation shows that there is the potential to reconcile the apparent 
differences in irradiation sensitivity of the low nickel welds in the two databases. It may 
be that these stem from differences in the mechanical property correlations rather than 
from differences in the underlying damage (hardening, yield stress increase) mechanisms. 
A candidate for the source of differences in the correlations is the heat treatment 
difference (quenched and tempered versus stress relieved), or, more particularly, the 
resulting differences in tensile properties. Odette et al [19] discuss the effect of 
unirradiated transition temperature on the yield stress shift correlation and suggest that 
the AT/Act is greater for higher initial values of Charpy transition temperature. There are 
similar indications in the RR data base. In the current study the mean start of life 41J 
temperature for the RR data is -23.5 ~ and that for the EWO data is -37.5 ~ 

Microstructural Data 

The results of the work to characterize the microstructure of irradiated materials has 
been used both to aid model development and, at a later stage, to underpin the model. 
Figure 12 shows an ECoPoSAP map of a copper rich precipitate (CRP) in weld SH. It 
will be noted that the precipitate contains a small amount of phosphorus which may 
indicate the need to include of phosphorus in the model. This may relate to work by 
Odette, Lucas and Klingensmith [21] showing that phosphorus significantly increases 
precipitate number density. 

The ECoPoSAP results were used to help estimating the CRP compositions in order to 
determine volume fraction and precipitate number density from the SANS data. The 
values used in the current analysis were (in atomic percent): Cu 19; Mn 4.6; Ni 0.7; Si 0.7 
and Fe 75. The SANS data are shown in Figures 13 a, b and c. The curves shown are 
fitted to the data, but in terms of form and fixed parameters are mainly speculative. The 
number density curve is derived mathematically from the other two. 

The data are generally consistent with the model showing clearly the effect of 
increasing copper in producing precipitation and also the effect of reducing dose rate, 
although data at low dose rates are only available at lower doses. The increase of 
precipitate diameter with reducing dose rate was not expected and has implications to the 
method of accounting for dose rate effects. 

The microstructural data were fitted to the Russell and Brown modulus hardening 
model [22]. This followed Odette and Lucas [20] and previous work [11]. However, in 
accordance with Stoller [7] the Russell and Brown cut offradius was reduced to the mean 
dislocation spacing. In addition the Russell and Brown inner cut off radius was fitted 
(this improved the fit for very small particles and was considered valid because particle 
size has limited meaning) and the Taylor Factor was used rather than the Schmidt Factor. 
The parameters used/fitted are shown below. 

Burger's vector- 0.248 nm 
Inner cut offradius (fitted) 0.575 nm 
Outer cut off radius - 56 run 
CRP shear modulus (fitted) 44810 MPa 
Iron shear modulus - 49000 MPa 
Taylor Factor 3.06 
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Figure 14 shows the fit to the Russell and Brown model. The deduced values were 
obtained by subtracting the RR model estimate of matrix damage, which is assumed 
independent of dose-rate, from the total measured hardness change. The calculated 
values were obtained from the microstructural data via the Russell and Brown model. 

Figures 15a and b show (the re-fitted) Russell and Brown model hardness change 
predictions, based on the microstructural data, versus the hardness model fits (Eqs. 3-5). 
The copper remaining in solution is also shown. Although the curves provide 
quantitatively similar results (which they must, since they were fitted to the same data) 
the curve shapes are somewhat different. There are a number of possible reasons for this. 
For example, the Russell and Brown model may not be wholly applicable or accurate in 
this application; the effective precipitate size may be mis-estimated, or the effective 
strength of the precipitate may change with size due to composition/modulus changes. 
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It is evident from Figures 14 and 15 that further work is needed to converge the 
hardening and microstructural models. It may also be that the RR model assumption that 
the two damage mechanisms are linearly additive is incorrect. 

Plans for Model Validation 

Work is currently under way to validate the model by testing material extracted from a 
decommissioned RPV. The programme has been described in outline by Taylor and 
Williams [23]. In brief, large blocks of material will be removed, providing a range of 
doses from effectively unirradiated to values within the test data range, within a single 
weld and its adjacent support plates. Irradiation dose, chemical composition and 
hardness changes will be mapped over the total volume of material including through 
thickness. This will enable model predictions to be compared with reality over a range of 
dose rates from the infinitesimally small upward. Damage characterization, using the 
techniques described above will be done to confirm that although the damage kinetics 
may change with irradiation dose rate, the basic mechanisms do not. Fracture toughness, 
Charpy and tensile data will be obtained to confirm the above correlations and to provide 
general materials characterization. 

The sample extraction and testing are to be done by AEA Technology. At present 
work is underway to prepare the RPV for sampling and first results are expected towards 
the end of 2001. 

Concluding Comments 

The process of developing irradiation damage models on the basis of mechanistic 
understanding, and the advantages of this approach, have been well described elsewhere 
[14, 24]. Confirmation is scarcely needed, but this paper has provided a further 
illustration of its value. It has been shown that a model, fitted to a specific limited region 
of data space, can potentially be used in extrapolation with a greater degree of confidence 
than if it were purely empirical. It cannot be claimed that the model is yet sufficiently 
accurate or validated. Several uncertainties remain, in particular the microstructural 
hardening model, the superposition law, the dependence of the shift/hardening coefficient 
on material and the detail of the kinetics model. However, the mechanistic approach, 
coupled with the availability of a range of mechanical property and microstructural data, 
provides a sound basis for resolving these uncertainties. These things will also be of 
great value for re-interpretation, should the work to validate the model provide the 
unexpected. 
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Abstract: In October 1991 the CHOOZ A PWR plant, operated by the French and 
Belgian company SENA, was shut down after 24 years. It was the first PWR shutdown in 
France. According to the EDF life duration project it was decided to perform an 
examination program on samples taken from the wall of the vessel in order to complete 
the feedback. 
The results obtained show the following: 

�9 The embrittlement measured by the pressure vessel surveillance program is 
representative of  that of  the Shell determined at different axial and angular 
locations for the �88 of the internal thickness. This observation is consistent with 
the relative homogeneity of  the embrittling elements (Cu, P, Ni) throughout the 
entire Shell, 

�9 The mechanical properties evolution through the wall thickness of  the Shell 
measured after irradiation is interpreted in relation with fluenee variation and 
unirradiated mechanical properties profile through the thickness, 

�9 The comparison of direct toughness measurement with the French code RCC- 
M evaluation confirms the safety nature of the conventional approach. For the 
weld, after an irradiation damage of 2 10 n9 n.cm "2 (E>IMeV), a margin of the 
order of  the irradiation effect seems to exist. 

Keywords: fracture toughness, Charpy, transition, reactor pressure vessel steel, reference 
temperature, master curve, irradiation, reactor shutdown 

Engineers, Electricit6 de France, Industry Branch, Nuclear Production Division, Corporate Laboratories, 
GDL Chinon, B.P. 23, Avoine, France. 

Copyright�9 by ASTM International 

28 

www.astm.org 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



BRILLAUD ET AL. ON CHOOZ A PWR REACTOR 29 

Introduction 

In October 1991 the CHOOZ A PWR plant, operated by the French and Belgian 
company SENA, was shut down after 24 years. It was the first PWR shutdown in France. 
According to the EDF life duration project it was decided to perform an examination 
program on samples taken from the wall of the vessel in order to complete the feedback. 

The first objective of the program was to confirm the validity of the irradiation 
embrittlement monitoring procedure followed in the Pressure Vessel Surveillance 
Program (PVSP). 

The next part of this program was aimed at collecting additional information on 
material behavior under irradiation. 

Two objectives were focused on : 
�9 evaluation of the embrittlement of the material through the thickness and 

interpretation of the results and, 
�9 toughness tests on the weld metal of joint B/C in order to evaluate the 

procedure employed in the French RCC-M code. This procedure is based on 
the use of  a reference crack initiation toughness curve indexed on the RTNDT 
parameter (Klc=f(T-RTNDx)). 

Chooz A Reactor Vessel and Materials 

Chooz A operating conditions 

Chooz A was the first 4-loop PWR plant built in France. It was operated from 1967 
to 1991 by the Franco-Belgian company SENA. Its net power rating on commissioning 
was 242 MWe and this was subsequently raised to 305 MWe. From 1967 to 1975, the 
irradiation temperature, was 255 ~ (cold leg temperature)and, after the increase of 
power, was raised to 265 ~ until shutdown in 1991. The temperature is about 25~ 
lower than in the 900 PWR units presently operated by Electricit6 de France. 

Manufacture of  the CHOOZ A reactor vessel 

The reactor vessel was manufactured by Soci6t6 des Forges et Ateliers du Creusot 
(SFAC) from grade A 336 (1.2 MD07) low alloy steel forged Shells. Some characteristics 
of the Shell manufacture are given in Table 1, where they are compared to the CP 1 and 
CP2 series 900 MWe reactor vessels. In spite of certain differences, these parts are 
generally quite comparabl e . 

The B/C joint was fabricated by the submerged arc weld process. 

Chooz A Materials 

Base Metal - Table 2 gives heat chemical analysis of Chooz A Shells C and B, 
where they are compared to the heat chemical specifications for the first five CP1 900 
MWe french units. For this standpoint, and in spite of  certain differences (phosphorus of 
Shell B slightly higher than 900 MWe units), chemical composition of Chooz A Shells B 
and C are quite comparable to the first five 900 MWe EDF units. 
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Table J - CHOOZ A manufacture Shells characteristics - Comparison with EDF 
operating 900 MWe units. 

Ingot Shell 
Weight Diameter Crop Thickness Diameter Length 

mean Top Bottom Bore (mm l) inner (mm) 
(t) (ram) (%) (%) (mm) (mm) 

CHOOZ A C 106 2150 20 10 820 205 3206 2245 
B 113.5 2150 20 10 820 230 3206 2430 

900 MWe C 129.8 2400 17 10 820 200 3988 2552 
u~ thickness before machining 

Table 2 - Chooz A heat chemical analysis for Shells C and B. Comparison with the 
specifications for the first five CPI EDF operating 900 MWe unit (results are in wt %). 

C S P Si Cr Mo Mn Ni Cu 

Chooz A 0.165 0.009 0.010 0.30 0.16 0.38 1.26 0.61 0.10 
Shell C 

Chooz A 0.163 0.012 0.015 0.29 0.14 0.42 1.22 0.59 0.08 
Shell B 

900 <0.20 <0.015 <0.010 0.15-0.35 <0.30 0.45-0.60 1.2-1.5 0.40-0.80 <0.010 
MWe 

Material of Chooz A Shells C and B was austenitized 1 hour at 910~ before quenching 
then was tempered 4 hours at 660~ - 670~ Total stress relief heat treatment is 
equivalent to 32 hours at 600~ for Shell B and 26 hours at 600~ for Shell C. 

WeldMetal - Available data for weld metal of B/C joint are given in Table 3, where 
they are compared to the chemical specifications for the EDF 900 MWe units. For 
available data, chemical composition of Chooz A B/C welded joint is comparable to the 
900 MWe units. Because the lack of information about nickel and copper contents, it is 
not possible to give a trend for the behavior of B/C joint material under irradiation. 

Table 3 - Chooz A chemical analysis for welded joint B/C. Comparison with the 
specifications for the EDF operating 900 MWe units (results are in wt %). 

C S P Si Cr Mo Mn Ni Cu 

Chooz A 0 .073  0.012 0.016 0.036 NA 0.44 1.27 NA NA 
B/C 

900 _<0.100 <0.025 <0.015 0.15-0.60 <0.30 0.35-0.65 0.80-1.80 <1.20 _<0.10 
MWe 

The stress relief heat treatment of B/C welded joint is about 7 hours at 600~ 
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Chooz.4 Pressure Vessel Surveillance Program (PVSP) results 

Base Metal - For Shell C, specimens used for the PVSP were machined from the 
acceptance ring, coming from the bottom of  the Shell, at the �88 thickness. 
For Shell B, specimens were reconstituted with material cut at a tube mouth and 
irradiated in PVSP capsules. Base metal material was coming from broken half Charpy V 
HAZ specimens (the portion away from the HAZ was used). Orientation of  the specimens 
is LT. Transition temperature shifts are evaluated for a level of  absorbed energy of  56 
Joules. The simulated stress relief heat treatment of  the PVSP specimens is 24 hours at 
600~ Results for fluence, temperature transition shifts (ATT) and upper shelf 
energy (USE) drop (when available) are given in Table 4. 

On the basis of  PVSP results, formula giving the temperature transition shift 
evolution versus fluence was established for Shell C: 

ATT (~ (~//1019) 0"48 (1) 

where ATT is the temperature transition shift at 56 J level of  energy and d~ the 
fluence (n.cm "2) of  neutrons (E>IMeV). The exponent of  this formula (0.48) is greater 
than the one of  the FIS formulae (0.35 [2]) used to evaluate the temperature transition 
shift in the French RCC-M code. The main reason is the lower irradiation temperature in 
CHOOZ A compared to the 900 CPY units which probably raised the embrittlement 
kinetics. 

Weld Metal - The wire/flux combination used to fabricate the PVSP welded joint 
and the B/C joint are not the same. For this reason, results of  the PVSP were not directly 
exploited in this program. Nevertheless, the unirradiated RTNDx of  the B/C joint was 
estimated to be -20 ~ 
Table 4 - Pressure vessel surveillance program results for  Chooz A Shells C and B base 

metal. Due to a reduced number o f  specimens, it was not always possible to determine the 
USE drop. These cases are labeled with NA (not available) in the table. 

Material Fluence ATT USE drop 
(E>IMeV, n,cm "2) (~ (J) 

0.54 10" 39 2 
1.21 1019 48 3 
2.27 1019 66 2 

Shell C 3.96 1019 106 7 
6.13 1019 113 NA 
6.94 1019 120 6 
10.84 1019 156 7.6 
11.61 1019 151 9 
2.14 10 '~ 53 NA 
3.24 1019 58 NA 

Shell B 4.94 1019 88 NA 
6.74 1019 105 NA 
11.30 1019 148 NA 
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Chooz A Vessel Sampling and Testing 

Ten cylindrical-type trepans of  120 mm diameter were extracted from the full 
vessel wall thickness (175 mm) in the irradiated core zone Coeltline level). The program 
has been performed on materials from Shells C and B and from the B/C welded joint. 
Different angular locations were considered. Due to the geometry o f  the core, the fluence 
damage for these trepans may be different. Fig. 1 gives the different locations in the 
vessel where 6 of  the ten trepans were extracted. The test program includes chemical 
analysis, dosimetry, Charpy impact tests, tensile tests and fracture toughness tests. For the 
latter, the CT12.5 geometry was selected. 

Figure 1 - Location and identification of the trepans extracted from the Chooz A vessel. 

Table 5 gives the details of  the program, including the trepans identification and location 
(axial and angular) and the type of  the specimens sampled. 

Table 5 - Chooz A vessel sampling (KCV is Charpy V notch specimen). 

Trepan Location Specimen Program 

Id. # Material Axial Azimuth 

0 Shell B top 135 ~ KCV validation of PVSP 

3 Shell C mid-height 270 o KCV validation of PVSP 

4 Shell C mid-height 180 o KCV embrittlement through thickness 

7 Shell C mid-height 135 ~ KCV validation of PVSP 

8 Shell C top 90 ~ KCV validation of PVSP 

9 B/C joint - 2700 CT12.5 fracture toughness determination 
tensile 
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The impact tests were performed on test machines (300 J and 360 J) with an 
instrumented hammer equipped with an ISO tup. Fracture toughness tests were performed 
on CT12.5 specimens that were precracked at ambient temperature and 20% side-grooved 
prior to testing. The final Kmax during precracking was maintained below 25MPa'~m. The 
tests were conducted under displacement control at a constant crosshead speed of 
0.2 mrn/min. The specimen notch was machined to allow fixation of the clip gage to 
measure crack mouth opening in the load line. The applied load and the crack mouth 
opening displacement were continuously recorded up to fracture. 

The fluence integrated by the specimens was determined by the Commissariat fi 
l'Energie Atomique (CEA) based on the activity measured using 54Mn isotope on the 
specimen themselves (self dosimetry). 

Copper, phosphorus and nickel contents were detehninate by optical emission 
spectrometry in an inductively coupled plasma (ICP). 

Results 

Chemical Analysis 

For base metal, Shell C, measurement results of Cu, P, and Ni through the thickness 
and at different axial locations (top, mid-height and bottom of the Shell) are presented in 
Figure 2. For top and mid-height locations, samples were machined in the trepans 
(respectively #8 and #4). For bottom location, the results were obtained from PVSP 
specimens. 

No significant variation of these embrittling elements can be seen. Moreover, we 
can also notice on Figure 2 that the values measured on PVSP specimen (cross symbol), 
coming from the bottom of the Shell, are close to those obtained at the top and mid-height 
location throughout the Shell (diamond and square symbols). 
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Figure 2 - Shell C base metal: Phosphorus, Copper and Nickel content profile through 
the thickness at three axial locations: top (diamond - trepan #8), mid-height (square - 

trepan #4) and bottom (cross - PVSP specimen). Uncertainty is represented by a bar on 
the cross symbol (int : internal surface, ext : external surface). 

For Shell B, the same conclusion can be made, when values of  Cu, P and Ni measured on 
PVSP specimen and at the top of  the Shell are compared (Table 6). 

Table 6 - Variation o f  Cu, P and Ni contents over the height o f  the CHOOZ A reactor B 
Shell. All measurements were made at the �90 internal thickness. 

Material Analysis Origin Analysis Position Cu P Ni 
(1/4 int. thickness) wt % wt % wt % 

Shell B PVSP tube mouth 0.087 0.017 0.64 

trepan #0 top 0.07 0.015 0.61 

For welded joint B/C, measurements were made at different thickness on the trepan #9. 
The values, reported in Table 7, do not show significant variation of  Cu, P and Ni 
elements. 

Table 7 - Variation o f  Cu, P and Ni contents across the thickness o f  the CHOOZ A B/C 
welded joint (trepan #9). 

Analysis position Cu P Ni 
distance from internal surface wt % wt % wt % 

17 mm 0.08 0.014 0.15 

33 mm 0.09 0.014 0.21 

49 mm 0.09 0.014 0.13 
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Charpy Impact Data - Part I - Measurement at �88 Thickness From trepans 

The Charpy V specimens from the trepans were sampled in the same orientation as 
the PVSP (LT orientation). For Shell C, three angular locations (90 ~ #8, 270 ~ #3, 135 ~ 
#7) and two axial locations (top # 8 and mid-height #3 & #7) are considered. 

The transition temperature shifts (ATT) measured at 56 ~ and the drop of the upper 
shelf energy (USE) level are given in Table 8. These shifts are relative to the results 
before irradiation in the pressure vessel surveillance program. 

Table 8 - Shells C and B - Transition Temperature Shifts (ATT measured at 56 J) and 
Drop of  Upper Shelf Energy (USE) Level Evaluated on Irradiated Material at �88 

Thickness. 

Shell Azimuth Axial Position Fluence ATT USE Drop 
(1/4 int. thick.) (E>IMeV, n.cm 2) (~ (J) 

B 90 o top #0 1.74 1019 43 not evaluated 

90 o top #8 2.11 1019 51 24 

C 270 o mid-height #3 1.94 1019 41 20.8 

135 o mid-height #7 2.09 1019 52 3.2 

The variation in fluence damage may be due to the different locations (axial and angular) 
of the sampling in relation with the core geometry. At a quarter thickness from the inside, 
and for the different locations considered, the transition temperature shifts measured on 
the base metal of Shell C are very similar. Moreover, the degrees of embrittlement 
measured on Shells B and C are practically identical. 

Charpy Impact Data - Part II- Measurements Through the Thickness 

Charpy V transition curves were determined at mid-height location at five positions 
through the thickness of Shell C (trepan #4). Orientation of the specimens is TS to avoid 
fluence variation along the notch root. The impact transition temperatures measured at 
56 J are given in Table 9. 

Table 9 - Variation of  transition temperature (TT at 56 J) through the thickness of  Shell C 
measured on irradiated material (trepan #4, TS orientation). 

Position Intemal �88 Thick. �89 Thick. �90 Thick. External 

TT (~ 36 14 31 6 -9 

Dosimetry 

The fluence integrated by the specimens through the thickness was evaluated by the 
Commissariat ~ l'Energie Atomique (CEA) based on the activity measured using 54Mn 
isotope on the specimen themselves (self dosimetry). The fitting curve of the individual 
results is shown on Figure 3. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



36 EFFECTS OF RADIATION ON MATERIALS 

Fluence 1019 n.cm "2 (E>IMeV) 

0 ~  
Int. 114 1/2 314 ext. 

Figure 3 - Neutron fluence profile through the wall thickness (E> I MeF, in n.cm "2) - 
int.." internal surface, ext.." external surface (total thickness = 175 ram). 

The evolution of fluence across the thickness of the Shell C is given by the formula: 

f~x=t~surface .e- ct x (2) 

where Ox is the fluence at x mm from the internal surface, Osurface the fluence at the 
internal surface, x the distance in mm from the internal surface and e ta  factor given by 
the fitting curve. 

Fracture Toughness Tests on the Weld Metal o f  Joint B/C (trepan #9) 

The toughness tests were carried out on 12.5 mm thick CT specimens (trepan #9). 
Different testing temperatures were chosen to have a description of the lower part of the 
transition curve. 12 specimens were tested at 4 temperatures (2 at -100~ 2 at -50~ 2 at 
-25~ and 6 at 0~ Because the specimens were machined at different thickness, the 
fluence is ranging from 1.90 1019n.cm "2 to 3.00 1019n.cm "2. 

The analysis of  the fracture toughness data was performed according to E1921 
standard and future development (multitemperature determination). The data were 
normalized to 1T size and the reference temperature, To, was determined. Two specimens 
show a ductile stable growth of the crack before unstable initiation. For one specimen, the 
Kjc value exceeded the KjClimi t and the censoring procedure of the standard was applied 
(specimen tested at 0~ For comparison, To determination was also made by excluding 
this data. 

Different sets of  data were used to determine the To parameter : 
1) all data (12) and multitemperature determination, 
2) all data excepted the specimen with Kjc>KjClimi t (11),  
3) six data at 0~ with Kjc values around 100 MPa.~/m, 
4) six data at 0~ excepted the specimen with Kjc>KjClimit, 
5) six data below 0 ~ at -25 ~ -50 ~ and -100 ~ 
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6) six data with the higher fluence : 2.45 and 3.00 10 ]9 n.cm "2 and, 
7) six data with the lower fluence : 1.52 and 1.95 1019 n.cm -2. 

The To values are summarized in Table 10. For each set of data, the T O values are in 
very good agreement. 

Table 10 - Determination of To Parameter With the Different Set of Data for Irradiated 
B/C Welded Joint Material 

Data Set Number of T O 
Specimen (~ 

all data 12 -19 
all data excepted UAD98 11 -14 

specimens tested at 0~ 6 -21 

specimens tested at 0~ 5 -10 
excepted UAD98 

specimens tested below 6 -17 
0oc 

specimens with the 6 - 18 
higher fluence 

specimens with the 6 -20 
lower fluence 

Remark 

"reference" T O 
evaluation of "censoring" procedure with 

12 specimens 
evaluation of testing temperature and 

number of specimen on T o determination 
evaluation of "censoring" procedure with 

6 specimens 
evaluation of testing temperature and 

number of specimen on T o determination 

evaluation of fluence on T o determination 

evaluation of fluence on T o determination 

The censoring procedure seems to have a low effect on To results depending on the 
number of specimens. If  we consider the uncertainty given in the ASTM standard for 12 
specimens for a confidence level of 95%, the scale covered by the "reference" To value is 
-19 ~ +_ 14 ~ In this case, the 95 % confidence level seems to cover the effect of the 
testing temperature, the variation of fluence, the censoring procedure and the number of 
specimen on T o determination. 

Discussion 

The first objective of the program was to confirm the validity of the irradiation 
embrittlement monitoring procedure followed in the Pressure Vessel Surveillance 
Program (PVSP). For this, we evaluated the variability in the embrittling elements, 
copper, phosphorus and nickel throughout the Shells and the welded joint. The results 
show that, for products with low level of embrittling residual elements, as is the case for 
the French reactor vessel materials, their concentration does not vary significantly as a 
function of elevation (for Shell) and through the thickness (for Shell and welded joint). 
This result confirm that the PVSP specimens are representative with regard to the element 
content (Cu, P, Ni) involved in irradiation damage [1 ]. 

The approach followed to confirm this conclusion was to compare the PVSP 
transition temperature shift (ATT) with the values obtained on specimens machined in the 
trepans at the �88 internal thickness. The embrittlement results obtained on samples taken 
from each Shell (trepan) are compared to those deduced from the pressure vessel 
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surveillance program for the same irradiation fiuence in Fig. 4. All specimens were 
machined at the �88 internal thickness and have the same LT orientation. For a dose of 1.74 
x 1019 n.cm "2 (E>IMeV), the embrittlement obtained in the monitoring program is the 
same as that measured on the sample taken from ring B : 43~ The embrittlement offing 
C is found to be about 20~ less than in the monitoring program. 

Kr r  (*c) 
160 

Shell C 
140 

120 

100 

40 

1 2 3 4 5 6 7 8 9 10 11 12 Fluence 1019 n . cm "2 (][~ll~'leV) 

aTT (*C) 
160 I Shell B ~  140 
120 1 

100 

"! 
60 
40 I � 9  trepan 

/ 

20 I . . . . . . . . . . .  
0 1 2 3 4 5 6 7 8 9 10 11 12 Fluence 10 =9 n.cm "2 (E>IMeV) 

Figure 4 - Base metal o f  Shells C and B - Comparison o f  transition temperature shifts 
(ATT at 56 J) obtained on samples taken from each Shell (trepan, round symbol) with 

those deduced from the pressure vessel surveillance program (square symbols). All 
specimens are coming from �88 internal thickness with the same orientation (LT). 

These results confirm that the embrittlement measured by the PVSP is representative of 
that of the Shell determined at different axial and angular locations for the �88 internal 
thickness. This observation is consistent with the relative homogeneity of the embrittling 
elements (Cu, P, Ni) throughout the entire Shell. 

The next part of this program was aimed at collecting additional informations on 
material behavior under irradiation. Two objectives were focused on : 

* evaluation of the embrittlement of the material through the thickness and 
interpretation of the results and, 

�9 toughness tests on the weld metal of joint B/C in order to evaluate the 
procedure employed in the French RCC-M code. This procedure is based on 
the use of a reference crack initiation toughness curve indexed on the RTND T 
parameter (KIc=f(T-RTNDT)). 

To interpret the mechanical properties variations across the thickness with regard to 
the fluence values, the knowledge of the unirradiated impact transition temperature 
profile of Shell C is required. To achieve this task, mechanical test results obtained on a 
Shell used to qualify the process of elaboration of CHOOZ A Shells (same grade - same 
manufacture) were used. For these Shell, Charpy V results were available through the 
thickness and were interpreted in term of transition temperature at 56 J. This profile is 
then translated to fit the C Shell PVSP unirradiated transition temperature (TT) result 
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measured at �88 internal thickness to generate the unirradiated transition temperature 
profile through the C Shell. To calculate the irradiated profile, we added to the as- 
generated unirradiated profile the transition temperature shift given by the formula (1) 
elaborated on the basis of C Shell base metal PVSP results. The fluence variation through 
the thickness, involved in (1), is given by the formula (2) evaluated on the basis of self 
dosimetry measurement. The Fig. 5 summarizes this work and allows to compare the 
calculated irradiated profile with the individual transition temperature results obtained 
with specimens sampled in the trepan (#4). 

T T  (~ 

40 calculated 
30 " ~ e  
20 
'10 �9 
0 

-40 
-20 
-30 
-40 
-5O 

Int. 

unirradiated profile 
1/4 1/2 3/4 Ext. 

Figure 5 - Transition temperature (TT ~ evolution through the thickness. Comparison 
of  experimental irradiated results (square symbol trepan#4) with the calculated 

irradiated profile (continuous line). The experimental unirradiated results at �88 internal 
thickness (round symbol) is used to generate unirradiated profile (doted line); the 

irradiation effect on unirradiated profile is evaluated by (1) and (2). 

The shape of the unirradiated profile shows lower values of unirradiated transition 
temperature on the surface when compared to the center of the Shell. This evolution of 
mechanical properties through the thickness is probably associated with temperature 
gradient during quenching. Excepted for one value (at �88 internal thickness), the 
calculated irradiated profile fit well the individual experimental irradiated results obtained 
with material of the trepan (#4). 

Even though this approach remains qualitative to define the unirradiated profile and 
to calculate the irradiated profile, it allows to interpret the measured mechanical property 
variations through the thickness with regard to the fluence values. 

Fracture toughness tests has been performed on the B/C welded joint material. The 
size adjusted fracture toughness data of  the �89 CT specimens are shown in Fig. 6. In order 
to accurately evaluate the conservatism of the RCC-M reference fracture toughness curve 
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(Klc), it is necessary to determine the RTND T for the irradiated material. Because the 
material in the PVSP is not the same as the weld, it was decided to compare the 
toughness results for the irradiated material with the RCC-M curve based on the RTND T 
for the unirradiated B/C weld metal (-20 ~ This curve is shown on the figure 6 as a 
bold line. 

Kac (MPa 4m) 
250 

200 

150 ]- 

100 

oi 
- 2 0 0  

m 

J - - I  - -  J I 

-150 -100 -50 0 50 100 
T loci 

Figure 6 - Welded joint  B/C - Normalized fracture toughness results as a function o f  test 
temperature. The individual results are normalized to 1 T reference size. The specimens 

are irradiated at f luence between 1.52 1019 n.cm -2 et 3.00 1019 n.cm -2. The RCC-M 
French code reference fracture toughness curve Kl  c evaluated with the unirradiated 

RTuo r (-20~ is shown as a bold line. 

All the test results with fluence ranging between 1.52 and 3 1019 n.cm -2 are above the Klc 
RCC-M curve evaluated with the unirradiated RTNDT- This result indicates that a margin 
of  the order of  the irradiation effect on weld material seems to exist [1]. 

C o n c l u s i o n  

An extensive investigation program has been carried out on the materials from the 
CHOOZ A reactor vessel, shutdown after 24 years of  operation. The results of  the 
program presented in this paper give the following conclusions: 

�9 There is no major difference in embrittlement elements composition (copper, 
phosphorus, nickel) between samples from various axial (top, bottom, mid-height), 
angular and thickness locations. 

�9 For the �88 internal thickness, the temperature transition shift measured with the PVSP 
is similar to the temperature transition shifts determined at different axial and angular 
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locations in the Shell (for an irradiation temperature of 265~ and a fluence of 
2 1019 n.cm-2). 

�9 Mechanical properties evolution through the wall thickness of Shell C measured after 
irradiation is interpreted in relation with fluence variation and unirradiated mechanical 
properties profile through the thickness. 

�9 For weld B/C, the reference temperature T o determination according to ASTM 1921 
standard (with multitemperature determination) for a 95 % confidence level seems to 
cover the influence of test temperature, fluence variation, number of specimen within 
the range considered for each parameter. 

�9 The comparison of direct toughness measurement (1/2 CT specimens) with the French 
code RCC-M evaluation (RTNoT) confirm the safety nature of the conventional 
approach. For the weld B/C, after an irradiation damage of ~ 2 10 t9 n.cm "z (E>IMeV), 
a margin of the order of the irradiation effect seems to exist. 
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Abstract :  In order to establish reconstitution technology for the surveillance 

specimens of RPV steels, a project was started in 1996FY. We focus on a correlation 

between the reduction of absorbed energy and the interaction of heat affected zone 

(HAZ) and plastic zone, to establish applicable reconstitution conditions for Charpy 

specimens. The plastic zone width was estimated from the hardness distribution of the 

Charpy specimens, and then the correlation between the plastic zone width and absorbed 

energy was obtained. Within the limits of 100J, there was no reduction of absorbed 

energy for the Charpy specimens reconstituted with 10 mm insert length using surface a 

ctivated joining method (SAJ). By comparing the length of insert material with the sum 

of HAZ width and plastic zone width, it is clear that the interaction causes the reduction 

of absorbed energy. The applicable conditions of reconstituted Charpy specimens could 

be assessed by comparing the insert length with HAZ width + plastic zone width. 
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Introduction 

Surveillance specimens such as tensile specimens, Charpy specimens and compact 

tension specimens have been installed in Reactor Pressure Vessels (RPV) to monitor the 

extent of irradiation embrittlement on RPV steels. The number of the surveillance 

specimens is insufficient in the case of long-term operation beyond the design life, although 

the monitoring of the irradiation embrittlement is regulated throughout the plant operational 

life. In order to maintain the monitoring of the irradiation embrittlement, a project was 

started in 1996FY entrusted by the Ministry of International Trade and Industry (MITI). 

The target of the project is to establish the technical standard of reconstitution technology 

including the reconstitution of the Charpy specimens with 10 mm insert length, which 

enables the conversion from LT-direction to TL-direction. 

Concept of Test Scheme 

It is known that the expansion of plastic deformation produced by an impact test is 

restricted by a hardened zone such as a weld joint, which causes the reduction of absorbed 

energy [1,2]. In case of 100-200 Nm of absorbed energy, plastic deformation would expand 

by 8-12 mm around the notch tip of a Charpy specimen. In this case, the reduction of 

absorbed energy would occur for a reconstituted specimen with 10 mm insert length 

because of the interaction between a heat affected zone (HAZ) at weld joint and plastic 

zone. Figure 1 shows the schematic image of the correlation between the interaction and 

reduction of absorbed energy. If the plastic zone width (We) + heat affected zone width 

(WHAz) was greater than insert length (We) represented as the curve (a), the reduction of 

absorbed energy would occur. The test program for this project was constructed based on 

this concept. 

A HAZ width would be constant if a welding method and welding conditions were 

fixed. The welding method and conditions, which can minimize the HAZ width, should be 

selected. On the other hand, a plastic zone width depends on fracture toughness or impact 

test temperature. The degree of the interaction between the HAZ and plastic zone depends 

on an insert length, fracture toughness, and test temperature. In order to identify the proper 

combinations of these parameters to make no interaction, it is important to understand the 

correlation between the reduction of absorbed energy and the parameters. 

Moreover, it is known that the toughness recovery (annealing) of irradiated RPV steels 

occurs at a relatively higher temperature than the irradiation temperature. However, the 

annealing does not occur on heat treatment at 450~ +few minutes or 500~ +1 minute, 

according to earlier work on annealing using irradiated RPV steels [3]. Therefore, it is 
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possible to avoid annealing by selecting the proper welding method. Nevertheless, the 

possibility of the effect of annealing was to be confu'med in this project. 

Considering the above issues for the reconstitution technology of the Charpy 

specimens, the following items were studied in this project: 

1) Establishment of the correlation between absorbed energy and plastic zone width, 

2) Thermal history during reconstitution, and 

3) Mechanical properties of reconstituted specimens. 

!ii!i:i:i:!:!:!:i:~-'~.. 
2Wp ~1 

"1 WE 
~Heat  affected zone 

J " l  ., 2WnA 
~1 I T M  

Co) and original specimen 

Temperature 

Figure 1-Schematic description of correlation between interaction and reduction of 

absorbed energy 

Selection of Joining Method 

The major welding methods which have been applied to the reconstitution such as 

arc-stud welding, friction welding, electron beam welding, laser welding and surface 

activated joining method (SAJ) [4] were studied. Among these welding methods, SAJ has 

been selected because of its low heat input and narrow HAZ width. SAJ can minimize the 

HAZ width to approximately 2 mm as shown in Figure 2. 

Figure 2-Reconstituted specimen by SAJ 
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Test Material 

Test materials used in this project are shown in Table 1. Low and high toughness RPV 

steels and weld metals were used which simulated material used for earlier RPV and those 

for later RPV respectively to cover the whole type of LWR plants in Japan. 

Table 1-Test materials 

Materials Direction 

T 
Low toughness base metal 

High toughness base metal 
Low toughness weld metal 
High toughness weld metal 

* l:parallel to welding direction 

L 
T 
*1 
"1 

Sy Su RTmyr USE 
(MPa) (MPa) r  Q) 

487 637 -8 82 
- -  - -  - -  159 

473 618 -40 223 
- -  - -  -60 195 

551 632 -55 222 

Measurement of Thermal History during Reconstitution 

In order to evaluate the possibility of annealing due to the high temperature greater 

than irradiation temperature during reconstitution, the temperature profile around joining 

area was measured using thermo couples. Figure 3 shows the position of thermo couples. 

/ 

I 
i i / / 

/ 

1. 

N 

,e,-t 

.............. Insert material (fixed side) 
" Support / r . . . . .  / / 

/ -" .... Metal Sheathed Thermocouples i i 

i l i  (r 0.5: chromel-alumel) 
i 

, / 

! 

il!i!i~!i!i]i Spring .... 

Tab material (rotating side) 

Figure 3-Measurement of thermal history during reconstitution 
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Measurement of Plastic Zone 

The profile of a plastic zone produced around a notch tip due to the impact test is 

identified in this test. The measurement of the plastic zone was performed for the materials 

listed in Table 1. The profile of the plastic zone on surface along the axial direction of the 

specimen would be different from that on the inner section because of the different strain 

field around the notch tip under loading. The plane strain field would be dominant 

throughout the thickness of the specimen, although the plastic zone size on the surface is 

greater than that of the inner section. Therefore, measurement was performed on the inner 

section after impact test. In order to measure the hardened zone, a micro-Vickers test was 

used. 

Impact Test of Reconstituted Specimen 

Impact tests of original and reconstituted specimens were performed to determine the 

mechanical properties of reconstituted specimens. Impact tests were performed for the 

materials listed in Table 1. 

Test Results 

Figure 4 shows the temperature profile around the joining area during reconstitution. 

An insert and tab material was contacted for about 3 seconds with an initial pressing load 

and rotation speed. Then, the rotation was stopped and pressure increased to join both 

materials. The maximum temperature reached was about 500~ when the rotation was 

stopped. The duration of high temperature greater than 400 ~ was about 2 seconds and 3 

seconds for 300 ~ at the nearest measurement point. The maximum temperature did not 

reach 400 ~ at a distance 2.4 mm apart from joining surface. According to other work on 

the low temperature annealing of low alloy steels [3,4], the annealing would not occur until 

about 500 ~ for several minutes. For temperature less than 450 ~ the annealing would not 

occur for several minutes. The test results of the temperature profile show that the time of 

high temperature greater than 400 ~ is very short, which means that the annealing could be 

ignored for reconstitution by SAJ. 
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Contact Insert [ [ Reduce Rotatior 
and Tab Material[ [ Speed 

700 , , , 

600 

.--. 500 

400 

g 300 
E 

200 

100 

0 2 4 

Stop Rotation ] 

- [ 

6 8 10 12 14 16 18 20 

Time (see.) 

Figure 4-Heat history around joining section 

Figure  5 shows an example of  hardness distribution after impact testing�9 The average 

value o f  hardness at the non-hardened zone of  base metal was calculated using the test 

points within 17.5ram from the edge of  the specimens. The hardness in the non-hardened 

zone was scattered almost within +/- 2 o .  In this test, the plastic zone is defined as the high 

hardness region greater than average + 2 o .  

•q. 340 
320 
3co 

 28o 
260 

g 2 4 0  

..= 200 
180 

~ 1N) 

30 

Line-10.2W) 
lane-2 (0.4W) 
Line-3 (0.6W) 

----o--- tine-4 (0.SW) 

. . . . . . . .  Average 

Average+2 o 
Average-2 a 

A ~ , ,  - - ' [  / 
t , l , I  . . . .  I . . . .  i . . . .  i . . . .  I . . . .  I t t t l  . . . .  I . . . .  I I i l ] l  . . . .  i . . . .  I . . . .  i . . . .  I , * 1 1  

28 26 24 22 20 18 16 14 12 10 8 6 4 2 0 

Distance from edge (nma) 

Figure 5-Distribution of hardness 
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Figure 6 shows an estimated plastic zone. The plastic zone line is drawn by connecting 

the point which has high hardness value greater than average + 2 a .  The plastic zone width 

is measured on the center line of the specimen. 

/ / ~  Plastic zone line I 

/ _~ / Line-1 

Line-2 

.. . . . . . . . . . .  zone width~ - - - - - - - [ ~ - - - ~  ? 7 = ~  .. . . . . . . . . . . . . . . . . . . . . . . . . .  ~ **~ *~ ~ *== *~ine~,L|a~--3"4 ....... _Ce.n.te L.[ine 
Plastic 

30 25 ~ 20 15 10 5 0 

Figure 6-Estimated plastic zone 

Figure 7 shows the correlation between absorbed energy and plastic zone width 

obtained by the above method. This figure includes data both from high and low toughness 

base metal, high and low toughness weld metal. Most data is scattered within + / -o .  This 

result shows that the correlation between absorbed energy and plastic zone width can be 

applied to the RPV base metals and weld metals as a common evaluation curve. 
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Figure 7-Correlation between absorbed energy and plastic zone width 

Figure 8 shows the comparison of absorbed energy between original specimens and 

reconstituted specimens for both high and low toughness base metals. The reduction of 
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absorbed energy occurs especially at high absorbed energy region. On the other hand, for 

low toughness base metal, there is no reduction of absorbed energy. 
250 
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Figure 8-Comparison of absorbed energy between original and reconstituted 

specimens 

In order to understand the correlation between the reduction of absorbed energy and 

original absorbed energy clearly, the reduction rate obtained by subtracting absorbed energy 

of reconstituted specimens from that of the original specimens at each test temperature 

which is then plotted against the absorbed energy of the original specimens (Figure 9). The 

reduction rate is scattered within -10~-+10J for the absorbed energy range between 0J to 

100J. And for the absorbed energy greater than 100J, the plots are distributed on the plus 

side, which means the reduction has occurred. This figure represents clearly that a threshold 

exists at around 100J for 10 mm insert reconstituted Charpy specimens. 
60 
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Figure 9-Reduction rate of absorbed energy for reconstituted specimens 
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The plastic zone width at around 100J absorbed energy is obtained as approximately 4 

mm on one side using the lower curve of Figure 7. HAZ width is around 2 mm on one side. 

Therefore, the threshold of around 100J corresponds to the plastic zone of this absorbed 

energy closest to the contact HAZ. 

This result implies that it would be possible to assess the reduction of absorbed energy 

by comparing WL-2WHAz and 2Wp as shown in Figure 1, if the interaction between HAZ 

and plastic zone would cause the reduction of absorbed energy. Figure 10 shows the 

correlation between interaction rate obtained by 2Wp-(WL-2WHAz) and the reduction rate. 

In this figure, the plastic zone width is defined as the lower band of the correlation curve as 

shown in Figure 7. The threshold of reduction and no-reduction has good agreement with 

the interaction rate obtained by 2Wv-(WL-2WHAz). 
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According to the results, the applicability of reconstituted Charpy specimens can be 

assessed by comparing 2Wp and WL-2WnAz for the various combinations of insert length, 

plastic zone width and HAZ width of RPV materials. And the applicable absorbed energy 

range can be calculated backward from the correlation curve between absorbed energy and 

plastic zone width. 

C o n c l u s i o n s  

In order to establish reconstitution technology for surveillance specimens of RPV 

steels, basic data was obtained using un-irradiated materials as follows. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



KATAOKA ET AL. ON RECONSTITUTION TECHNOLOGY 51 

(1) The correlation between absorbed energy and plastic zone width was obtained. 

(2) The possibility of annealing due to reconstitution could be neglected because of 

relatively low maximum temperature and short duration tiifle during reconstitution 

by SAJ method, but this will have to be confirmed. 

(3) The applicability of reconstitution could be assessed by comparing an insert length 

and HAZ width + plastic zone width. 
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Abstract: Cleavage initiation fracture toughness (Kjc) tests have been performed in the 
transition temperature ranges of five different heats of reactor pressure vessel steels. The 
main purpose of this study is to investigate the applicability of the ASTM Standard Test 
Method for Determination of Reference Temperature, To, for Ferritic Steels in the 
Transition Range (E 1921-97) to small specimens available in normal surveillance 
capsules. Precracked Charpy-type specimens with the standard size (10x 10x55mm, 
PCVN) and 1/3-size (3.3x3.3x 18.3mm, 1/3-PCVN) are mainly investigated. Results 
from more than 300 fracture toughness test data are presented including 120 unirradiated 
PCVN specimens and 100 unirradiated 1/3-PCVN specimens in addition to some CT 
specimen data and two sets of irradiated PCVN data. The test materials are the IAEA 
reference steels, so-called JRQ and JFL, and three Korean SA508-3 forging steels that 
were made by different refining processes. JRQ and a Korean steel, SKA-1, are also 
evaluated after neutron irradiation by PCVN specimens as well as Charpy impact tests. 
Fracture toughness data showed that the master curve and its probabilistic bound lines 
represent the population of the test data measured from different materials and specimens 
with good accuracy. However, there are still the effects of specimen geometry and size on 
the measured To values. These effects seem to be more significant in microscopically 
less homogeneous materials. Smaller bend type specimens may give slightly less 
conservative results than the larger CT type specimens. One of the important findings is 
that ultra small 1/3-PCVN specimens are also valuable as the standard size PCVN 
specimens for determining reference temperatures since the differences are rather 
systematic and predictable. The T28J correlation, based on the PCVN data only, works 
well for the current data sets including irradiated materials. 
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Keywords: master curve, fracture toughness, irradiation embrittlement, PCVN, 
precracked Charpy, reference temperature, To 

Introduction 

Irradiation embrittlement of reactor pressure vessel steels has been extensively 
studied as an important issue for the structural integrity of nuclear power plants. In spite 
of the advancement in steel making processes to improve irradiation resistance, many old 
reactors of radiation-sensitive materials are still being operated. Therefore, from a 
practical point of view, the most important thing for reactor integrity is to evaluate the 
degree of irradiation embrittlement, quantitatively as well as accurately. 

The current ASME procedure for this purpose is based on qualitative notch-impact 
testing since quantitative fracture mechanics testing may not be suitable for surveillance 
programs with a limited volume of specimens. Even though there are experimental 
relationships between notch toughness and fracture toughness, the fracture initiation on a 
microscopic scale occurs by different controlling factors in the two different tests [1]. 
Therefore, a more credible procedure for evaluating irradiation embrittlement should be 
based on actual fracture mechanics testing. 

A new standard test method, ASTM E1921-97 for "Determination of Reference 
Temperature, To, for Ferritic Steels in the Transition Range," has been focused as an 
alternative for indexing irradiation embrittlement [2]. Precracked Charpy (PCVN) 
specimens may be used for this application since surveillance capsules usually contain 
this type of specimens. Currently, many research groups are investigating the 
applicability of PCVN specimens to surveillance programs. Studies on developing the 
code application method are also ongoing projects worldwide. These works are definitely 
based on a sufficient amount of test data sets. 

The purpose of this paper is to present the fracture toughness test results from five 
different RPV steels, which are representative of old and modem commercial steels. A 
relatively large number of PCVN specimens have been tested in the transition 
temperature range following the ASTM E1921-97 procedure. Influences of the 
experimental factors that may affect the test results are to be discussed. These factors are 
specimen geometry, test temperature, side-grooving, and so on. 

Experimental 

Mater&ls 

Five different RPV steels are included in this study, which are four SA508-3 steel 
forgings and an SA533-B1 plate. The SA508-3 forgings consist of three Korean 
commercial steels and an IAEA reference material (JFL), which have been produced by 
modem steel making processes. The SA533-B 1 plate, which is the IAEA correlation 
monitor plate (JRQ), may be representative of  conventional steels with relatively high 
residual elements. The Korean SA508-3 steels, VCD-1, VCDA, and SKA-1, are 
produced by the Korea Heavy Industries and Construction Co. Ltd. (HANJUNG) using 
different steel making processes, which are vacuum-carbon-deoxidization, vacuum- 
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carbon-deoxidization with aluminum addition, and silicon-killing with aluminum 
addition processes, respectively. Aluminum was added mainly to reduce the grain size by 
precipitating aluminum nitrides. The chemical compositions of  the test materials are 
given in Table 1. 

The test materials are all quench-and tempered steels and have typical bainitic 
microstructure. The grain sizes are 20-30~tm except for VCD-1, in which the grain size, 
about 80~tm, is much larger than the others. Note that the JRQ steel contains much more 
residual copper and phosphorous than the others. 

Table 1 - Chemical Composition of Test Materials 

Material Chemical composition (wt.%) 

C Si Mn P S Ni Cr Mo AI Cu V 

VCD- 1 

VCDA 

SKA-1 

JFL 

JRQ 

0.18 0.08 1 .43 0.008 0.003 0.78 0.04 0.52 0.005 0.06 0.005 

0.18 0.10 1 .46  0.006 0.003 0.86 0.15 0 .51 0.018 0.03 0.004 

0.21 0.24 1 .36  0.007 0.002 0.92 0 . 2 1  0.49 0.022 0.03 0.005 

0.17 0.25 1.44 0.004 0.002 0.75 0.20 0 .51 0.016 0.01 0.004 

0.18 0.24 1 .42  0.017 0.004 0.84 0.12 0 .51  0.014 0.14 0.002 

Specimens 

Test material blocks are all actual RPV scale forging or plates thicker than 200 mm. 
The specimens were sampled only at 1/4T and 3/4T locations of  each block. The crack 
orientation of  the specimens is the T-L direction. Two different sizes of  bend specimens 
were mostly investigated; the standard size (10x10x55mm) and 1/3 size (3.3x3.3x18.3 
mm) PCVN specimens. Initial notch slots were machined by an electro-discharging wire 
of  d~ 0.2 mm. Side-grooves were not machined in general. However, some specimens 
were 20% side-grooved to see a possible constraint effect. In the case of  the side-grooved 
specimens, the notch root radius was 0.25 mm for standard size and 0.1 mm for 1/3-size 
PCVN specimens. In addition, a number of  CT specimens (1/2T-CT, 1T-CT) were tested 
for comparing the results. 

Specimen Irradiation 

The standard size PCVN fracture toughness specimens and Charpy impact 
specimens of  two steels (JRQ and SKA-1) were neutron irradiated to a fluence level of  
about 4.5x1019 n/cm 2 (E>IMeV) at 288~ using the LVR-15 research reactor (NRI, 
Czech Rep.) [3]. In order to reduce the irradiation volume, only the notched or cracked 
parts (10x 10x 14ram) of  the specimens were inserted in the irradiation capsule and the 
remaining spans of  the specimens were electron-beam welded after irradiation. 
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Fracture toughness test 

Fracture toughness testing was conducted following the ASTM E 1921-97 standard 
procedure. Tests were performed by displacement control in an MTS servo-hydraulic test 
machine equipped with a high-resolution data acquisition system. Fatigue precracking 
was performed at room temperature. The amount of crack extension from the EDM slot 
was about 1.5 mm. The crack length was monitored at the surfaces and the applied load 
was decreased in 3-4 stages with crack extension. The typical stress intensity factor 
during precracking is estimated at less than 20MPa~/m. 

The test temperatures were acquired in an isopentane fluid bath or an insulated 
chamber which are cooled by circulating or injecting liquid nitrogen, for un-irradiated 
and irradiated specimens, respectively. The temperature was controlled within + I~ 
After obtaining a sufficient number of valid toughness data at a single temperature, more 
tests were performed at other temperatures to find the actual temperature dependence of 
the fracture toughness. 

The standard requires the plastic parts of load-line displacement in specimens to 
calculate the absorbed energy. This can easily be obtained from the total displacement of  
a machine stroke or a specially designed fixture by assuming elastic machine compliance 
due to the loading pin indentation and the fixture compliance as well as the elastic 
displacement of the specimens. The COD gage was not used for the bend tests. 

The yield strengths in the test temperature range were measured by 1-inch gage 
length rod-type specimens and ABI tests [4]. Young's modulus was determined by the 
following experimental equation as a function of temperature: 

E=207200-57 .09xT (~ MPa) 

Load-line displacement rates were 0.5, 0.1, 0.5, 1.0 mm/min for PCVN, 1/3-PCVN, 
1/2T-CT, and 1T-CT specimens, respectively. 

Test Results 

The measured To values at various test conditions for the five different steels are 
summarized in Table 2. Each test condition contains more than six valid data based on 
the ASTM E1921-97 standard. In some conditions, the number of test specimens is 
bigger than the one required by the standard. However, in most cases, the determined To 
values did not depend on the number of specimens if the requirement for the minimum 
number of valid data was met. The reference temperature of each material was 
determined as the average of two or three To values measured at different temperatures 
using PCVN specimens without side-grooves. 

Figure 1 represents the fracture toughness test results from unirradiated PCVN 
specimens without side-grooves, where the measured values were converted to the 
equivalent to 1T specimens. Test temperatures were normalized by the reference 
temperature (To, PCVN) of each material. The ASTM validity limit for PCVN specimen 
size is also indicated in the plot. Figure 1 contains more data points than listed in Table 2, 
which are spread out over the temperature range from -196~ to -15~ It shows that the 
master curve and probabilistic lines predict the actual shape of the curve and the 
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probabilistic occurrence of the measured data reasonably well. It is clear that the shape of 
the master curve is acceptable in spite that the data points higher than 120 MPaqm are 
generally not valid by the standard, and some data points above 200 MPa~/m may imply 
small amounts of stable crack growth before cleavage. The scatter of the data points may 
be well predicted by the theoretical lower- and upper bound lines. 

Note that some data are below the 5% lower bound lines. The occurrence of data 
points below the 5% line may be substantial only in the two steels, VCD-1 and JRQ, 
which showed relatively poorer fracture properties than the others. This fact might have 
resulted from the inferiority of the two materials from a microscopic point of view. The 
microstructural characteristics of the materials are examined in other literatures [5, 6]. 
The JRQ steel contains many inclusions as well as phosphorus segregation due to its lack 
of cleanness. The carbides of VCD-1 are larger than the other steels and are not 
distributed homogeneously in the matrix. The microstructural inhomogeneity may be 
responsible for the relatively bigger scatter. However, the 1% probabilistic line bounded 
most of the test data sets. 
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Figure 1 - Fracture Toughness Kjc Test Results Measured by PCVN Specimens 
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Table 2 - Summary of Elastic-Plastic Cleavage Fracture Toughness Test Results 

Material 

VCD- 1 

Test KJC(med ) To No. of  data 
Specimen Temperature for 1T 

(oc) (MPa~/m) (~ (valid/total) 

PCVN - 100 60.5 -56.2" 8/8 

PCVN -75 86,8 -64.0 8/8 

1/3-PCVN -140 49.8 -73.0 7/8 

1/3-PCVN-SG -140 44,0 -55.2 8/8 

VCDA PCVN - 100 67,9 -67.8 7/7 

PCVN -75 105,2 -78.8 6/10 

1/3-PCVN -140 56.4 -88.7 7/9 

SKA-1 PCVN - 100 82.6 -85.0 9/9 

PCVN -80 94.1 -75.4 6/7 

1/3-PCVN -140 55.1 -86.0 6/8 

1/3-PCVN-SG -140 55.3 -86.5 7/10 

1T-CT -60 123.8 -75.3 6/6 

PCVN (Irr.)* - 100 97.2 -97.9 6/9 

PCVN (Irr.)* -80 115.7 -96.6 4/7 

JFL PCVN - 100 99.6 -99.7 7/8 

PCVN -120 -74.6 -96.2 8/8 

PCVN- SG - 100 104.9 - 103.6 7/10 

PCVN-SG - 120 67.9 -87.8 10/10 

1/3-PCVN -140 62.9 -100.3 8/15 

1/3-PCVN-SG - 140 3/8 

1/2T-CT -90 120.1 - 103.3 6/6 

JRQ PCVN - 100 61.2 -57.4 8/8 

PCVN -75 90.7 -67.5 7/8 

PCVN -60 101.0 -60.8 6/8 

PCVN-SG -75 92.1 -68.7 7/8 

PCVN-SG -60 101.1 -60.8 6/10 

1/3-PCVN -140 48.0 -68.5 7/8 

1/3-PCVN-SG - 140 55.7 -87.2 6/8 

1/2T-CT -60 86.9 -49.1 10/10 

PCVN-SG (Irr.)* 60 91.6 66.8 7/8 

* : 4.5x1019 n/cm 2 (E>IMeV), 288~ 
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Discussion 

Effect of Specimen Size (PCVN, 1/3-PCVN and 1/2T-, 1T-CT specimens) 

Figure 2 shows a normalized plot of the 1/3-PCVN data, where the To value of 
each steel is that determined from the PCVN specimens. Actually, the test temperature, - 
140~ is the same for all 1/3-PCVN data. Different To values of the materials spread out 
the data sets on the normalized temperature axis. The scatter of 1/3-PCVN data is much 
larger than that of the PCVN specimens. The main source of the large scatter may be 
invalid data due to very small specimen size. Another reason is number of test specimens, 
since more specimens were required to get an accurate To value at lower temperatures 
with smaller specimens. The ASTM valid limit for this specimen is indicated in Figure 2. 
In fact, it is very difficult to meet all the validity requirements of the ASTM standard 
using 1/3-sized PCVN specimens. The test temperature is very low in order to obtain a 
sufficient number of valid data while many of data usually do not meet the size limit. 
However, even though the scatters in 1/3-PCVN data are much larger than in PCVN data, 
the median values of the measured toughness data may give reliable information. This 
will be discussed later. 

Figure 3 shows the results from CT specimens. It consists of three sets of complete 
1/2T-CT or IT-CT data and two sets of 1T-CT data spread out on a temperature range. 
As in Figures 1 and 2, the test temperature was normalized by the To values obtained 
from the PCVN specimens. It shows that the master curve obtained from the PCVN 
specimens is still valid with the CT specimens. However, two steels, VCD-1 and JRQ, 
which are less homogeneous microscopically than the others, showed a tendency to 
produce data near to the lower bound line. This means that the specimen geometry effect 
on To may be significant in less homogeneous materials where larger specimens give 
more conservative results. This fact is possibly related to the cleanness of the material 
and correspondingly the inhomogeneous distribution of the cleavage initiation particles 
[7]. Further investigations are needed. 

Figure 4 compares the To values determined from the PCVN specimens with those 
from different types of specimens. This clearly shows that the To values determined from 
the 1/3-PCVN specimens are about 10~ lower than those from the PCVN specimens. 
Note that the To values from 1/3-PCVN specimens were not completely validated by the 
standard requirements. However, the difference was rather systematic and the correlation 
is also reasonably good. The result from the CT specimens is not clear and the difference 
may be small except in JRQ steel. Note again that the size effect may be significant in 
some materials as shown in Figures 1, 3, and 4. 

Side-Groove Effect 

Up to this point, the results only from the flat type specimens without side-grooves 
have been presented. One of the important judgements for performing fracture toughness 
tests is side-grooving. Side-grooves are known to be beneficial to make a crack front 
straight in elastic-plastic fracture tests [8]. In the ASTM E 1921-97, side-grooving is only 
an option. Figure 5 summarizes the test results performed in this study for investigating 
the side-groove effect. The effect of side-grooves was negligible in the PCVN specimens. 
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In smaller 1/3-PCVN specimens, the result is rather confusing as there is no clear 
tendency. This may come from a practical difficulty to keep the narrow groove tip 
coinciding with the sharp crack line. Even though the side-groove seems not to affect the 
mean value of To [8], it produ6ed a larger scatter in the data sets, as shown in Table 2 and 
Figure 5. Therefore, side-grooving may be not beneficial in the transition range testing. 

Deviation from Different Test Temperatures 

Another important point is the selection of the test temperature. Initially, the test 
temperature is recommended from Charpy impact energy curves, but the temperature is 
not always revealed as a good selection in practice. In order to see the effect of the test 
temperature on the determined To values, the deviations of the measured To from the 
reference temperature of the material were plotted with respect to the deviations of the 
test temperatures from the measured reference temperature. Figure 6 contains all the 
unirradiated data sets obtained from the current study. From the given PCVN data sets, 
the dependence of the measured value of To on the test temperature may not be 
significant and the standard deviation is estimated at about 5.5~ The deviations are also 
similar in 1/3-PCVN and CT specimens except two extreme values from the side- 
grooved 1/3-PCVN specimens. 
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Charpy Correlation for Evaluating Irradiation Embrittlement 

The current practice of indexing radiation induced embrittlement is based on 
ARTNDT, which is determined by either Charpy tests or the chemistry factor of US NRC 
Regulatory Guide 1.99, Revision 2. Table 3 summarizes the results of two irradiated 
steels, SKA-1 and JRQ, evaluated by different indexing parameters. Conventional 41J 
temperature shifts from Charpy curves were determined as 116~ and 6~ for JRQ and 
SKA-1, respectively. These values are slightly different from the shifts in the reference 
temperature. ATo was estimated as 134~ for JRQ, which is slightly larger than AT41J. 

Abnormal behavior was observed in the PCVN data of SKA-1, where ATo is a negative 
number, -18~ This means that irradiation toughening might have occurred in SKA-1 
steel. More experimental data are needed to explain the abnormal behavior in SKA-1 
steel. 

Wallin [9] proposed a linear relationship between To and T2gj from analysis with a 
great number of data sets. The proposed relation was To = T28j - 18~ with a standard 
deviation of 15~ Figure 7 presents the correlation between the T28J values from Charpy 
tests and To values measured by only Charpy sized specimens in this study. It contains 
two irradiated data of which one point is plotted at a much higher temperature range. The 
figure shows that a rather good correlation exists between the two parameters from the 
same sized specimens. The mean trend line was determined as To, PCVN = T28J - 3 0 ~  with 
a standard deviation of only 5.5~ In spite of considering a small sized database in this 
study, selecting the data sets from only the same sized specimens may give more reliable 
results. The difference of the correlation between Wallin's and in this study, about 12~ 
may have come from the different specimen sizes used in the analyses. Wallin's data sets 
includes a big range of specimen sizes from 10 mm up to 200 mm in thickness, averaged 
at about 35 mm. This size could give a 12~ more conservative result than the 10 mm 
thick PCVN specimens as shown in Figure 4. 

Table 3 - Irradiation Shift in Indexing Temperatures of JRQ and SKA-1 (~ 

Material 

JRQ 

SKA-1 

Fluence* 

0 

4.5 

A 

0 

4.5 

Charpy 

R.G. 1.99 
T28J T41J Rev. 2 

-29.1 -19.6 

80.5 96.1 

109.6 115.7 

-59.3 -51.5 

-55.5 -45.9 

3.8 5.6 

80.9 

15.3 

PCVN 

To 

-62 

67 

129 

-80 

-98 

-18 

* : • n/cm 2 (E>IMeV), 288~ 
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Conclusion 

The following conclusions were obtained from this study. 
1. Precracked Charpy size (PCVN) specimens could easily be used for evaluating 

fracture toughness transition characteristics in several unirradiated and irradiated steels 
and the occurrence populations of the test data were well predicted by probabilistic 
bound lines. 

2. To values determined by 1/3-sized PCVN specimens were about 10~ lower than 
those by PCVN specimens. The scatter was also relatively large in this type of ultra 
small specimens. 

3. The specimen geometry effect may be substantial in lower toughness materials. 
4. Side-grooving does not affect the measured To values but makes the scatter bigger. 

Therefore, it is not beneficial for the transition range testing. 
5. Test temperature may not affect the measured To values significantly with a given 

specimen size. 
6. The correlation between Charpy tests and fracture toughness tests was reasonably 

good when based on the indexing temperatures rather than the temperature shifts. This 
implies a possible experimental scatter from both tests. A correlation based on the 
limited PCVN data from the present study only, To, PCW = T2sj - 30~ is 
recommended by considering a possible size effect. 
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Radiation Damage Assessment by the Use of Dynamic Toughness Measurements on 
Pre-Craeked Charpy-V Specimens 
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Grossbeck, T. R. Allen, and A. S. Kumar, Eds., American Society for Testing and Materials, West 
Conshohocken, PA, 2001. 

Abstract: The small size of Charpy-type surveillance specimens can make it difficult to 
obtain fracture toughness measurements which are directly transferable to real-life 
structures. FEM calculations show that the pre-cracked Charpy specimen (PCCv) tends to 
lose constraint before the onset of cleavage. However, if the PCCv specimen is loaded 
under impact conditions, even for moderately strain-rate sensitive materials the 
deformation level at which loss of constraint occurs is significantly higher, due to the 
increase in flow properties. This implies that the ductile-to-btittle transition temperature 
measured under high rate conditions is shifted to higher temperatures with respect to 
quasi-static toughness tests. This circumstance has been verified through instrumented 
impact tests on PCCv specimens of two reactor pressure vessel steels, in both baseline 
and irradiated conditions. The dynamic reference temperature shift due to irradiation has 
been evaluated and compared with its static counterpart and with index temperature shifts 
based on conventional impact parameters. Furthermore, the possibility of predicting the 
dynamic To from the knowledge of the static values, the loading rate and the material's 
yield strength, has been investigated. 

Keywords: dynamic fracture toughness, precracked Charpy-V specimens, impact loading 
rate, loss of constraint, reference temperature, irradiation-induced embrittlement. 

Although nowadays specimen size effects can be effectively modelled by using the 
widely popular Master Curve approach, incorporated in the ASTM Test Method for 
Determination of Refernence Temperature, To, for Ferritic Steels in the Transition Range 
(E 1921-97), the small size of Charpy-type surveillance specimens can provide additional 
uncertainties in the evaluation of the actual toughness properties of a real-life structure or 
component. 

1 Research scientists, SCK*CEN, Reactor Materials Research, Boeretang 200, 2400 Mol, 
Belgium. 
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In the nuclear field, for the typical levels of material strength and toughness found 
in pressure vessel steels, FEM calculations show that the pre-cracked Charpy specimen 
(PCCv) tends to lose constraint before the onset of cleavage; static test results could 
therefore provide non-conservative estimates of the conditions of cleavage initiation in 
the actual pressure vessel. Three-dimensional finite element analyses performed by 
Nevalainen and Dodds [1] have shown that for moderate strain hardening materials, the 
PCCv specimen might or might not demonstrate adequate constraint, depending on the 
toughness and strength of the vessel material. Figure 1 shows that, for six different 
"reactor pressure vessel steels, the reference temperature To measured from PCCv 
specimens underestimates in four cases the value calculated with C(T) specimens by 
approximately 10 ~ 
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Figure 1 - Comparison between PCCv and C(T) specimens, in terms of reference 
temperature, for six pressure vessel steels. 

Previous computational studies by Koppenhoefer and Dodds [2], however, have 
suggested that if the PCCv specimen is loaded under impact conditions (i.e. with a 
pendulum), even for moderately rate-sensitive materials the deformation level at which 
loss of constraint occurs is significantly elevated. The reason for this is to be found in the 
presence of modest viscoplasticity: consequently, impact loading of PCCv samples often 
enables the determination of fracture toughness under conditions of small-scale yielding 
for pressure vessel steels, while at the same temperature quas~-statically loaded 
specimens experience large-scale yielding and loss of constraint [3]. 

In an attempt at experimentally verifying these assumptions, instrumented impact 
tests have been performed on PCCv specimens in the ductile-to-brittle transition region, 
in order to characterize the dynamic toughness properties of two reactor pressure vessel 
steels, in both baseline (unirradiated) and irradiated conditions. 
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The radiation-induced shift in the dynamic reference temperature ATo, dyn 
(co.rresponding to KJd = 100 MPa~/m) has been evaluated and compared.with temperature 
shifts measured both in terms of static fracture toughness and conventional impact 
parameters. 

Finally, the possibility of predicting To,dyn from the knowledge of To,st, loading rate 
and yield strength, based on a recently proposed theoretical model [4], has been 
addressed; predictions have been verified against measured values for different pressure 
vessel steels. 

Materials 

The reactor pressure vessels considered in this study are described in Tables 1 
(chemical composition) and 2 (tensile properties at room temperature). All have been 
characterized at SCKoCEN by means of tensile, impact and fracture toughness tests 
performed in the baseline state and in the irradiated condition. 

Table 1 - Chemical composition (% wt) of the reactor pressure vessel steels. 

Material id C Si Mn P S Cr Cu Mo Ni 
73W 0.10 0.45 1.56 0.005 0.005 0.25 0.31 0.58 0.60 

18MND5 0.21 0.19 1.46 0.007 0.002 0.18 0.11 0.54 0.66 
JSPS(A533B) 0.24 0.41 1.52 0.028 0.023 0.08 0.49 0.43 

Table 2 - Tensile properties measured at room temperature. 

Material id Yield stress Ultimate stress Total Reduction of 
(MPa) (MPa) elongation area 

(%) (%) 
73W 490 600 22 68 

18MND5 525 655 24 73 
JSPS (A533B) 461 638 18 60 

The 73W reference weld material has been extensively characterized at ORNL in 
the baseline and irradiated conditions [5]. Further irradiation campaigns have been 
carried out in the Belgian BR2 reactor [6]. 

The second steel is a 18MND5 forging of a commercial steam generator, and was 
provided by SCK*CEN as a contribution to the project "Relation between different 
measures of  exposure-induced shifts in ductile-brittle transition temperatures" 
(REFEREE) for the European Atomic Energy Community [7]. 

The irradiation conditions for these two steels are given in Table 3. 
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Table 3 - Irradiation conditions for the two steels investigated 

Material id Place of Irradiation Fast neutron 
irradiation temperature fluence 

(~ (n/cm 2) 
USA 288 1.5 x 10 l~ 

73W Belgium 290 2.9 x 1019 
18MND5 Holland 260 0.8 x 10 l~ 

Finally, the A533B steel was the object of a round-robin exercise organized by the 
Japan Society for the Promotion of Science (JSPS), resulting in the obtainment of a large 
fracture toughness database [8]. 

Experimental Procedure and Fracture Toughness Analyses 

Dynamic toughness tests have been carried out using two instrumented 300 J 
pendula (one for unirradiated and one for irradiated samples), on Charpy-V specimens 
which had been previously fatigue precracked up to a crack length to width ratio of 
approximately 0.5 and finally 20% side-grooved. Tests have been performed at different 
temperatures, following the indications given in the ASTM Test Method for Notched Bar 
Impact Testing of Metallic Materials (E 23), concerning temperature control and transfer 
time from the conditioning medium to the impact position. 

Force values yielded by the instrumented tup are corrected in order to obtain 
equivalence between total energy values given by the pendulum encoder and calculated 
by integrating force and displacement data; this "dynamic calibration" procedure [9] has 
been previously validated by comparison between dynamic and quasi-static maximum 
force values for a quasi-strain rate insensitive aluminum alloy (6061-T651) [10]. 

As explicitly allowed by the standard Steel - Charpy V-notch Pendulum Impact 
Test - Instrumented Test Method (ISO 14556:2000), force and time measurements are 
used to calculate displacements and thereafter evaluate the work spent to fracture the 
specimen, accounting for the compliance of the impact machine; the critical fracture 
toughness Kjd to be used in the analyses is evaluated from the value of J-integral 
corresponding to cleavage instability. The formulas given in the ASTM Test Method for 
Determination of Reference Temperature, To, for Ferritic Steels in the Transition Range 
(E 1921) for the SE(B) configuration are used. 

Replicate tests have been performed at a temperature close to the reference 
temperature To,dyn, which corresponds to a median dynamic toughness of 100 MPa~/m for 
the reference specimen type (1TCT); the analytical steps prescribed by ASTM E 1921-97 
have been followed for the determination of To,dyn and the dynamic Master Curve with 
relevant 5% and 95% confidence bounds. 

In the analyses, the increased crack-front constraint induced by dynamic loading 
conditions has been accounted for by using the dynamic yield strength (~yd) in the 
establishment of the maximum measuring capacity of the PCCv specimen 
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where 

Kjd(lim ) = 4 Eb~~ Gyd 
3O 

(1) 

E = Young's modulus at test temperature and 
bo = length of remaining ligament. 

The dynamic yield strength is inferred from the values of force at general yield 
(Fgy) measured from instrumented Charpy tests conducted at the same temperature, using 
[ss] 

cry d = 45.8.Fg r (2) 

T e s t  R e s u l t s  

The results of the dynamic toughness tests performed on precracked Charpy 
specimens of the pressure vessel steels investigated are given in Table 4, where the 
following quantities are reported: 
- test temperature(s); 
- average loading rate calculated at specimen cleavage, in terms ofdK/dt; 
- total number of impact tests performed (N); 

total number of valid data according to eq.1 (r); 
dynamic reference temperature (To,dyn), corresponding to a median dynamic toughness 
(normalized to the reference 1TCT size) Kmea, ITCT = 100 MPa~/m; 
associated standard deviation, evaluated in accordance with Annex 3 of the ASTM E 
1921 standard. 

The Master Curve calculations were performed for the different materials and 
conditions as follows: 
�9 using the single-temperature approach, in accordance with the present version of the 

ASTM E 1921 standard; 
�9 when tests at different temperatures were available, using the multi-temperature 

approach [10], recently proposed for inclusion in the next revision of the standard. 
The values of dynamic reference temperature given in Table 4 have been calculated 

as the average of all valid single and multi-temperature determinations. 
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Table 4 - Dynamic toughness test results. 

Material Fast T dK/dt N r To,dyn ff NOTE 
id fluence (~ (MPa~/m/s) (~ (~ 

(n/cm 2) 
-50,-40,-30,-20 3.3x10 s 12 8 -29 6.4 (1) 

73W 1.5x10 w 0,20,50,80,100 3.6x105 14 8 46 6.4 (1) 
2.9x1019 50 5.0x105 6 6 78 7.7 (2) 

-90,-70,-50 3 . ~ ] ~  l0 6 -71 7.3 (2) 
18MND5 0.8x1019 -40,-20,25 3.3x105 8 5 -26 6.8 (3) 

JSPS 22 4.8x 107 9 8 32 6.4 (2) 

(1) Only multi-temperature analysis (single-temperature invalid) 
(2) Only single-temperature analysis 
(3) Average of single and multi-temperature analyses; reference temperature invalid according to 

E 1921 (r < 6) 

Comparison between Static and Dynamic Reference Temperatures 

For the materials and conditions studied, reference temperatures calculated from 
static and dynamic toughness tests are shown in Table 5. 

Table 5 - Comparison between static and dynamic reference temperatures. 

Material id Fast dK/dt To.~t To.dy, ATst-.dy. 
fluence (MPa~m/s) (~ (~ (~ 
(rgcm 2) 

3.3x10 ~ -77 -29 48 
73W 1 . 5 x 1 0 1 9  3.6• 24 46 22 

2.9x1019 5.0• 39 78 39 
3.5xlO 5 -119 -71 48 

18MND5 0.8•  3.3x105 -85 -26 59 

JSPS 4.8-~i-6 5 -6 32 37 

The measured increments of  To due to dynamic loading conditions (ATst--}dyn) are 
between 22 and 59 ~ no significant influence was found of  the value of  loading rate in 
the range investigated (3.3 to 5 x 105 MPa~/m/s), corresponding to impact velocities from 
1 to 1.5 m/s. 

It can be observed that the consistency is particularly remarkable for the steels in 
unirradiated condition (ATst~dyn = 37 + 48 ~ 

Assessment of Different Types of Irradiation-Induced Temperature Shifts 

The conventional approach to the surveillance of  nuclear pressure vessel steels 
relies on the shift of  transition curves obtained from standard Charpy tests, indexed to 
temperatures associated to the following predefined values: 
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�9 41 J or 68 J absorbed energy (ATa1j or AT68j); 
�9 0.89 mm lateral expansion (AT0.89mm); 
�9 50% shear fracture appearance (AFATTso). 

More recently, the tendency to quantify the effects of neutron irradiation in terms of 
actual degradation in the material's fracture toughness has favoured the use of To as the 
temperature to which such effects should be indexed. 

Generally, the value calculated from static fracture toughness tests (To,st) is 
considered; however, the use of To,dyn could profit from the increased crack-tip constraint 
induced by dynamic loading conditions. 

Irradiation-induced temperature shifts are reported in Table 6 for the materials and 
conditions investigated in this study. 

Table 6 -lndex temperature shifts induced by neutron exposure. 

Material id 

73W 

18MND5 

Fast fluence ATo,st ATo.dyn AT41J AT68J AT0.s9mm AFATTs0 
(n/era =) (~ (~ (~ (~ .... (~ C) (~ 

1.5 X 10 '19 '" 101 75 82 104 134 73 
2.9x 1019 116 107 105 126 123 115 
2 x 10 I~ 34 45 79 78 77 59 

Dynamic reference temperature shifts appear in agreement with their static 
counterpart within the limits inferred from the associated 95% confidence limits, which 
are approximately equal to +15 ~ 

With respect to the quantities measured from conventional Charpy tests, the shift of 
fracture toughness (static and dynamic) appears clearly smaller for 18MND5 and of the 
same order of  magnitude for 73W (except with respect to AT68J), a reasonable 
consistency with the shift of the 50% shear fracture appearance (AFATTs0) can be 
observed for both steels. 

Prediction of Dynamic Reference Temperature 

It has been shown [3, 4] that the Master Curve methodology is fully applicable to 
dynamic fracture toughness measurements obtained from impact tests on precracked 
Charpy specimens; more specifically, the shape of the Master Curve is essentially 
unaffected by the increase in the loading rate. The increase in crack-tip constraint is 
however translated in a upward shift in the reference temperature To. 

A rationalization of this loading rate dependence has been recently proposed by 
Wallin [4], based on the application of the Zener-Holloman parameter which relates yield 
strength (~y), temperature (T) and strain rate (de/dt) [13] 

where A is the strain rate parameter, which is a function of the activation energy of the 
yield process. 
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If  the same concept is extended to the case of  a fracture toughness test, it is more 
convenient to express the strain rate in terms of  variation of  the stress intensity factor 
with time (dFUdt); therefore, the Zener-Holloman parameter can be applied directly to the 
reference temperature 

T,, . ln( d~/ dt ) = const (4) 

The constant A' in eq.(4) can be defined by associating the quasi-static loading rate 
(dK/dt = 1 MPa~/rn/s) to the quasi-static value of  the reference temperature (To,st). 
Renaming log A' as F gives the following expression for the reference temperature 
associated to a generic value of  strain rate 

T,, - T,,,,, . F  
r-ln(dK / dt) (5) 

By analyzing the loading rate dependence of  59 steels, 15 of  which taken from the 
EPRI pressure vessel material data base [14], Wallin [4] has proposed the following 
expression for F, as a function of  To,st and ~y(Xo) (yield strength value at To) 

f('Z,,,,, ~ TM (Oy(To) "]1"~ ] 
F = 9"9" expl~ 1---~ ~ +~ 7 - - ~ J  ~ (6) 

with a standard deviation of  19.4%. In terms of  reference temperature shift, the accuracy 
is estimated to be of  the order of  • ~ 

If  the model previously described is applied to the materials analyzed in this study, 
the results given in Table 7 and shown in Figure 2 are obtained. 

Table 7 - Comparison between predicted and measured values of To, ayn. 

Material Fluence dK/dt To,st O'ys(To ) To,dyn To,dyn AT ....... /p~ed 
id (n/cm 2) (MPa~/m/s) (~ (MPa) (rneas,~ (pred,~ (~ 

3.3x10 ~ -77 565 -29 -26 -3 
73W 1.5• 3.6x105 24 708 46 43 3 

2.9x1019 5.0x105 39 642 78 58 20 
. . . . . . . .  3.5• ~ -119 694- ........ - 7 ]  ............. --6~) .......... 2 - -  
18MND5 0.8• 3.3• -85 744 -26 -46 20 

JSPS - - -  . . . . .  4.8x105 -6 468 32 31 1 
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Figure 2 - Comparison between measured and predicted values of dynamic reference 
temperature, using Wallin's approach [4]. 

The agreement between measured and predicted values is indeed within • ~ for 
all the conditions examined. 

The accuracy of the predictions is particularly significant for the steels in 
tmirradiated condition, whereas for the irradiated steels the combined effect of loading 
rate and neutron irradiation might be somewhat underestimated by the model. 

From a practical point of view, it would probably be more useful to obtain a rough 
estimate the static reference temperature based on dynamic toughness tests; rather than 
avoiding to carry out static tests (which appears not advisable), this approach could be 
used as an altemative to estimating the static reference temperature using simple Charpy 
parameters (such as  ATalJ o r  z~T28J), as presently recommended by the ASTM E 1921-97 
standard. 

This "reversed" approach implies solving eq.5 for To,st 

T,,,ok.[F- ln(dK I dr 
~,,,, = ( 7 )  

F 

and establishing an alternative formulation to eq.6 for calculating F, based o n  T o , d y n  and 
dynamic yield strength (evaluated at Te,ay,). This could be accomplished by analyzing the 
same database as in [4]. 

In any case, Wallin's approach represents in the present formulation an effective 
tool for estimating To,dyn and can be consequently used for choosing the test temperature 
when dynamic fracture toughness tests have to be performed. 
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Conclusions 

The Master Curve analysis has been applied to dynamic toughness measurements 
performed on precracked Charpy specimens, impact tested on a pendulum; under these 
conditions, more lenient loss-of-constraint limitations with respect to quasi-static 
conditions have been shown to apply [2, 3]. 

Data obtained on a number of reactor pressure vessel steels, both in the unirradiated 
and irradiated conditions, show that the shift of the 100 MPa~/m reference temperature 
due to the increase in the loading rate can be somewhat rationalized using a model 
recently proposed by Wallin [4]. This represents also an effective way for choosing the 
temperature for performing dynamic tests. 

Finally, dynamic reference temperature shifts caused by neutron irradiation have 
been found in general agreement (within +25 ~ with shifts of both the statically- 
measured To and conventional Charpy index temperatures (T41J, T68J, To.89mm, FATTs0). 
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Abstract: It is assumed in the integrity analysis of reactor pressure vessel (RPV) that the 
irradiation-induced shift of fracture toughness in the ductile-brittle transition region is 
the same as the Charpy transition temperature shift. To confirm this assumption, both 
shifts are compared using irradiated and post-irradiation annealed RPV steels made by 
Japanese manufacturers. Five ASTM A533B class 1 plates having high- and low-level 
impurities, which correspond to first generation and modem Japanese reactors are used 
in this study. Neutron irradiation of precracked Charpy-v (PCCv) specimens as well as 
standard Charpy-v specimens was carded out at the Japan Materials Testing Reactor 
(JMTR). The values of fast neutron fluence for this study are 2 to 13x 1019 (n/cm 2, 
E> 1MeV) considering typical fluence values at the EOL and extended operation of 
Japanese PWRs. The irradiation temperature was controlled within the range of 
290+_10~ Thermal annealing treatments at 350~ and 450~ for 100 hours were 
performed for irradiated PCCv and Charpy-v specimens. The master curve approach 
according to ASTM Test Method for Determination of Reference Temperature, To, for 
Ferritic Steels in the Transition Range (E1921) was applied using PCCv specimens. The 
irradiation-induced shifts of the reference temperature, AT0, obtained in this study were 
spread in the range of 10 to 200~ The annealing recoveries of the reference 
temperature were compared with those of the Charpy transition temperature. Although 
large scatter was seen in the relation between AT0 values and Charpy 41J shifts, both 
shifts were almost the same in the average. 
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Introduction 

To assure RPV structural integrity throughout its operational life, fracture 
toughness after neutron irradiation must be determined. To do this, the surveillance 
program for the RPV is performed according to regulations. The results obtained from 
the Charpy impact tests in the surveillance program are used for the estimation of  
fracture toughness after irradiation [1, 2]. Most codes related to the surveillance program 
assume that the degree of  irradiation embrittlement obtained from Charpy impact tests is 
equivalent to that of  fracture toughness for the material concerned. Recent research, 
however, has indicated that the correlation is not always conservative in predicting the 
degree of  irradiation embrittlement in terms of  fracture toughness [3, 4]. Fracture 
mechanics methodology is, therefore, necessary for the precise evaluation of  irradiation 
embrittlement to assure the RPV structural integrity. 

Since fracture toughness values from test specimens of  RPV steels show a large 
scatter in the transition temperature range, fracture toughness must be evaluated 
statistically. Although intensive research [e.g. 4] has been conducted to establish the 
statistical treatment and the evaluation method of  specimen size effect, the previously 
existing methods need a large number of  specimens and/or relatively large size 
specimens [5]. Since only a small number of  small size specimens are available from a 
surveillance capsule, further research is desired to establish an improved test and 
evaluation method for surveillance program specimens to evaluate the irradiation effect 
on fracture toughness. A methodology to evaluate fracture toughness of  RPV steels has 
not been established completely, particularly in the transition temperature range. 
Recently ASTM established a standard test method to determine the reference 
temperature of  fracture toughness in the transition range (E 1921-97), commonly called 
the master curve method. Some efforts on application of  the standard to ASME Code 
Case have also been published [6-8]. Further research is still necessary to verify the test 
method and the applicability to the Japanese RPV steels. The international programs 
related to this are actually underway in the U.S.A. and the IAEA. 

The objectives of  this paper are to apply the master curve method to evaluate 
fracture toughness of  Japanese RPV steels using precracked Charpy-V (PCCv) 
specimens, and to compare the irradiation-induced shift between Charpy impact and 
static fracture toughness. Based on the results of  the fracture toughness tests by PCCv, 
1T-CT and 4T-CT specimens, the master curve approach were evaluated on the size 
effect and the selection of  test temperature in the transition temperature range. The shifts 
of  fracture toughness curves due to neutron irradiation and post-irradiation annealing 
were then compared with Charpy transition temperature shifts. Some of  the results were 
obtained at JAERI in the framework of  the IAEA Coordinated Research Project [9]. 

Experiments 

M a ~ r ~  

Five kinds of  RPV steels ofASTM A533B class 1 made by Japanese fabricators 
were used in this study. Chemical compositions of  the materials are summarized in 
Table 1. One is designated as JRQ, which was used as a correlation monitor material in 
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the IAEA CRP [10, 11]. Steel A and Steel B [12, 13] correspond to RPV steels of the 
1970's and the late 1980's, respectively. Steel L is a similar A533B-1 steel with a very 
small amount of impurities which was used in the corrosion fatigue round robin in Japan. 
The material designated as JSPS A533B-I was used in the round robin study organized 
by the Japan Society for Promoting of Science (JSPS) [14] and also presented in 
reference [15]. The last material was chosen because of its large database of cleavage 
fracture toughness for both small and large specimens. However, it has not been used for 
neutron irradiation study yet. Mechanical properties at room temperature for the 
materials are listed in Table 2. 

Table 1--Chemical compositions of materials used in this study. 
Unit in wt.%) 

Material C Si Mn 
JRQ 0.18 0 .24  1.42 

Steel A 0.19 0 .30  1.30 
Steel B 0.19 0 .19  1.43 
Steel L 0.17 0 .24  1.36 

JSPS A533B-1 0.24 0.41 1.52 

p ,  - 

0.017 
0,015 
0.004 
0.003 
0.028 

S Ni Cr Cu Mo 
0.004 0 .84  0 .12  0 ,14  0.51 
0.010 0 .68  0 .17  0 ,16  0.53 
0,001 0 .65  0 .13  0 .04  0.50 
0.003 0.61 0 .07  0 .02  0.47 
0,023 0 .43  0 .08  0 ,19  0.49 

Table 2--Mechanical properties of materials used in this study. 

Material Gys (MPa) Guts (MPa) Elong. (%) T41j (oC) USE (J) RT,or (oC) 

JRQ 477 615 22.2 -28 201 -15 
Steel A 469 612 26.4 -42 151 -35 
Steel B 462 597 24.9 -61 207 -45 
Steel L 461 603 24.8 -66 189 

72 JSPS A533B-1 461 639 18.5 52 

Fracture Toughness Tests 

Four types of specimens were used in this study, namely PCCv, 0.5T-DCT, 
1T-CT and 4T-CT [12]. In most cases, the specimens were side-grooved by 10% on 
each side of the specimen after precracking. The notch orientation is T-L direction for all 
specimens. Each specimen was machined from the approximately quarter thickness 
position of the material. Fracture toughness tests were performed at mainly lower 
transition temperatures where a cleavage fracture was observed before the maximum 
load of the specimen. 

Testing and evaluation for fracture toughness were performed according to mainly 
E1921-97 and in some cases the ASTM Standard Test Method for Plane-Strain Fracture 
Toughness of Metallic Materials (E399). A valid fracture toughness, KJc, was obtained 
only from some 4T-CT specimens. The J-integral-based evaluation method following 
ASTM E 1921 was applied to obtain fracture toughness values from the other specimens. 
Fracture toughness values at cleavage fracture, Jc, were calculated based on the area 
under the load-displacement curve up to the sudden load drop and the cleavage fracture 
load (see eq. 1). Fracture toughness Kjc values were then converted from Jc by the 
equation (2). Young's modulus, E was fixed to 206 GPa. 
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K 2 
Jc = J~l + Jpl = "-c 4 rlApl (1) 

E BNb o 

= {2)  

where Kc: Stress intensity factor at the cleavage fracture, 
rl=2+0.522(a0/W) for compact tension specimens, 
rl=l.9 for PCCv specimens, 
Apl: Plastic part of  the area under load-displacement curve, 
BN: Net thickness, b0: Initial ligament (=W-a0), 
ao: Initial crack length, W: Specimen width. 

The specimen size effect adjustment was applied to the results from other than 1T-CT 
specimens. The adjusted fracture toughness KjC values to 1T thickness (25 mm in this 
study) were expressed as KjC_IT or Kjc_25mm. 

Irradiation 

PCCv specimens of  JRQ, Steel A, Steel B and Steel L were irradiated in Japan 
Materials Testing Reactor (JMTR, thermal output 50MW). The irradiation capsule 
includes some fluence monitors of  pure iron and aluminum-cobalt for fast and thermal 
neutrons, respectively. Fast neutron fluence values for the specimens were calculated 
based on the activation measurements of  the monitors. The target values for fast neutron 
fluence were 2 to 13 x l0 w n/cm 2 (E>I MeV) considering typical fluence values at the 
EOL and extended operation of  Japanese PWRs. The irradiation time was varied 
corresponding to the target fluence, from 590h to 1770h. Consequently fast neutron flux 
was 1.3 to 2 x 1013 ~cm' s  ~F_~, 1 MeV). The displacements2per atom (dpa) for iron by the 
irradiation to 2 x 10 n/cm (E>I MeV) was about 3 x 1 0 .  Temperature for the 
specimens during irradiation was controlled in the range from 280~ to 300~ and 
measured at several locations. Charpy-V and tensile specimens were irradiated at the 
same time and almost the same condition. The shifts of  Charpy transition temperatures 
due to neutron irradiation are summarized in Table 3 together with irradiation conditions. 
Charpy transition temperature was defined by fitting the data to tanh curve. 

Annealing 

To evaluate the effectiveness of thermal annealing on fracture toughness, a set of  
PCCv specimens with some Charpy-v specimens were irradiated and annealed. To 
determine the annealing response, hardness recovery was measured a series of  
specimens. The results of  the annealing study will be reported elsewhere. 

Thermal annealing to RPV is limited to some non-commercial plants and Russian 
type reactors and has not applied the westem LWR type commercial plants. In the 
annealing feasibility study in USA, two ways of  annealing have been suggested; dry 
(454~ and wet (344~ for one week. From the annealing experiments in this study, 
typical annealing conditions for fracture toughness evaluation were determined. Those 
are 350~ 400~ and 450~ for 100 hours. The annealing conditions correspond to dry 
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and wet annealing and an intermediate condition. The measurements of  hardness 
recovery for these conditions to Steel A indicated the recovery rates of  22%, 68% and 
98%, respectively. Charpy transition temperature shifts were also evaluated after 
annealing as listed in Table 3. In this paper, the annealing treatments at 350~ and 
450~ for I00 h are presented. 

Table 3--Charpy Transition Temperature Shifts by Neutron Irradiation at JMTR 

Material 

JRQ 

Steel A 

Steel B 

Steel L 

Neutron fluence 
(n/cm 2, E>I MeV) 

2.3 x 10 TM 

Irradiation 
temp. (~ 

AT41J 
(oc) 
88 

ATo.gmrn 
(oc) 
87 290 

2.4 x 10 TM 290 80 69 59 

12.1 x 10 TM 289 190 176 141 

7.5 x 10 TM 290 138 122 102 

7.7 x 1019+ A350 289 89* 87* 76* 

7,6 x 1019+ A450 289 24** 16"* 9** 

12.9 x 10 TM 287 155 144 123 

3.4 x 10 TM 290 24 17 22 

11.3 x 10 TM 288 71 66 65 

2.9 x 10 TM 286 78 69 59 

ATso% 
(oc) 
81 

*: Residual shift after post-irradiation annealing at 3500C for 100h 
**: Residual shift after post-irradiation annealing at 450~ for 100h 

Results and Discussion 

Fracture Toughness Test Results 

Before neutron irradiation, the reference temperatures, To, were evaluated at 
several temperatures, and by PCCv and IT-CT. The base test temperature was selected 
for each material according to E 1921 procedure. In addition to the test temperature 
estimated by El 92 I, higher temperatures were chosen to check the test temperature 
dependence on the master curve method. The deviation of  each To measurement from 
the average of  To values determined by PCCv specimens is shown in Figure I. The data 
points in the lower portion of  the figure mean lower To values than the average values, 
which result in non-conservative evaluations. In the figure, filled symbols indicate To 
values obtained from data sets including an invalid data point or points. Therefore, those 
data were determined by the censoring scheme. Testing of  PCCv specimens at higher 
temperature than the average To necessitates a data censoring and leads to a lower, 
non-conservative To value as illustrated in Figure I. On the other hand, testing of  PCCv 
specimens below T0-50~ makes the uncertainty to determine To value larger and 
requires more specimens. Therefore, it is recommended that testing around (T0-20~ 
can give a comparative result with the testing of  IT-CT. It is noted from this observation 
that the testing after irradiation should not be performed at too high temperature. To 
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preclude this, before fracture toughness tests, Charpy impact tests were performed to 
determine the transition temperature at 28J level, T2gj. Fracture toughness tests were then 
performed around (T28j-30~50~ 

The PCCv and 1T-CT data was also analysed using the multi-temperature method 
[16] for To determination. The To values determined using the multi-temperature method 
were compared to the average of the single temperature To determinations. When the 
analysis included some invalid data at high temperature, the average To was higher than 
the To from the multi-temperature analysis. When no invalid data exists (e.g., the 1T-CT 
data), the To values were approximately the same. This suggests that the data censoring 
procedure in the multi-temperature analysis should be improved. 

20 
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Figure 1--Relation between test temperature and To. 

Using the median value of 1T-equivalent (25 mm was used in this study) adjusted 
data, the temperature dependence of cleavage fracture toughness within the transition 
range is expressed by the following equation. 

K,C_,T,a.d, = 30 + 70" exp{0.019. (T - To) } (3) 

This equation has been established by statistical analyses using a huge database 
including unirradiated and irradiated RPV steels. This equation, which is called a master 
curve, uniquely defines the cleavage fracture toughness transition curve by a reference 
temperature, To. Around 500 specimens were tested in the transition temperature range 
as shown in Figure 2. The To value for each material condition was defined by the 
average ofT0 by PCCv specimens. The master curve and the 5% and 95% tolerance 
bounds are also illustrated in the figure. Except for the data above T0+50~ where data 
are sparse, fracture toughness data are well agreed with the master curve and the 
tolerance bounds. When the data below T0+50~ are fitted to the similar type of 
equation (3) with a fixed constant of 30, almost the same fitting constants were obtained 
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as indicated in Figure 3. Although the fitting includes some invalid data of PCCv 
specimens, the temperature dependence on fracture toughness in the transition range 
seems to follow the master curve equation (3). 

400 
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Figure 2--Adjusted data of  fracture toughness to specimen thickness of  25mm 
and the master curve with tolerance bounds. 
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Figure 3---Comparison of  fitting curve for experimental data and the master curve. 
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Effect of Irradiation on Charpy Transition Curve and Fracture Toughness 

Charpy impact and fracture toughness test results for Steel A before and after 
neutron irradiation are shown in Figure 4. Two levels of irradiation were completed, 
with the following neutron fluences (E>I MeV): 

#1: 7.5 X 1019 n/cm 2 
#2: 13 X 1019 Idcm 2 . 

The actual neutron fluence for irradiation #1 varied from 6 to 9 x 1019 rl]cm 2 (E>IMeV). 
The specimens from irradiation #1 were separated into three groups by fluence, with 
fracture toughness tests conducted at a different temperature for each group. Since 
Charpy absorbed energies were consistent across these specimens, a single To value was 
determined for irradiation #1 by averaging the values from the three test temperatures. 
For the transition temperature determination of Steel A, there were a few data indicating 
very high energy and toughness values after irradiation as shown in Figure 4. Since 
those data were exceptionally higher than the other data, those points were treated as 
outliers and not included in the analysis in order to provide a conservative estimation. 
The shifts of Charpy 41J temperature are 138 and 155~ for irradiations #1 and #2, 
respectively. The corresponding shifts in the fracture toughness reference temperature, 
To, were 115 and 173~ 

Figure 5 shows test results of Charpy impact and fracture toughness for Steel B. In 
this case, total neutron fluence values for irradiation #1 and #2 were 3.4 x 1019 and 11.3 
X 1019 n / c m  2 (E>IMeV). The shifts of Charpy 41J temperature are 24 and 71~ and 
those of the reference temperature are 14 and 71~ for irradiation #1 and #2 
respectively. Table 4 summarizes the irradiation-induced shifts on the reference 
temperature To obtained in this study. 

Effect of Post-irradiation Annealing on Charpy Transition Curve and Fracture 
Toughness 

The response of Steel A to post-irradiation annealing treatments treatments of 
350~ and 450~ for 100 h was determined using both Charpy impact and PCCv 
specimens The specimens were originally irradiated to a nominal fluence of 7 x 1019 
n/cm 2 (E>IMeV). The extents of annealing recovery in the measured properties are 
illustrated in Figure 6, where the original unirradiated and irradiated results are indicated 
by dotted lines. After annealing at 350~ there was only limited recovery in the Charpy 
41J transition temperature. On the other hand, annealing at 450~ produced significant 
recovery in the Charpy transition temperature, with only small residual shift. The 
measured annealing recoveries for T41J were 35% and 82% for 350~ and 450~ 
respectively. Test temperatures for the To measurements were based on the Charpy 
results. The measured To values are summarized in Table 4 and the fracture toughness 
recovery is illustrated in Figure 6(b). The measured recoveries for To were 32% and 86% 
for 350~ and 450~ respectively. For these annealing conditions, The measured 
recoveries in T41j and To were nearly equivalent. The measured recoveries in hardness 
after annealing at 350~ and 450~ were 22% and 98%. This hardness recovery 
exceeded the recoveries in T41j and To at 450~ but the trend was reversed at 350~ 
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Results of Charpy impact test and fracture toughness test for Steel A before 
and after irradiation. 
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Figure 5--Results of Charpy impact test and fracture toughness test for Steel B before 
and after irradiation. 
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Comparison of the Shifts between Charpy Properties and To 

The shifts induced by neutron irradiation and post-irradiation annealing were 
measured in several cases for Japanese RPV steels as listed in Tables 3 and 4. Figure 7 
compares the shifts of  To and Charpy T41J obtained at equivalent irradiation conditions in 
this study. In previous results in references [13, 17], the comparison has indicated 
slightly larger shifts in To than T41j. However, the additional data made the difference 
between both shifts smaller; now AT0 is only 3% larger, as shown in Figure 7. The 
scatter is not small; a standard error is about 15~ Fracture appearance transition 
temperature (FATT) defined at the temperature of  50% shear area, T50%, was compared 
with AT0. FATT is sometimes used as an index temperature because of  the independence 
on the upper shelf toughness. The comparison of  AT0 and ATs0~/~ is plotted in Figure 8. 
AT0 is 30% larger than ATs0o/o as indicated by the fitting line. The difference is caused 
from the significantly smaller ATs0% than AT41j. Highly embrittled material having 
relatively low USE shows larger AT41j than ATso% because the slope oftanh fitting curve 
for absorbed energy is affected by the USE decrease. Therefore, for the relation in 
Figure 7, it may be necessary to consider this effect on AT41J when a low USE material 
is used. It is also noted that further investigation is needed on the effect of  large USE 
decrease and/or low USE material on the shape of  the master curve after irradiation. 

ASTM E1921 recommends testing PCCv specimens at T28j-50~ where T28j is 
the Charpy 28J transition temperature. Analysis of  the data provided in Figure 1 
indicates that the optimum test temperature for PCCv specimens is T0-20~ These two 
recommendations are identical if T0=T28j-30~ The relationship between To and T28J is 
illustrated in Figure 9. The linear fitting curve and 90% bounds are included in the figure. 
This relationship implies that the two recommendations are equivalent at T28j = -57~ 
Prior to irradiation, these materials exhibit T2sj values near -57~ and the two 
recommendations are in agreement. As neutron irradiation increases, irradiation 
embrittlement causes an increase in T28j and a deviation between the two 
recommendations occurs. Therefore for the irradiated materials, the E1921 
recommended temperature is lower than the T0-20~ value. This means that the 
optimum temperature for To testing of  irradiated material is slightly higher than the 
ASTM recommendation. 
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Table 4---Summary of shifts of the reference temperature Ta 

Material 

JRQ 

Steel A 

Steel B 

Steel L 

Neutron f luence 
(n/cm 2, E>I MeV) 

2.1 x 10 TM 

2.4 x 10 TM 

2.9 x 10 TM 

12.2 x 10 TM 

6.2 x 10 TM 

Irradiation 
temp. (~ 

290 

290 

290 

289 

ATo 
(~ 

105 

76 

105 

198 

Note 

290 127 ~-~l ^verag e 
7.5 x 10 TM 288 95 J 115 
9.0 x 10 TM 291 123 

7.5 x 1019+ A350 288 78* 

7.4 x 1019"t" A450 288 16"* 

12.7 x 10 TM 287 173 

3.4 x 10 TM 291 14 

11.3 x 10 TM 288 71 

2.8 x 10 TM 287 87 

*: Residual shift after post-irradiation annealing at 350~ for 100h 
**: Residual shift after post-irradiation annealing at 450~ for 100h 
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Figure 7--Comparison of shifts of reference temperature To and Charpy 41J 
temperature. 
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Comparison of Lower Bound Fracture Toughness Curve 

Recently the following equation (4) has been proposed as the ASME Code Case 
N-629 [18] based on the reference temperature To to alternate the fracture toughness Ktc 
curve of RPV steels. 

K tc = 36.5 + 22.8. exp{0.036 �9 (T-- RTr0)} (4) 

where RTT0 = To+ 19.4~ 

The master curve approach uses 1 T-thickness equivalent curve for the median 
fracture toughness. The current ASME Klc curve corresponds to the lower bound of 
measured Kic data. For the integrity assessment purpose, the size adjustment may not be 
applied or should be used for an appropriate defect size and the geometry. The proposed 
KIc-RTT0 curve and as-measured fracture toughness data are compared in Figure 10. 
Except for the data in higher temperature range (T-To > 80~ the KIc-RTT0 curve 
bounds all experimental data. For comparison, the 1% tolerance bound curve is also 
shown in Figure 10. The bound curve is found to fit the data points and be more 
conservative in higher temperature range than the KIc-RTr0 curve. The merit of the use 
of these T0-based curves is that the fracture toughness can be measured directly by 
irradiated specimens without any uncertainty of the initial property. 
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Figure 1 O---Comparison of as-measured fracture toughness data with the proposed 
ASME To-base Klc and lower bound curves. 
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Summary and Conclusions 

Applying the master curve method, fracture toughness tests and the analyses were 
performed using mainly PCCv specimens in the transition temperature range for 
Japanese RPV steels. Based on JMTR irradiation and post-irradiation annealing for the 
specimens of steels, the following conclusions were drawn for the applicability of the 
master curve method and the irradiation induced shifts between fracture toughness and 
Charpy properties; 

(1) Data sets for PCCv specimens that contain invalid censored data tend to 
underestimate To as determined by data sets that contain only valid data. Therefore, 
the test temperature for PCCv specimens should not be higher than To in order to 
obtain all valid data. 

(2) The temperature dependence of experimental fracture toughness data adjusted to 
25mm thickness agreed well with the master curve. 

(3) The shifts of To by neutron irradiation and post-irradiation annealing were evaluated 
for Japanese RPV steels and were almost equivalent with Charpy 41J shift. 

(4) When the fracture appearance transition temperature (FATT) is used for Charpy 
shift, it can be 30% smaller than the shift ofT0. 
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Abstract: An abundance of empirical data supports the use of the Master Curve, as 
proposed by Wallin, Saario and T6rrfnen, to describe the fracture toughness mmsition 
behavior of ferritic steels, particularly the notion of a curve shape that is invariant with 
steel microstructure (other than lattice structure). However, nuclear surveillance 
programs do not always contain samples of the steel that most limits reactor operations, 
making direct measurement of fracture toughness impossible. This suggests that a 
purely empirical argument cannot define the limits of applicability of the Master Curve 
or validate its use for all conditions of interest. In previous papers a microstructural 
basis for the existence of a single "Master" tincture toughness transition curve for all 
ferritic steels was established and limits of applicability have begun to be explored from 
a theoretical viewpoint. These previous papers established that all steels with the same 
lattice structure and cleavage fracture mechanism should be expected to adhere to 
transition behavior that can be defined by a single curve shape with variations in 
microstructure accounting only for a shift in the transition temperature. In this paper 
we explore the basis for "Master Curve" validity for irradiated steels by exploring how 
irradiation affects the microstructure and fracture mode and using the Zerilli-Armstrong 
constitutive model as the basis for predictions of irradiated steel behavior. 
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98 EFFECTS OF RADIATION ON MATERIALS 

Introduction 

There are several methods of determining the ductile-to-brittle transition 
temperature of a metal. The underlying principle behind all of them is that some 
measurable quantity, the energy absorbed in fi'acture (CVN) or fiacture toughness (Kit), 
is temperature dependent. Two of these methods, the Charpy V-notch test, included in 
the ASTM Test Methods for Notched Bar Impact Testing of Metallic Materials (E23- 
92) and the ASTM Test Method for Conducting Drop-Weight Test to Determine Nil- 
Ductility Transition Temperature of Ferritic Steels (E208-91), yield qualitative results 
that are not directly related to material properties such as fracture toughness. Thus, any 
scheme used to correlate these results to fracture toughness contains much uncertainty, 
necessitating conservative values to be used in any analysis. The third method 
available, the ASTM Master Curve, detailed in the ASTM Test Method for 
Determination of Reference Temperature, To, for Ferritic Steels in the Transition Range 
(E1921-97), as proposed by Wallin, Saario and TOrr6nen [1], directly predicts fracture 
toughness values at any temperature within the transition region based on a minimum of 
six tests at one temperature. It is derived from the observation that many ferritic steels 
exhibit a single curve shape for their fracture toughness-temperature behavior. Because 
this method uses actual fracture toughness tests, the inherent uncertainty is reduced and 
therefore the method should be more accurate with less conservatism required. 

Currently the Master Curve draws upon an empirically derived expression for its 
temperature dependence. This method works well for steels represented in the data set 
used to derive this expression, but it cannot predict how the shape of the curve may or 
may not change for steels not represented. Fracture toughness tests must be performed 
over a range of temperatures for every significant composition change in order to 
experimentally validate that the material behavior follows the Master Curve. This can 
become costly and time consuming, especially in the case of irradiated materials, and it 
does not address why the curve retains the same shape for so many different steels. As 
a result, the empirical basis of the current Master Curve lacks the ability to define limits 
of applicability. By understanding the underlying microstmcmral material behavior, it 
should be possible to derive a quantitative, physically-based expression for the 
temperature dependence of the Master Curve. This would then make it possible to 
predict how changes in microstructure due to irradiation affect the reference transition 
temperature without having to perform a multitude of tincture toughness tests. 

In previous papers a microstructural basis for the existence of a single "Master" 
fracture toughness transition curve for all ferritic steels was established [2,3] and limits 
of applicability have begun to be explored from a theoretical viewpoint [4,.5]. These 
papers used Zerilli-Armstrong constitutive models of metal flow behavior to establish 
that all steels with the same lattice structure and cleavage tincture mechanism should be 
expected to adhere to transition behavior that can be defined by a single curve shape. 
Variations in microstructure then account only for a shift in the transition temperature. 
In this paper we explore the basis for "Master Curve validity" for irradiated steels by 
explaining how irradiation affects the microstructure and fracture mode and using the 
Zerilli-Armstrong constitutive model as the basis for predictions of irradiated steel 
behavior. 
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WAGENHOFER ET AL. ON DISLOCATION MECHANICS 99 

Zerilli-Armstrong (ZA) Equation and Irradiation Effects, Part I 

The ZA constitutive equation [6] uses an activation area for dislocation motion as a 
basis to describe the thermal portion of the flow stress: 

0"z~ = Co + Ks + Bo e-at ,  (la) 

where 

s = strain 
= strain rate 

T = absolute temperature 
d = average grain diameter 

/~= P0-/~, In~, (lb) 
C o = 0" 6 + kd-l/2, 

G o = contribution to flow stress fTom solutes and initial dislocation density 

k, ~ ,  ill, B0, K and n = constants specific to a material. 

In Eqn. (la), athermal contributions to the flow stress are added linearly with the 
thermal term, and include, for BCC materials, grain size strengthening, strain 
hardening, solute strengthening and precipitate strengthening. This linear combination 
of effects implies independence of thermal, short range, and athermal, long range, 
barriers to dislocation motion. The athermal, long range barriers have interbarrier 
spacing orders of magnitude larger than that of the thermal, short range barriers. Thus, 
an input of thermal energy that allows a dislocation to move past a short range barrier 
has no effect on a dislocation attempting to move past a long range barrier. In the case 
of BCC materials, these short range barriers correspond to the atoms of the iron lattice. 
Consistency with the form of the ZA equation dictates that the contribution of radiation 
damage to the flow stress be added linearly with the existing terms. This, however, 
does not determine whether the radiation damage term, hereafter designated O~r, is 
temperature dependent or independent. 

In a recent publication, Merkle et al. [7] demonstrated that neutron irradiation does 
not affect the fracture toughness temperature dependence. Figure 1 is their log-log plot 
of fracture toughness versus yield strength for irradiated and unirradiated A533B steel. 
The slope of the curve for irradiated material is seen to be much steeper than that of the 
curve for unirradiated material. However, a plot of  fracture toughness versus 
temperature, as shown in Figure 2, results in a similar curve shape for both irradiated 
and unirradiated materials. Therefore the fracture toughness temperature dependence of 
the irradiated material should be the same as that of the unirradiated material. A log-log 
plot of the same fracture toughness values versus an offset yield strength corresponding 
to the thermal portion, Figure 3, confirms the conclusion of Figure 2 and suggests that 
the effects of radiation and, correspondingly o~, are athermal in nature. In order to 
quantify this phenomenon for use in the ZA equation, the physical damage mechanisms 
affecting flow behavior must be reviewed. 
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Figure 3 - Fracture toughness vs. thermal component of yield strength for unirradiated 
and irradiated material. A533B C1.1 (JRQ) 12.5mm RCT (after Merkle et al. [7]). 

Influence of Irradiated Microstructure on Form of ai~r 

Neutron irradiation of RPV steels causes embrittlement effects marked by an 
increase in yield strength and a decrease in toughness. The increase in yield strength 
can be related quantitatively to the shift in transition temperature [8], and is due to the 
irradiation-induced fine scale microstructures that obstruct dislocation motion. These 
microstructures include precipitates, vacancy clusters (microvoids), and interstitial 
clusters (dislocation loops). Each of these microstructures has been shown to contribute 
to the three basic mechanisms that control RPV embrittlement [9]. They are listed 
below: 
1. Matrix hardening due to radiation-produced point defect clusters and dislocation 

loops, referred to as the matrix damage contribution; 
2. Irradiation-enlaanced formation of copper-rich precipitates (age hardening); 
3. Irradiation-caused grain boundary segregation of embrittling elements such as 

phosphorous. 
The frost two mechanisms cause an increase in yield strength, while the third 

mechanism causes grain boundary embrittlement without an increase in hardness. 
Matrix damage has been found to develop continuously during irradiation, exhibiting 
hardening that has a square root of fluence dependence. Copper-rich precipitates cause 
hardening which rises to a peak value and is unaffected by subsequent irradiation [9]. 
These two mechanisms are generally considered to be dominant in radiation 
embrittlement [10]. 
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Matrix damage can be divided into two components, unstable matrix defects 
(UMD), and stable matrix defects (SMD). Unstable matrix defects are formed at 
relatively low fluence, and are small vacancy or interstitial clusters, complexed with 
solutes such as phosphorous, and produced in displacement cascades. Increasing flux 
causes increasing hardening due to these defects, but they are relatively independent of 
alloy composition. In low copper alloys, at low fluence and high flux, M D  are the 
dominant source of hardening. However, in high copper steels, these defects delay the 
copper-rich precipitate contribution to hardening by reducing the efficiency of 
radiation-enhanced diffusion. Stable matrix features form at high fluence, and include 
nanovoids and more highly complexed clusters. These defects cause hardening that 
increases with the square root of exposure which is especially important at high 
fluences [11]. 

In copper bearing steels, the change in yield stress is primarily due to radiation- 
enhanced diffusion and precipitation of impurity copper from solid solution in the steel. 
Only copper in solid solution contributes to hardening, and the fraction in solution can 
be much less than the bulk copper content. Copper diffusion occurs because the steady 
state concentration of vacancies is greatly increased during irradiation [12]. The 
mechanism responsible for the hardening provided by the copper-rich precipitates is 
elastic modulus hardening. The Russell-Brown model [13] gives a good representation 
of the strength and work-hardening characteristics in the iron-copper system. Their 
model is based on the interaction between matrix slip dislocations and second phase 
particles, in particular, copper precipitates, which have a shear modulus lower than the 
shear modulus of the Fe matrix. The strengthening effect of copper precipitates is 
shown to be the stress required to move dislocations large distances through an array of 
obstacles [14]. 

,a,F U: "IV2 U ,  < 50" 
U 2 -  L. ~ . . 1  

. r - 2 13/4 
A g - = f l b / 1 - - ~ - 2 /  ; s in - lU- - -L>50  ~ 

L L u,  ] 
E1 log--r log R 

U1 ro r 

w~ ETlog--R log--R 
ro ro 

where 

A~ = shear stress increase 
= shear modulus of iron 

b = magnitude of the Burger's vector 
L = precipitate spacing 
UI = energy of dislocation in copper 
U2 = energy of dislocation in iron 

(2a) 

(2b) 
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El**/E2** = ratio of shear modulus of copper precipitate to shear modulus of  iron for 
screw dislocation 
R = outer eut-offradius used to calculate the energy of the dislocation = 1000 ro 
r0 = inner cut-offradius = 2.5b 
r = radius of copper precipitate 

Models for Radiation Embrittlement 

Existing models for irradiation embdttlement combine the two components of 
hardening. The Stoller model [13] computes a change in the shear stress Az'via a root- 
square summation of the matrix damage and copper-rich precipitate contributions. 

A t =  (A~c, 2 + AZ'ICL 2 + A't?CL2) 1/2 (3a) 

where 

AXCu = component due to copper precipitation 
AXXCL = component due to interstitial clusters 
A'~VCL = component due to vacancy clusters 

Matrix damage is attributed to small dusters of point defects - vacancies and 
interstitials, and each term conlributes a change in shear stress, ArrcL and Al'tcL, 
respectively. A dispersed barrier model is used to calculate hardening due to these 
defects. 

A~'=//b (3b) 
a~ 

where 

!1 = shear modulus of  iron 
b = Burger's vector 

= (Nd) qr2 is computed from the number density (N) and diameter (d) of obstacles 
ct = measure of barrier strength 

The contribution to hardening due to copper-rich precipitates is modeled using the 
Russell-Brown model shown earlier. The incremental increase in shear stress is given 
by Eqns. (2). 

A Taylor factor is used to convert the calculated change in shear stress to a change 
in the uniaxial yield strength, 

A ~  -- 3.1A~" (3c) 

McElroy and Lowe [15] use the Fisher Model [16] of irradiation embrittlement in 
their study of Linde 80 weld metal. The Fisher Model is empirically derived, and is 
well established and widely accepted. The matrix damage component of  the Fisher 
Model, in particular, relies heavily on empirical data. The increase in yield strength, 
Any, is a linear superposition of the two hardening components after irradiation time, t, 
and is given by 

Atry= Atr,~ + Atrc~ (4a) 
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where 

A60~m = component due to matrix damage 
AaCu = component due to copper precipitation. 

The matrix damage term A60am is dependent only on the total accumulated fast 
neutron fluence, 0t, and not neutron flux, 4. 

A a ~  =A Fr(r162 I/2 (4b) 

Fr  = 1.869 - 4.57x10"3T (4c) 

where 

A = Barton coefficient 
F~ = temperature correction factor; 1 at 190~ 
T = temperature 

The second component, A6c,, is the hardening due to copper-rich precipitates, and 
can be calculated from the maximum hardening for the given copper content, peak 
hardening time, and time dependence of hardening derived from empirical fitting to 
experimental thermal ageing data. Russell and Brown showed that this peak hardening 
value is proportional to the root of the volume fraction of copper, Vcu, in the alloy [16]. 
The maximum contribution to hardening of the matrix due to copper precipitation is 
given by 

AcTcu m= = 4 .5x l  O3Vcu 1/2- 90 (MPa) (4d) 

where 

Vc, = volume fraction of copper 

McElroy and Lowe note that a study of model steels using the Field Emission Gun 
Scanning Electron Microscope (FEGSTEM) produced an inference based on copper 
solubility at temperatures from 500~ to 650~ that only 0.23wt% copper was in solid 
solution at the nominal post-weld heat treatment (PWHT) temperature of 1125~ 
(607~ for the weld metals in their database. They established 0.23wt% copper as an 
upper bound in the model, assigning this value to weld metals having bulk copper 
contents more than this amount, and assigning the measured bulk values for metals 
containing less than the upper bound. By using this upper bound of solubility for 
copper in Linde 80 weld metals, they showed that the predicted and measured yield 
strength increases agree extremely well [15]. 

Both the Stoller and Fisher models can be used to determine the 6i= term. McElroy 
and Lowe's success with using the Fisher model, as well as the model's dependence on 
fluence and the volume fiaction of precipitates, makes it the more attractive model. 
Furthermore, data on these variables can be found in the literature. Work is ongoing to 
compile this data. The Fisher model is a pseudo-predictive model and the change in 
yield strength determined from the model can be inserted into the ZA equation. The 
yield strength of the irradiated material calculated through ZA should be the same as 
that determined experimentally. 
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ZA Equation and Irradiation Effects, Part II 

The microstructures involved in the hardening mechanisms discussed above, 
precipitates and vacancy and interstitial clusters, are long-range barriers to dislocation 
motion in BCC metals [4]. As such, these barriers can then be accounted for in the 
athermal portion of Eqns. (1) by the aforementioned a~  term: 

az~ = do + ge"  + Bo e-#~, (5a) 
wh~e 

P=P0-P, in~, 
(Sb) 

d o = o ~  +a~  +kd -w. 

Ultimately this would result in a shift of the fracture toughness versus temperature 
curve along the temperature axis, but the curve shape would be unaffected, as shown by 
Merkle et al. [7]. Figure 4 is a plot ofunirradiated and irradiated yield strength data 
with ZA predictions superposed over them. In the case of the irradiated data, the o~ 
term is approximated with the measured shift in yield strength. The resulting shape of 
the ZA prediction does not change with this addition, as is expected from the data. The 
corresponding fiacture toughness values shown in Figure 5 demonstrate the consistency 
o f  the curve shape from the unirradiated to the irradiated state. 
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Figure 4 - Irradiated and unirradiated yield strength data for weM 72 W with Z:I 
predictions for both conditions. 
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Figure 5 - Irradiated and unirradiated fracture toughness data for weM 72W showing 
consistency of curve shape. 

Conclusions 

Irradiation damage in RPV steels can be accounted for in the ZA constitutive model 
by including a new term, oR. Only the athermal portion of the ZA flow stress is 
affected by irradiation. This is because irradiation-induced fme scale microstructures 
such as vacancy and interstitial clusters, and copper-rich precipitates, are long-range 
barriers to dislocation motion, and can be accounted for in the athermal portion of the 
yield stress. Models have been created to describe the matrix hardening due to these 
microstructures, and can be used to determine oR. 
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Abstract: Results of a joint German/Russian irradiation program performed on the proto- 
type pressurized water reactor VVER-2 of the Rheinsberg nuclear power plant (Germany) 
are summarized. The experiment comprises Charpy V-notch (CVN), precracked Charpy 
size (SENB) and compact tension (CT) specimens made of different heats of Russian 
VVER type reactor pressure vessel (RPV) base and weld metals. Reference temperatures, 
To, were evaluated according to the Master Curve (MC) concept using the multi tempera- 
ture method. Neutron irradiation induced ductile-to-brittle transition temperature (DBTT) 
shifts determined on the basis of CVN and SENB tests are compared. On the base of the 
DBTT the neutron embrittlement sensitivity and the annealing behavior of tested RPV 
steels are evaluated. Different heats of the same VVER-RPV steel exhibit different neutron 
induced embrittlement and annealing behavior. The determined CVN transition tempera- 
tures correlates to the To temperatures evaluated by the MC concept. 

Keywords: reactor pressure vessel steel, integrity assessment, Charpy-V test, transition 
temperature, fracture toughness, reference temperature, predicting formulas, radiation 
embrittlement 

Introduction 

In the fracture mechanics integrity analysis of Russian VVER-type reactor pressure 
vessels (RPVs) the initiation fracture toughness curve is used, according to the VVER 
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Code for Strength Evaluation of Component and Piping of Nuclear Power Plants (PNAE 
G-7-002-86). This code is applied for the normal operating and emergency conditions 
(pressurized thermal shock events) of RPVs. The original evaluation is modified in the 
IAEA Guideline (IAEA-EBP-WWER-08) on Pressurized Thermal Shock Analysis for 
VVER Nuclear Power Plants. The generalised lower bound fracture toughness (Kic) curve 
equation (1) in the IAEA Guideline utilizes material normalizing and indexing parameters. 

K1c = 26+36 exp((O.O2.(T-Tr) (1) 

These parameters are the critical temperatures of brittleness, TK0 for the initial state 
and TK after an operational time. Values of T~0 are determined from acceptance tests of 
vessel materials. The effects of neutron irradiation on toughness are assessed by shifting 
the curves upward in temperature by an amount which is equal to the ductile-to-brittle 
transition temperature (DBTT) shift of Charpy-V impact energy curve at 48-J level (ATT4~ 
j) without changing the shape of the curve. This approach is similar to the American 
Society of Mechanical Engineers (ASME) Boiler and Vessel Code (ASME Code) proce- 
dure. The difference is in the determination of the indexing parameter. ASME Code uses 
a reference temperature, R T ~ ,  based on a combination of Charpy-V and drop-weight nil- 
ductility transition (NDT) temperature tests. On the other hand, the TK defined in the 
VVER Code PNAE G-7-002-86 is based only on Charpy-V impact tests. Generally, the 
attention is focused on the use of fracture toughness parameters in the RPV integrity 
assessment [1]. 

For structural steels, a "master curve" (MC) describes the temperature dependence 
of the fracture toughness within the brittle-to-ductile transition region. The MC concept 
proposed by Wallin [2, 3] considers size effect and statistical variability in a simple way. 
This MC concept is adopted in the Standard Test Method for Determination of Reference 
Temperature, To, for Ferritic Steels in the Transition Range (ASTM E 1921-97). Refer- 
ence temperature T0"is the temperature at which the value of the median fracture tough- 
ness,Kjc(med), is equal to 100 MPam 1/2. Examples of the MC for RPV steels are described 
elsewhere [4, 5]. An actual objective is the development of a method using To as a fracture 
toughness indexing parameter instead of RT~T or TK. 

This report presents results of a joint German/Russian research program performed 
in the VVER-2 reactor of the nuclear power plant Rheinsberg (Germany).The irradiation 
program was dedicated to investigate the influence of deleterious elements on the 
embrittlement of VVER type RPV steels due to neutron irradiation. The results are used 
for validity evaluation of the predictive formulas given in the Russian guide. A further 
target was the investigation of the annealing behavior of different Russian VVER type 
RPV steels. The irradiated specimens of this program were tested at Forschungszentrum 
Rossendorf (FZR) [6], MPA Stuttgart (MPA) [7] and FZ Jtilich (FZJ) [8]. The emphasis of 
this contribution is the application of the master curve concept to the fracture mechanical 
characterization of different VVER-RPV steels investigated at FZR. A further target is the 
evaluation of irradiation sensitivity on the basis of Charpy-V and To DBTTs. 
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About 800 specimens made from 24 different heats of  Russian VVER-type RPV 
were irradiated. Base and weld metals were considered. Different irradiation rigs were 
loaded in the high flux irradiation positions of the Rheinsberg VVER-2 reactor for one 
reactor cycle each in the time period from 1984 to 1988. The VVER 2 is a prototype 
pressurized water reactor with 70 MW electric power and a mean temperature of the 
cooling water in the irradiation positions of 255~ The VVER-2 of Rheinsberg NPP was 
chosen as irradiation facility because the large section of the high flux channel enables 
irradiation of large and numerous specimens. Additionally, the irradiation conditions are 
comparable with the VVER-440 conditions regarding neutron flux, neutron spectrum and 
irradiation temperature. In order to ensure intense cooling the specimens were covered 
with an electroplated nickel layer and placed in open irradiation rigs and, thus, in direct 
contact with the coolant. The specimens were irradiated by a medium flux rate of about 
1.03"1012 n.cm "2 s "l (E>IMeV). 

The irradiation conditions and the detailed results of fast neutron flux and fluence 
calculations are presented in a research report [9]. The neutron fluences of different CVN 
and SENB specimens of individual test series vary up to the factor of about 2. 

Materials and Specimens 

A survey of all heats of RPV base (BM) and weld metals (WM) irradiated within 
the joint irradiation program is given in [7,12]. The material investigated by FZR contains 
heats of VVER-440 BM (15Kh2MFA), VVER-1000 BM (15Kh2NMFAA) and 
VVER-1000 WM (10KhGMAA). The chemical compositions and microstructures are 
summarized in Table 1. Table 2 provides the number of tested Charpy V-notched (CVN), 
precracked Charpy size (SENB) and precracked and side-grooved 1T-CT specimens. 

According to the Russian specification the specimens were taken from 1/4 to 3/4 
thickness positions and the V-notches are oriented as follows [10]: 
- specimens of base metal: L-S, 
- specimens of weld metal: T-S. 
Metallographic investigations were executed to characterize the microstructure of different 
heats of VVER type RPV steels and to check the orientation of the specimens. 
The results of mierostructural investigations can be summarized as follows: 
- The microstructure of all base metals is mainly bainitic. Heats of 15Kh2MFA base 

metal apart from heat R3 contain small volume fractions ofproeutectoid ferrite (_< 3%). 
Heats of 15Kh2NMFAA base metal do not contain ferrite. 

- Prior austenitic grain size of 15KJa2MFA base metal (86 - 111 ktm) is clearly larger than 
the grain size of 15Kh2NMFAA base metal ( 46 - 82 ~tm). 

- The basic structure of the weld metal 10KhGMAA is bainitic-martensitic with colum- 
nar crystals. 
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112 EFFECTS OF RADIATION ON MATERIALS 

Table 1 - Ni, P and Cu content and microstructure of  the investigated VVER-type RPV 
steels 

Code 
Material Ni P Cu Microstructure 

(no. of heat) 

R 1 0.27 0.011 0.10 bainite,< 3% pro-eutectoid 
(103405) ferrite, MnS, MeO. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

balnite,< 3% pro-eutectoid 
R2 

0.12 0.014 0.12 ferrite, MnS, MeO; prior 
(106649) austenit grain size: 111 lam 

VVER-440 BM 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

15Kh2MFA R3 0.12 0.024 0.12 bainite; MnS, MeO; prior 
(109868) austenitgrain size: 86 lam 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

bainite,< 3% pro-eutectoid 
D25 0.10 0.017 0.11 ferrite, MnS, MeO; prior 

austenit grain size: 93 txm 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

R16 1.11 0.012 0.07 bainite; prior austenit grain 
(KZY 5, 444807) size: 46 lam 

VVER-1000 BM .......................................................................................................................................... 
15Kh2NMFAA R17 

(YU-1, fl, 1.30 0.013 0.13 balnite; prior 
435593) austenit grain size: 111 ~tm 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

VVER-1000 WM R19 
1.71 0.012 0.04 bainite 

10KhGNMFAA (YU-1) 

The volume fraction of inclusions was low for all heats. The shape of the inclu- 
sions does not give a hint on the orientation of the specimens in the forging in every case. 
Table 2 contains the presumed orientation of the specimens. It differs in some cases from 
the orientation according to the Russian specification. 

After the irradiation the specimens were stored several years in a fuel storage pool. 
During the long storage period the nickel layer was destroyed and the surface of the 
specimens was corroded. Before testing the surface of each irradiated specimen was 
cleaned by a rotary iron brush. To ensure reproducible conditions the notch of the CVN 
specimens was finished by a special grinding dish and the fatigue crack in the SENB 
specimens was extended to the ratio a/W of about 0.5. 

A part of the irradiated CVN specimens (Table 2) of all heats were annealed for 
100 hours at 475~ in Argon atmosphere to evaluate the embrittlement mitigation by 
annealing. 
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Table 2 - Charpy- V and SENB specimen characterization 

113 

Material Code Number of specimen Notch plane orientation 1) 

unirradiated irradiated 

VVER-440 BM 
15Kh2MFA 

RI 14 CVN 2) 30 CVN unknown 
10 1T-CT 

123) SENB 

12 CVN 20 CVN L-S 
R2 

12+6 4) SENB 9 SENB 

R3 17 CVN 20 CVN T-S (S-T) 
12+64) SENB 10 SENB 

D25 10 CVN 20 CVN unknown 

VVER-1000 BM 
15Kh2NMFAA 

12 CVN 30 CVN L-T 
R16 

10+64) SENB 10 SENB 

R17 84)CVN 30 CVN L-T 
11+6 4) SENB 10 SENB 

VVER-1000 WM 12 CVN 30 CVN T-S 
R19 

10KhGMAA 11 +6 4) SENB 10 CVN 

1) according to metallographic investigations 
2) tested at the FZJ [9] 
3) reconstituted specimens: inserts from broken unirradiated 1T-CT specimens 
4) reconstituted: inserts from broken unirradiated CVN and SENB specimens 

T e s t  M e t h o d s  

Charpy-V impact tests were carried out on an instrumented 300 J impact-pendulum 
with a DIN tup. Fracture toughness measurements were performed in accordance with 
ASTM E 1921-97. SENB and 1T-CT specimens were monotonously loaded by servohy- 
draulic test system MTS 810 - Test Star. The measured J-integral values at brittle failure 
were transformed into elastic plastic stress intensities factors Kjc. The Kjc data of each test 
series were evaluated according to ASTM E1921-97 in the following sequence: 
- Check of the measured Kjc whether they comply with the validity criteria. Kjc values 

above the validity criterion were censored on the validity limit. 
- Adjustment of the measured Kjc values on a specimen size of 1T thickness (25.4 mm). 

Kjc values below 50 MPam 1/2 were not size adjusted. 
- Calculation of the reference temperature, To, according to the multiple temperature 

method [2, 3], including all valid and censored values. 
- Calculation of MC and tolerance bounds. 
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R e s u l t s  a n d  D i s c u s s i o n  

The transition temperatures (TT) and upper shelf energies (USE) measured by the 
instrumented Charpy-V impact tests are summarized in Table 3. 

Table 3 - Results of the Charpy-V tests of unirradiated (U), Irradiated (I) and annealed 
(IA) specimens 

Code Condition �9 . . . .  TT48 J ATT4sj R ~ USE AUSE R UsE 

l0  Is ~ K % J J % 

R 1 U 0 18 155 

I 43.6 31 13 - 1 6 4  ...... 9.--.--1 
IA 11 -7 154 171 1 6 '  

R 2 U 0 -55 211 

I -23 32 178 -33 
80.7 

IA -57 -2 107 227 16 148 
R 3 U 0 7 171 

I 54 47 110 -61 
45.7 

IA 14 7 87 138 -33 46 
D 25 U 0 -70 160 

I 6 76 100 -50 127.6 
IA -44 26 66 137 -23 62 

R16 U 0 -81 196 

I -16 65 - 125 -71 
46.0 

IA -39 42 31 188 -8 89 
.-4 

R17 U 0 -48 196 

I 76 124 149 -47 
71.8 

IA -46 -3 98 202 6 112 
R19 U 0 -16 - 110 

I 65.1 175 191 ..... - 60 -50 - 

IA  -1 15 92 120 10 120 
. . . .  mean f l uenceo f the t e s t s e r i e s inn . cm2(E  > 0.5MeV) 

Apart from the heats R1 and R3 of  15Kh2MFA steel the RPV steels exhibit suffi- 
cient Charpy-V toughness parameters in the unirradiated condition. The Charpy-V TT of  
both heats (R1, R3) are above 0~ and so outside the specification for materials in core 
shells (IAEA-EBP-WWER-08). Chemical composition, metallographic structure and 
pretreatment do not explain the reason of  this behavior. Perhaps, different orientation 
(probably T) is a possible but not sufficient explanation. The initial toughness properties 
of  the weld metal 10KhGNMFAA are clearly worse than those of  the VVER-1000 base 
metal but they are within the range of  the specification. 
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The results of the reference temperature, To, evaluation according to ASTM E 1921- 
97 and the multiple temperature procedure are summarized in Table 4. 

Table 4 - Reference temperatures To determined on unirradiated (U) and irradiated (1) 
specimens 

Code cond. (I)mean 
10 TM 

N 

R1 U 12 
R1 U 10 
R2 U 8 
R2 I 82.2 9 
R3 U 10 
R3 I 51.4 7 
D25 U 8 
R16 U 10 
R16 I 40.9 9 
R17 U 10 
R17 I 73.7 10 
R19 U 15 
R19 I 61.9 7 
C-specimen: compact specimen, R-specimen: 
N: number of evaluated Kjc- values 

Eni _To ATo remarks 
~ K 

1.2 -50 R-specimens 
"']'~'0 ......... "'34 ........................... l'T-'C]~spec~mens 
"'1.0 -142 C- and R-specimens 
""i~'0 ........ ~164" .......... "38 ............... ~'-'s~c{mens 

1.2 -84 
1.0 11 95 
1.0 -131 
1.2 -150 
1.3 -93 57 
1.2 -107 
1.5 2 109 
1.8 -105 
0.8 45 150 

reconstituted specimen 

C- and R-specimens 
C-specimens 
R-specimens 
R-specimens 
C-specimens 

C- and R-specimens 
C-specimens 

C- and R-specimens 
C-specimens 

Figure 1 shows all Kjc values obtained in this study and the MC together with the 5 and 
95% tolerance bounds as a function of the difference between test temperature, T, and 
reference temperature, To. The Kjc values were size-corrected to 1T thickness according to 
ASTM E1921-97. In the range To + 50K the Master Curve agrees with the measured Kjc 
values. It is evident that the Kjc values of the different heats strongly scatter especially 
close to the T0 temperature. Many Kjc values are outside the tolerance bounds. The 
observed scatter indicates inhomogeneities in the structure of the investigated VVER type 
RPV steels in accordance to metallographic examinations which reveal strong segregation 
effects. 

For the evaluation of the irradiation sensitivity of the tested RPV steels the predict- 
ing formula of the Russian code was applied. It predicts the effect of the irradiation on the 
upper bound of the TT shift (IAEA-EBP-WWER-08) [11, 12]: 

3 
AYr F =AF.%/~ (2) 

where  

ATTF 
A~ 
4~ 

predicted TT shift, 
irradiation embrittlement coefficient and 
neutron fluence in l0 ts n/cm 2 (E > 0.5 MeV). 
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X 

0 I I I I I 

-60 -40 -20 0 20 40 60 
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Figure 1 - Fracture toughness values corrected to 1 T and Master Curve 

The irradiation embrittlement coefficient depends on material composition and irradiation 
temperature. For the VVER-RPV materials following irradiation embrittlement coeffi- 
cients (AF) are applied (IAEA-EBP-WWER-08): 

VVER-440 base metal: 18 weld metal: 15 and 
VVER-1000 base metal: 23 weld metal: 20. 

These embrittlement coefficients are valid for irradiation temperatures of 270~ (VVER- 
440) and 290~ (VVER- 1000). The TT shift is conservatively estimated with these values 
for VVER-steels of a chemical composition within the specification. AF can be adapted to 
other irradiation temperatures by equation 3 [11, 13]. 

where 
Wv 
Ti. 
K 

A v+  '(Tv - (3) 

temperature for which the factor is valid, 
irradiation temperature and 
0.2 for base and 0.4 for weld metal. 

To evaluate the irradiation sensitivity, the irradiation embrittlement coefficient (AF m) was 
calculated from the measured TT and To shift and the mean fluence (Tables 3 and 4) using 
equation 2. The results are given in Table 5. Furthermore, Table 5 contains the AF values 
evaluated according to Eq. 2 and the constant maximum allowed AF values. These Ar 
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values are related to the irradiation temperature of 2 5 5 ~ (AF TM) according to equation 3. 

Table 5 - Evaluated coefficients of embrittlement and DBTT 

code AF 255 
I 

R1 21 
R2 21 

D25 21 
R3 21 

R16 30 
R17 30 

R19 34 

R19 1) 34 
gr  TM 

ATTF TM 

1) 

2) 

Charpy-V 
m~ [ ATTF2S..~5 

10~Sncm 2 ] K 

43.6 74 
80.7 91 
127.6 106 
45.7 75 

46 107 
72.7 125 

65.1 137 

35 111 

1~--48J [ AF m 

12 3.4 
32 7.4 
76 15.1 
47 13.1 

65 18.1 
119 29.7 

191 47.5 

125 2) 38.2 

Master Curve Concept 
( I )  m e a n  

lOISncm-2 

82.2 

51.4 

40.9 
73.7 

61.9 

91 38 

78 95 

103 57 
126 109 

134 150 

AF m 

8.7 

25.6 

16.5 
26.2 

37.9 

constant irradiation embrittlement coefficient for an irradiation temperature of 
255~ 
transition temperature shift calculated with Ar 2" 
tested by MPA [7] with sub-size Charpy-V specimens machined from 1T-CT 
specimens 
ATT evaluated with TT4u of the Charpy-V specimens (FZR) and TT~,gj + 65K 
of the sub-size Charpy-V specimens tested by MPA [7] 

Figure 2 shows the predicted DBTT shift calculated by use of AF TM values according to 
equation 2 in comparison with the measured TT shift. 

The effect of annealing can be described by a recovery parameter R, defined as 
change of TT or USE according to equation 4 [14]: 

R cvP = CVPI - CVPtA 
�9 100 [%] (4) 

CVP I - CVP u 

where 
RCW 

CVPu,I,IA 
is the recovery regarding a Charpy-V parameter (TT, USE), 
Charpy-V parameter (TT, USE) in the unirradiated (U), irradiated (I) and 
irradiated and post-irradiation annealed (IA) state. 

Table 3 contains the R parameter for the Charpy-V parameter, TT48 J and USE, of 
the investigated RPV steels. In Fig. 3 the R parameters are compared. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



~'200 

"~150 

e,, 

100 

50 

conservative [ 

/ 
/ 

/ 

[] o o 
o identity . . . . . . . . .  

0 50 100 150 200 
measured ATT48j/AT0 [K] 

F igu re  2 - Comparison between predicted and measured DBTT shifts 

Figure  3 - Recovery of Charpy-V parameters 
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The irradiation and annealing behavior of investigated RPV steels can be assessed 
on the basis of the available results as follows: 

VVER-440 base metal 15Kh2MFA (heats R1, R2, R3 and D25) 
- The different heats have nearly the same Cu content but there is difference in the P 

content (Table 1). A clear dependence of the AFm values on the phosphorus content 
could not be proved by the results. It is shown that heat D25 has the highest irradiation 
sensitivity AFm although the P content is lower than that of heat R3. The mean fluence 
of heat D25 is about 3 times higher than for heat R3, possibly the fluence dependence 
does not correspond to the 3 ~ root rule (Equation 2). 

- The TT shift due to neutron irradiation can be conservatively estimated by equation 2 
using the maximum limit of AF255as Figure 2 shows. 

- The shift of  the To temperature due to neutron irradiation of heat R3 is about twice as 
high as the Charpy-V transition temperature shift (Table 5). 

- In general, the TT and USE are reduced as expected after the irradiation and recovered 
by subsequent annealing (Table 3). The heats differ in the recovery behavior. Heats R1 
and R3 are "over-recovered", i.e. a lower TT and a higher USE are reached than in the 
unirradiated state (Figure 3). This effect is also known from the literature [14]. The 
USE over-recovers stronger than the TT. 

VVER-1000 base metal 15Kh2NMFAA (heats R16 and R17) 
The content of deleterious elements is out of the limits for core shell material [12] for 
both heats in the case of P and for one heat (R17) in the case of Cu. As Figure 2 shows, 
the TT and To shifts are, nevertheless, conservatively estimated with AF 255. 

- Heat R17 with the highest Cu content and neutron fluence provides the largest TT shift 
(ATT4ss and AT0) and USE reduction (Tables 3 and 4). 

- Both heats exhibit differences in the recovery. While the USE recovers nearly com- 
pletely for both heats the TT4sj recovery is only complete for heat R17 and low for heat 
R16. The different recovery behaviour is also reflected in Fig. 3. 

VVER- 1000 weld metal 10KhGNMFAA (heat R19) 
- The weld metal has a relatively high Ni content and P content above the limit for core 

shell material [12] and the AFm value measured is clearly higher than the AF TM 

- Irradiation induced shift ofTT4s s of 191 K and To shift of 150 K were measured. Both 
DBTT shifts are higher than predicted (Table 5). 

- Annealing causes almost complete recovery in the TT shift and an over-recovery in 
USE (Figure 3). 

The measured 48-J Charpy-V DBTT (TT48j) of the irradiated VVER base metals 
are below the critical temperatures of brittleness, TK with are determined on the basis of an 
PTS analysis for VVER-440 and VVER-1000 PWRs [15]. Table 3 shows for the VVER- 
1000 weld metal (code R19) that a neutron irradiation up to about the end of life (EOL) 
fluence [15, 16] caused a TT4sj of 175~ This is above the critical TK temperature for 
VVER-1000 weld metal [15]. For the assessment of the results it must be noted that the 
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irradiation temperature amounted to 255~ and thus, 15 or 35 K lower than the inlet 
temperature of cooling water of the VVER-440 or VVER-1000 reactors. In Reference [16] 
a difference in the DBTT value of 85 K is indicated between an irradiation at 250~ and 
290~ by a fluence of 6.1019 n/cm 2 (E>0.5 MeV). In the case of a conversion of the mea- 
sured TT4~j shift to an irradiation temperature of 290~ according to equation (3) the value 
of 191 K is reduced to 135K. The adjustment by 85 K results in a shift of 90 K. 

Regarding the influence of nickel on the embrittlement ofVVER-1000 RPV steels 
there are different statements in the literature. According to results of the Kurchatov 
Institute Moscow, nickel content up to 1.5% does not significantly increase the embritt- 
lement due to neutron irradiation [16]. Although the results of the KI indicate, that the 
fluence dependency on the DBTT shift does not follow the third root law of equation (2), 
the shift of the DBTT according to this equation and the AF coefficients can be conserva- 
tively predicted up to the EOL fluence. Further investigations, however, revealed that the 
embrittlernent of VVER-1000 weld metals rise more with nickel contents greater 1.2%, 
than predicted in the Russian Code. Prokovsky [16] reports a very strong rise of the DBTT 
shift for steels with nickel contents greater 1.5% and fluencies above 6" 1019 n.cm "z (E>0.5 
MeV). The Ni-content (1.7%) and the neutron fluence of the present VVER-1000 weld 
(code R19) corresponds to these conditions. A comparison of the TT shift determined on 
sub size Charpy specimens from MPA Stuttgart confirmes the strong DBTT shift of this 
heat (Figure 3, Table 5) [7]. 

As expected, the fracture toughness based To temperatures of the tested RPV steels 
are below the Charpy-V transition temperatures TT48 J. For the irradiated VVER- 1000 weld 
metal (code R19) a To temperature of 45~ was measured. The ASME Section XI Code 
Case includes a T0-based reference temperature according to the following relationship: 

RTro =- T O + 19K (5) 

Using this Code Case the RTT0 temperature of the base metals are far away from critical 
temperatures of brittleness, apart from VVER-1000 weld metal heat R19, which is close to 
the critical temperatures of brittleness. The RTT0 temperature of 64~ for the VVER-1000 
weld metal (code R19) can be conservatively estimated by the predicting formula of 
equation (2). 

Figure 4 shows the To temperatures of the tmirradiated and irradiated specimens in 
comparison to the Charpy-V transition temperature TT48 J. The R19 heat is not included in 
the correlation because the weight factor according to ASTM E1921 is not full filed (Table 
4). Both DBTTs indicate a good correlation. The slope well agrees with correlation 
between Charpy-V derived DBTTs and To presented in References [18, 19, 20], but the 
offset is different. This fact could be caused by scatter of the values and different Charpy- 
V parameters (TT4sj, TT41J and TTzsj) in the published correlations. Moreover, the Charpy- 
V test results could be influenced by different impact tups (ASTM, ISO). 
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Conclusions 

CVN and SENB specimens of 7 different VVER-440 and VVER-1000 type RPV 
steels were tested. Instrumented Charpy-V impact tests and static fracture toughness test 
were performed. On the basis of the test results the shifts of TT, USE and To were deter- 
mined with respect to the irradiation and annealing treatment. The evaluation of the 
irradiation behavior regarding individual parameters was very complicated because of the 
variable chemical composition, microstructure, orientation of the specimens and neutron 
fluence. 

The following conclusions can be stated from the FZR results: 
1. The heats of VVER-440 and VVER-1000 base metal exhibit different irradiation 

sensivity. Generally, the TT shifts due to neutron irradiation could be conservatively 
estimated by the predicting formula and the maximum irradiation embrittlement 
coefficients. 

2. The Charpy-V transition temperature shifts due to neutron irradiation could be con- 
firmed by the reference temperatures To shifts. For one heat of WWER-440 base 
metal, the To shift is about two times higher than the Charpy-V transition temperature 
shift. 
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3. For the VVER-1000 weld metal 10KhMNAA, the Charpy-V TT and To shifts are 
clearly larger than predicted. A neutron irradiation up to about the EOL fluence caused 
a Charpy-V TT48 J of 175~ which is higher than the maximum permitted TK in the 
Russian guide. Using the ASME Section XI Code Case the evaluated RTT0 temperature 
of 62~ is close to the maximum TK. 

4. The RPV materials indicated different recovery of TT and USE values after annealing. 
As a rule, USE is more strongly recovered. 

5. The irradiation sensivity and the recovery could neither be explained by the chemical 
composition nor by the microstructure. 

6. Nanoscale microstructural investigations are planned to clarify the observed irradiation 
and recovery phenomena. 
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Abstract: This paper describes the fracture toughness characterization of annealed 304L 
and 316L stainless steels and precipitation hardened Alloy 718, performed at the 
Oak Ridge National Laboratory as a part of the experimental design and development for 
the Accelerator Production of Tritium (APT) target/blanket system. Materials were 
irradiated at 25 to 200~ by high-energy protons and neutrons from an 800-MeV, 1-mA 
proton beam at the Los Alamos Neutron Science Center (LANSCE). The proton flux 
produced in LANSCE is nearly prototypic of anticipated conditions for significant 
portions of the APT target/blanket system. The objective of this testing program was to 
determine the change in crack-extension resistance of candidate APT materials from 
irradiation at prototypic APT temperatures and proton and neutron fluxes. J-integral- 
resistance (J-R) curve toughness tests were conducted in general accordance with the 
American Society for Testing and Materials Standard Test Method for Measurement of 
Fracture Toughness, E 1820-99, with a computer-controlled test and data acquisition 
system. J-R curves were obtained from subsize disk-shaped compact tension specimens 
(12.5 mm in diameter) with thicknesses of 4 mm or 2 mm. Irradiation up to 12 dpa 
significantly reduced the fracture toughness of these materials. Alloy 718 had the lowest 
fracture toughness in both the unirradiated and irradiated conditions. All irradiated 
specimens of Alloy 718 failed by sudden unstable crack extension regardless of dose or 
test temperature. Type 304L and 316L stainless steels had a high level of fracture 
toughness in the unirradiated condition and exhibited reduction in fracture toughness to 
saturation levels of 65 to 100 MPax/'m. The present reduction in fracture toughness is 
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126 EFFECTS OF RADIATION ON MATERIALS 

similar to changes reported from fission reactor studies. However, the currently observed 
losses in toughness appear to saturate at doses slightly lower than the dose required for 
saturation in reactor-irradiated steels. This difference might be attributed to the increased 
helium and hydrogen production associated with irradiation in the high-energy, mixed 
proton/neutron spectrum. 

Keywords: stainless steel, spallation neutron source, fracture toughness 

Introduction 

This paper describes the fracture toughness characterization of 304L and 316L 
stainless steels, and nickel base Alloy 718 performed at the Oak Ridge National 
Laboratory (ORNL) as a part of the Accelerator Production of Tritium (APT) Project. 
The APT facility will use an accelerator to provide a spallation neutron source capable of 
producing tritium (3H) through the 3He(n,p)3H reaction. Consequently, the target/blanket 
(T/B) components of the APT system will be exposed to unique conditions, including a 
high-energy mixed proton and neutron spectra. Only a limited data base is available for 
material applications in such an environment. Thus, a comprehensive material testing 
program was undertaken within the APT Project. This program includes the irradiation 
of candidate APT T/B system component materials at 25 to 200~ by exposure to high- 
energy protons and neutrons at the Los Alamos Neutron Science Center (LANSCE) at 
800 MeV. The proton flux produced in LANSCE is nearly prototypic of anticipated 
conditions for significant portions of the APT T/B system. 

Background 

The APT Project wil] produce tritium through the 3He(n,p)3H reaction. The 3He 
used for 3H production will be contained, at approximately 120 psi, in aluminum alloy 
tubes that will be connected to a 3H/3He separation facility through a Type 316L stainless 
steel manifold/piping system. Neutrons for the 3He(n,p)3H reaction will be produced by 
proton induced spallation of a tungsten target. Lead blanket assemblies will moderate 
and multiply the spallation neutrons. The high-energy proton beam that induces 
spallation in the tungsten target will move from the accelerator portion of the APT system 
into the T/B system by passing through an Alloy 718 window. Design concepts for the 
target/blanket system are summarized in Ref. [1] and include cladding of the tungsten 
target elements and containing these elements and the target cooling water with Alloy 718 
and providing containment of the lead blanket components with 6061-T6 aluminum 
extrusions and tubing. The containment vessel' for the T/B system will be fabricated from 
Type 304L stainless steel, and Type 316L stainless steel will be used to fabricate much of 
the primary cooling water system (internals). The materials irradiation program 
developed to support the emerging T/B design is outlined in Ref. [2] and, for 
convenience, is summarized in the next few paragraphs. 

Models of the tungsten neutron source have been irradiated with 800 MeV protons 
at power levels prototypic of the power levels anticipated in the APT target. The proton 
beam had a Gaussian-like intensity profile with a diameter of approximately 
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20 = 3.0 mm, where o is the standard deviation. The beam profile has two basic effects 
on the irradiation and specimen design: 
1. The specimen had to be small to assure reasonable uniformity in dose within a 

single sample, and 
2. Placement of several specimens within a sample capsule provided the opportunity to 

determine the effects of dose on a given material. 
The specimen also had to be relatively thin, 0.25 to 2.0 mm range, to assure that the 

energy deposited by the 800-MeV proton beam was properly transferred to the coolant. 
Details of irradiation procedures and temperature and dose calculations are described in 
Refs. [3,4]. 

Materials Specifications and Heat treatment 

Certified mill test reports were obtained for each alloy; the chemical composition, 
from these test reports, for each material is summarized in Table 1. 

Alloy 718 specimens were machined from the as-received material (annealed 
condition), wrapped in Nb foil and encapsulated in a quartz tube (evacuated and back- 
filled with Ar). The encapsulated specimens were heat treated through the following 
steps: 
1. Solution anneal at 1065~ for 30 minutes and air cool, 
2. Age at 760~ for 10 hours, 
3. Furnace cooled from 760 to 650~ and hold for a total aging time of 20 hours, 
4. Air cool to room temperature. 

The 316L and 304L stainless steel samples were electrodischarge machined (EDM) 
from as-received (annealed) material and irradiated in the as-machined and cleaned 
condition and tested after irradiation. 

Testing Procedure 

The J-integral-resistance (J-R) curve toughness tests were conducted in general 
accordance with the American Society for Testing and Materials (ASTM) E 1820-99 [5] 
Standard Test Method for Measurement of Fracture Toughness, with a computer- 
controlled test and data acquisition system [6]. In many cases, selection of a specimen 
design for an irradiation study is a compromise between a desire to test large size 
specimens to satisfy rigorous validity requirements of the ASTM standard, and necessity 
to use small specimens due to a variety of limitations caused by imposed irradiation 
conditions, such as restricted capsule space, difficulty of proper heat removal from large 
volumes of metal, etc. This APT irradiation project was no exception. As a result of 
many considerations, disk-shaped compact tension [DC(T)] specimens, 12.5 mm in 
diameter with thicknesses of 4 mm (0.16T) and 2 mm (0.08T), were selected for this 
study to develop J-R curve. This small DC(T) specimen has been previously developed 
at ORNL [7] for testing of irradiated materials. Available experience suggested that even 
such small specimens could provide valuable information on effects of irradiation on a 
material's ability to resist crack extension, particularly if the specimen thickness matches 
the component thickness. It was also anticipated that the minimum thickness requirement 
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would decrease for irradiated materials because the.yield strength tends to increase and 
the fracture toughness decreases with irradiation. A thickness of 2 mm was chosen for 
the compact specimens for the irradiation experiments in the proton beam so that 
specimens could be cooled to the prototypical irradiation temperatures. Coincidently, the 
2 mm thickness was similar to the thickness for some of the materials used in the T/B 
system. To evaluate a potential dependence of fracture toughness on thickness, J-R curve 
tests in the unirradiated condition were performed with both 2- and 4-mm-thick 
specimens. Only a limited number of 4-mm-thick specimens were irradiated. 

The specimens were fatigue precracked before irradiation to a ratio of the crack 
length to specimen width (a/W) of about 0.5, and then side-grooved by 20% (20% SG) 
of their thickness (10% from each side). The unloading compliance method used for 
measuring the J-integral using these specimens is outlined in Ref. [7]. Tests were 
conducted at room temperature, 50, 80, and 164~ The temperatures were maintained 
within _+.2~ during the tests. Unirradiated specimens were tested in the laboratory on a 
98-kN (22-kip) capacity servohydraulic machine, and irradiated specimens were tested in 
a hot cell with a 490-kN (I 10-kip) capacity servohydraulic machine with a 22-kN (5-kip) 
load cell. All tests were conducted in strain control, with an outboard clip gage having a 
central flexural beam that was instrumented with four strain gages in a full-bridge 
configuration. After testing, the crack front was marked by cyclically loading the 
specimen at room temperature. The specimens were then broken open. The unirradiated 
specimens were examined with a calibrated measuring optical microscope to determine 
the initial and final crack lengths. The irradiated specimens were photographed, and 
enlarged prints of the fracture surfaces were fastened to a digitizing tablet to allow the 
crack length to be measured. Finally, the J-integral was determined and plotted against 
crack extension using the load/displacement data. From this plot, the provisional critical 
J-integral, JQ, was determined as the intersection of the power law regression line with the 
0.2-mm crack extension offset line. JQ values were converted to their equivalent values in 
terms of stress intensity KjQ: 

Kj~ = E X ~  Q 

where E is Young's modulus. These KjQ values characterize the toughness of materials 
near the onset of crack extension. The ASTM standard test method E1820-99 [5] 
specifies numerous requirements for qualifying the J-R curve and for qualifying Jq as the 
critical J-integral at the onset of stable crack extension, J~c. In general, those requirements 
can be separated into two categories. The first category contains the requirements that are 
common for all tests. It includes requirements on the test equipment, machining 
tolerance, fixture alignment, test rate, temperature stability, rectilinearity of the original 
and final crack fronts, crack extension prediction, etc. Despite some difficulties with the 
use of small size specimens (and especially in the irradiated condition), this category of 
requirements was met in all tests. The second category of requirements is related to the 
measuring capacity of the specimen. The standard specifies the validity box on the J-R 
curve, the upper boundary for which is defined by the maximum J-integral capacity for a 
specimen by the smaller of the following: 

Jm~x- b~ B~Yr 
2 0 '  or Jmax- 20 

(1) 

(2) 
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where b o is the original remaining ligament and B is the specimen thickness. The 
boundary on the right side of the validity box is defined by the maximum crack extension 
capacity: 

Aam~x= 0.25bo 
For the specimens in the present study, the nominal value of bo is about 4.6 ram. 

Thus, Jm,x is limited by the specimen thickness, while the nominal value of Aa~x is about 
1.2 ram. Due to the small size of the specimens, this requirement category was not met in 
the present study. 

(3) 

Results 

Type 304L and 316L Stainless Steels 

Both alloys exhibit very high toughness in the unirradiated condition. However, the 
4-mm-thick specimens of both alloys exhibit slightly higher (about 10 to 15%) toughness 
than the 2-mm-thick specimens (See Figs. 1 and 2). Figure 3 typifies the positioning of 
the J-R curve relative to the validity box for a 4-mm-thick specimen in the unirradiated 
condition for the stainless steels in the present study. The J-R curve for both stainless 
steels derived from either thickness of specimen cannot be qualified as an E1820 valid 
curve. Consequently, the JQ value, denoted by a triangle on Fig. 3, cannot be qualified as 
J~c. Such deviation of the J-R curve from the validity box, as shown in Fig. 3 is 
responsible (at least in part) for the observed size effects on JQ. 

Two 4-mm-thick and two 2-ram-thick specimens of each material were irradiated to 
a relatively low dose (-0.1 dpa). Although irradiation slightly reduced the fracture 
toughness of each alloy, the relationship between fracture toughness values derived from 
2- and 4-mm-thick specimens remained approximately the same. 

It was anticipated that any size dependence would have a propensity to diminish 
with dose since irradiation reduces the J-integral values of these steels and increases the 
yield strength resulting in an increase in the Jmax value, i.e., the difference between the JQ 
values measured on 2 and 4 nun thick specimens after irradiation should be less than the 
difference measured in the unirradiated state. Figure 4 shows the J-R curve derived from 
testing a 2-mm-thick DC(T) specimen of 304L stainless steel irradiated up to 7.2 dpa and 
tested at 164~ The J-R curve for this specimen is still outside the validity box; 
however, it is much closer to the box than for the unirradiated specimens. 

Summarizing the size-related observations in the present study for the stainless 
steels, the following can be concluded. The KjQ values measured from 2-mm-thick 
specimens are slightly less (220 to 250 MPa~/m) than those obtained from 4-mm-thick 
specimens (270 to 280 MPa~]m) for unirradiated material tested at room temperature. 
The observed size dependence is consistent with literature results for type 304 and 316 
stainless steels in Ref. [8]. According to a statistical analysis of those fracture toughness 
results [8], valid KjI c values derived from large specimens should be about 360 MPa~/m 
on average. Thus, the KjQ values obtained from small specimens in this project are 
conservative relative to the valid, size-independent values. Therefore, the data generated 
in the present study can be recommended for initial design calculations, especially for the 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



70
0 

60
0 

50
O

 

40
0 

30
0 

20
0 

10
0 0.

0 

O
 

G
26

, 2
 m

m
 

[]
 

G
30

, 2
 m

m
 

/~
 

H
g,

 4
 m

m
 

H
14

, 4
 m

m
 

I 

0.
5 

%
a

v
A

 ~
 ~

z
 

~
v

 

30
4L

 S
TA

IN
LE

S
S

 S
TE

E
L 

U
N

IR
R

A
D

IA
TE

D
 

TE
S

TE
D

 A
T

 2
5~

 

I 
I 

I 

1.
0 

1,
5 

2,
0 

C
ra

ck
 E

xt
e

n
si

o
n

 
(m

m
) 

2.
5 

F
ig

u
re

 1
. 

T
he

 J
-R

 c
ur

ve
s 

of
un

ir
ra

di
at

ed
 a

nn
ea

le
d 

30
4L

 s
ta

in
le

ss
 s

te
el

 m
ea

su
re

d 
w

it
h 

2-
ra

m
- 

an
d 

4-
m

m
-t

hi
ck

 
sp

ec
im

en
s 

at
 r

oo
m

 t
em

pe
ra

tu
re

. 

C
op

yr
ig

ht
 b

y 
A

S
T

M
 I

nt
'l 

(a
ll

 r
ig

ht
s 

re
se

rv
ed

);
 S

un
 D

ec
 2

0 
18

:1
8:

21
 E

S
T

 2
01

5
D

ow
nl

oa
de

d/
pr

in
te

d 
by

U
ni

ve
rs

it
y 

of
 W

as
hi

ng
to

n 
(U

ni
ve

rs
it

y 
of

 W
as

hi
ng

to
n)

 p
ur

su
an

t 
to

 L
ic

en
se

 A
gr

ee
m

en
t.

 N
o 

fu
rt

he
r 

re
pr

od
uc

ti
on

s 
au

th
or

iz
ed

.



t~
 

E t-
 

.m
 i 

70
0 

60
0 

50
0 

40
0 

30
0 

20
0 

10
0 ot

 0.
0 

[]
 

i 0.
5 

31
6L

 S
TA

IN
LE

S
S

 S
TE

E
L 

U
N

IR
R

A
D

IA
TE

D
 

TE
S

TE
D

 A
T 

25
~ 

A
 

A
 

A
 

A
 

A
 

~
)[

]Z
~

cI
~

O
0

 
o 

%
%

0
0

 
o 

I 
O

 
J2

6,
 2 

m
m

 
[]

 
J3

2,
 2 

m
m

 
A

 
K

ll
,4

 m
m

 

I 
i 

i 

1.
0 

1.
5 

2.
0 

C
ra

ck
 E

xt
en

si
on

 
(m

m
) 

2.
5 

Fi
gu

re
 2.

 
T

he
 J

-R
 c

ur
ve

s 
of

 u
ni

rr
ad

ia
te

d 
an

ne
al

ed
 3

16
L

 s
ta

in
le

ss
 s

te
el

 m
ea

su
re

d 
w

it
h 

2-
m

m
- 

an
d 

4-
ra

m
-t

hi
ck

 
sp

ec
im

en
s 

at
 ro

om
 t

em
pe

ra
tu

re
. 

C
op

yr
ig

ht
 b

y 
A

ST
M

 I
nt

'l 
(a

ll
 r

ig
ht

s 
re

se
rv

ed
);

 S
un

 D
ec

 2
0 

18
:1

8:
21

 E
ST

 2
01

5
D

ow
nl

oa
de

d/
pr

in
te

d 
by

U
ni

ve
rs

it
y 

of
 W

as
hi

ng
to

n 
(U

ni
ve

rs
it

y 
of

 W
as

hi
ng

to
n)

 p
ur

su
an

t 
to

 L
ic

en
se

 A
gr

ee
m

en
t.

 N
o 

fu
rt

he
r 

re
pr

od
uc

ti
on

s 
au

th
or

iz
ed

.



r,.
o 

co
 

&-
.-, E
 

O
') 

e
" 

80
0 

60
0 

40
0 

2
0

0
 

S
P

E
C

IM
E

N
: 

H
9 

M
A

T
E

R
IA

L:
 3

04
L 

S
S

 
G

E
O

M
E

T
R

Y
: 

0.
16

T
 

D
C

(T
),

 2
0%

 S
G

 
' 

T
E

M
P

: 
24

~ 
,' 

~~
. 

:" 
~ 

,:" 
: ...

.. J
--m

~-x
----

-- i ..
.. ;

.:.:'
- ...

.. "
 

0 
1 

2 

C
R

A
C

K
 E

X
T

E
N

S
IO

N
 

(r
am

) 

t 3 

F
ig

ur
e 

3.
 

Po
si

ti
on

 o
f t

he
 J

-R
 c

ur
ve

 o
fu

ni
rr

ad
ia

te
d 

T
yp

e 
30

4L
 s

ta
in

le
ss

 s
te

el
 4

-r
nm

-t
hi

ck
 s

pe
ci

m
en

 re
la

ti
ve

 
to

 th
e 

A
S

T
M

 E
18

20
 v

al
id

it
y 

bo
x.

 

C
op

yr
ig

ht
 b

y 
A

S
T

M
 I

nt
'l 

(a
ll

 r
ig

ht
s 

re
se

rv
ed

);
 S

un
 D

ec
 2

0 
18

:1
8:

21
 E

S
T

 2
01

5
D

ow
nl

oa
de

d/
pr

in
te

d 
by

U
ni

ve
rs

it
y 

of
 W

as
hi

ng
to

n 
(U

ni
ve

rs
it

y 
of

 W
as

hi
ng

to
n)

 p
ur

su
an

t 
to

 L
ic

en
se

 A
gr

ee
m

en
t.

 N
o 

fu
rt

he
r 

re
pr

od
uc

ti
on

s 
au

th
or

iz
ed

.



&
-. E 

v 

t-
 

! 

80
0 

70
0 

60
0 

50
0 

40
0 

30
0 

20
0 

40
0 0 

S
P

E
C

IM
E

N
: 

G
7 

M
A

TE
R

IA
L:

 3
04

L 
S

S
 

G
E

O
M

E
TR

Y
:-0

.0
8T

 D
C

(T
), 

20
%

 S
G

 
TE

M
P

: 
16

4~
 

D
O

S
E

: 7
.2

 d
pa

 

o 
R

 

m
 

m
 

m
 

B 

m
 

E 
�9

 

# 
e 

�9
 

0 
1 

2 

C
R

A
C

K
 E

X
TE

N
S

IO
N

 
(r

am
) 

F
ig

ur
e 

4.
 

T
he

 J
-R

 c
ur

ve
 a

nd
 v

al
id

it
y 

bo
x 

fo
r 

a 
30

4L
 s

ta
in

le
ss

 s
te

el
 s

pe
ci

m
en

 ir
ra

di
at

ed
 t

o 
7.

2 
dp

a.
 

C
op

yr
ig

ht
 b

y 
A

ST
M

 I
nt

'l 
(a

ll 
ri

gh
ts

 r
es

er
ve

d)
; S

un
 D

ec
 2

0 
18

:1
8:

21
 E

ST
 2

01
5

D
ow

nl
oa

de
d/

pr
in

te
d 

by
U

ni
ve

rs
ity

 o
f 

W
as

hi
ng

to
n 

(U
ni

ve
rs

ity
 o

f 
W

as
hi

ng
to

n)
 p

ur
su

an
t t

o 
L

ic
en

se
 A

gr
ee

m
en

t. 
N

o 
fu

rt
he

r 
re

pr
od

uc
tio

ns
 a

ut
ho

ri
ze

d.



SOKOLOV ET AL. ON FRACTURE TOUGHNESS 135 

end-of-life conditions. This size dependence has a propensity to remain similar in nature 
for both stainless steels but to diminish in magnitude with irradiation dose because the 
J-R curves for the irradiated specimens become much closer to the validity box than the 
J-R curves for the unirradiated specimens. 

The 4-mm-thick DC(T) specimens of both stainless steels were tested at room 
temperature, 50 and 164~ The toughness decreases slightly from -275 MPa~m to 
-210 MPmfm as the test temperature was increased from 25 to 164~ (Fig. 5), which is a 
common temperature dependence for the critical J-integral for these type of stainless 
steels. 

Specimens were irradiated to a wide range of doses from 0.1 dpa to approximately 7 
to 9 dpa. This irradiation resulted in significaat decreases in the toughness of both alloys, 
although appreciable levels of toughness (-65 to 100 MPax/'m) were still retained (Figs. 6 
and 7). Even after a dose of only 0.1 dpa, fracture toughness decreased more than 25% 
(see Figs. 6 and 7). The current data indicate that the decrease in the fracture toughness 
of 304L stainless steel reaches a lower plateau after dose of 3 to 4 dpa at a level of about 
100 MPax/'m. On the other hand, the fracture toughness of 316L stainless steel continues 
to decrease until it saturates at a level of approximately 60 to 70 MPax/'m. However, 
another important observation is that at doses above 4 dpa 316L stainless steel has a 
tendency to intermittently lose resistance to stable crack growth. Specimens tested after 
doses of 4.6, 9.3, and 9.4 dpa exhibited local ductile instability (fast crack propagation in 
a ductile mode for a constant loading rate) after achieving the maximum load. Figure 8 
illustrates the load-displacement traces of specimens J4 and J20. Specimen J4 was 
irradiated up to 9.3 dpa and exhibited ductile illstability, while specimen J20 was 
irradiated up to 3.11 dpa and demonstrated a typical load-displacement trace for a 
specimen exhibiting stable crack growth. Examination of the fracture surfaces of some of 
the irradiated 316L specimens using a scanning electron microscope (SEM) Philips XL30 
did not reveal anything other than ductile tearing modes of crack extension. Figure 9 is a 
SEM image of the fracture surface of highly irradiated (9.3 dpa) specimen J4 and it shows 
only ductile dimples. The fact that the crack would propagate for a short distance in an 
unstable fashion and then arrest, resume propagation in a stable fashion and then repeat 
the process, may indicate that after irradiation at low temperature in the high energy, 
mixed proton/neutron spectrum to doses above 4.5 dpa, 316L steel has a propensity to 
form local zones with very low resistance to stable ductile crack growth. 

There is a small amount of fracture touglmess data available regarding the behavior 
of similar austenitic steels after fission neutron irradiation at such low irradiation 
temperatures. The present data showed that fracture toughness saturates at about the 
same toughness level as that for material after irradiation in a fission reactor. It appears, 
however, that the fracture toughness values at low doses for similar, fission neutron- 
irradiated austenitic stainless steels [8] decrease at a slower rate with dose than that 
observed in the present study. Taking into account that the helium and hydrogen 
production rates are extremely high under spallntion conditions, this difference is 
consistent with the observation that both hydrogen and hydrogen/helium accumulation 
lower the room temperature fracture toughness of austenitic stainless steels [9]. However 
due to very limited data available for low temperature fission reactor irradiation of these 
steels, additional microstmctural studies, as well as direct experiments with fission 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



b)
 

O
) 

40
0 

35
0 

30
0 

I::
 

25
0 

Q
. 

20
0 

..o
 

15
0 

10
0 50

 

30
4L

 &
 3

16
L 

S
T

A
IN

L
E

S
S

 S
T

E
E

L
S

 

"-
--

--
..

..
,,

..
..

=
 

-=
..

._
 

..
..

_
. 

""
--

..
- 

.=
.,

..
. 

"-
""

 "
"-

- 
~ 

~ 
~ 

~ 
.=

...
...

 --
B

 

U
N

IR
R

A
D

IA
T

E
D

 
4-

ra
m

-t
hi

ck
 D

C
(T

) 
O

 
30

4L
 

[]
 

31
6L

 

i 
i 

i 
i 

i 
i 

i 
i 

0 
20

 
40

 
60

 
80

 
10

0 
12

0 
14

0 
16

0 
18

0 

T
es

t T
em

pe
ra

tu
re

 
(~

 

F
ig

ur
e 

5.
 T

em
pe

ra
tu

re
 d

ep
en

de
nc

e 
o

f 
fr

ac
tu

re
 t

ou
gh

ne
ss

 f
or

 u
ni

rr
ad

ia
te

d 
30

4L
 a

nd
 3

16
L

 s
ta

in
le

ss
 s

te
el

s.
 

C
op

yr
ig

ht
 b

y 
A

ST
M

 I
nt

'l 
(a

ll 
ri

gh
ts

 r
es

er
ve

d)
; S

un
 D

ec
 2

0 
18

:1
8:

21
 E

ST
 2

01
5

D
ow

nl
oa

de
d/

pr
in

te
d 

by
U

ni
ve

rs
ity

 o
f 

W
as

hi
ng

to
n 

(U
ni

ve
rs

ity
 o

f 
W

as
hi

ng
to

n)
 p

ur
su

an
t t

o 
L

ic
en

se
 A

gr
ee

m
en

t. 
N

o 
fu

rt
he

r 
re

pr
od

uc
tio

ns
 a

ut
ho

ri
ze

d.



o
a 

.,q
 

F
ig

ur
e 

6,
 F

ra
ct

ur
e 

to
ug

hn
es

s 
of

 a
nn

ea
le

d 
30

4L
 s

ta
in

le
ss

 s
te

el
 a

ft
er

 ir
ra

di
at

io
n 

in
 a

 h
ig

h-
en

er
gy

, m
ix

ed
 

pr
ot

or
v'

ne
ut

ro
n 

sp
ec

tr
um

. 

C
op

yr
ig

ht
 b

y 
A

S
T

M
 I

nt
'l 

(a
ll

 r
ig

ht
s 

re
se

rv
ed

);
 S

un
 D

ec
 2

0 
18

:1
8:

21
 E

S
T

 2
01

5
D

ow
nl

oa
de

d/
pr

in
te

d 
by

U
ni

ve
rs

it
y 

of
 W

as
hi

ng
to

n 
(U

ni
ve

rs
it

y 
of

 W
as

hi
ng

to
n)

 p
ur

su
an

t t
o 

L
ic

en
se

 A
gr

ee
m

en
t. 

N
o 

fu
rt

he
r 

re
pr

od
uc

ti
on

s 
au

th
or

iz
ed

.



F
ig

ur
e 

7.
 F

ra
ct

ur
e 

to
ug

hn
es

s 
o

f a
nn

ea
le

d 
31

6L
 s

ta
in

le
ss

 s
te

el
 a

ft
er

 i
rr

ad
ia

tio
n 

in
 a

 h
ig

h-
en

er
gy

, m
ix

ed
 

pr
ot

on
/n

eu
tr

on
 s

pe
ct

ru
m

. 

C
op

yr
ig

ht
 b

y 
A

ST
M

 I
nt

'l 
(a

ll 
ri

gh
ts

 r
es

er
ve

d)
; S

un
 D

ec
 2

0 
18

:1
8:

21
 E

ST
 2

01
5

D
ow

nl
oa

de
d/

pr
in

te
d 

by
U

ni
ve

rs
ity

 o
f 

W
as

hi
ng

to
n 

(U
ni

ve
rs

ity
 o

f 
W

as
hi

ng
to

n)
 p

ur
su

an
t t

o 
L

ic
en

se
 A

gr
ee

m
en

t. 
N

o 
fu

rt
he

r 
re

pr
od

uc
tio

ns
 a

ut
ho

ri
ze

d.



O
0 

r,D
 

1.
5 

1.
2 

Z 
0.

9 

a < 0 �9
 

..a
 

0.
6 

0.
3 

0.
0 

31
6L

 s
ta

in
le

ss
 s

te
el

 
te

st
ed

 a
t 

16
4~

 

i 
J 

i 
i 

0.
0 

0.
3 

0.
6 

0.
9 

1.
2 

D
IS

P
L

A
C

E
M

E
N

T
 

(r
a

m
) 

J2
0,

 3
.4

 d
pa

 1.
5 

Fi
gu

re
 8

. 
L

oa
d-

di
sp

la
ce

m
en

t t
ra

ce
s 

o
f t

w
o 

ir
ra

di
at

ed
 3

16
L

 s
ta

in
le

ss
 s

te
el

 2
-r

am
~ 

sp
ec

im
en

s 
te

st
ed

 a
t 

16
4~

 

C
op

yr
ig

ht
 b

y 
A

ST
M

 I
nt

'l 
(a

ll 
ri

gh
ts

 r
es

er
ve

d)
; S

un
 D

ec
 2

0 
18

:1
8:

21
 E

ST
 2

01
5

D
ow

nl
oa

de
d/

pr
in

te
d 

by
U

ni
ve

rs
ity

 o
f 

W
as

hi
ng

to
n 

(U
ni

ve
rs

ity
 o

f 
W

as
hi

ng
to

n)
 p

ur
su

an
t t

o 
L

ic
en

se
 A

gr
ee

m
en

t. 
N

o 
fu

rt
he

r 
re

pr
od

uc
tio

ns
 a

ut
ho

ri
ze

d.



Figure 9. Fracture surface of 304L stainless steel specimen J4 irradiated 
to 9.3 dpa showing path of ductile crack extension. 
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reactor irradiation of the same materials at low temperatures are needed to confirm this 
statement. 

Alloy 718 

The crack-extension resistance of the precipitation-hardened Alloy 718 is much 
different from that of the stainless steels. All of the 4-mm-thick specimens failed by 
sudden, unstable crack extension. The unirradiated 2-mm-thick specimens have an 
initiation toughness similar to those of the 4-mm-thick specimens, but show more stable 
crack extension (with some elements of short term instabilities) than the 4-mm-thick 
specimens (See Fig. 10). After irradiation, only one 2-mm-thick specimen, El4, 
irradiated to the lowest dose of -0.1 dpa showed some stable crack extension. All other 
irradiated specimens failed by sudden unstable crack extension regardless of the dose. 
For material exhibiting such crack-extension resistance, the J-integral value which 
corresponds to the point of failure by sudden unstable crack extension, Jc, is reported as 
the critical J-integral value. For a limited number of 2-mm-thick specimens that 
demonstrated a mixture of stable and unstable crack propagation, the J-integral at the 
point of maximum load, Jm~,. is reported as a conservative estimate of the onset of stable 
crack extension. 

In the unirradiated condition, the Alloy 718 exhibited moderate toughness (-120 to 
160 MPa~'m) at test temperatures from 25 to 164~ (See Fig. 11). Despite the scatter in 
the data at 50~ there is a slight decrease in toughness as the test temperature increases 
(See Fig. 11). 

The fracture toughness of Alloy 718 decreases steadily after irradiation up to ~ 4 to 
5 dpa. After that, the fracture toughness saturates and the dose dependence diminishes 
(See Fig. 12). Specimens tested after irradiation up to - 12 dpa showed fracture 
toughness values of about 50 MPa,/'m. This reduction in fracture toughness is similar to 
that reported from fission neutron reactor studies [10,11]. However, the neutron 
irradiation-induced decreases in toughness of heat-treated Alloy 718 after irradiation in 
fission reactors appeared to saturate after about 8-10 dpa [10,11]. The present data reveal 
that saturation after mixed proton/neutron beam irradiation occurs at smaller doses than 
that observed after fission neutron-irradiated Alloy 718. This trend is also similar to that 
observed for stainless steels in the present study. 

SEM images (Fig. 13a,b) of specimen E9 did not reveal any stable ductile crack 
extension prior to brittle instability. This specimen was irradiated to the highest dose, 
12.35 dpa. A higher magnification image (Fig. 13b) suggests intergranular fracture as the 
main mode of crack propagation for this specimen. 

Summary 

The data presented in this paper summarize the fracture toughness results obtained 
for type 304L and 316L stainless steels and Alloy 718 after exposure in an environment 
typical of that for the spallation neutron source proposed for the Accelerator Production 
of Tritium (APT) Project. These materials were tested in the unirradiated condition and 
after irradiation at 25 to 200~ by high-energy protons and neutrons at the Los Alamos 
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Figure 13. Fragment of the fracture surt•ce of Alloy 718 specimen E9 
irradiated to 12.35 dpa at low (a) and high (b) magnification. 
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Neutron Science Center (LANSCE) to doses up to ~ 12 dpa. Subsize disk-shaped 
compact tension specimens, 12.5 mm in diameter with thicknesses of 4 mm or 2 mm, 
were used for fracture toughness characterization of these materials. It is shown that the 
smallest specimen geometry provides a conservative estimate of J-integral values at the 
onset of stable crack extension. 

Both 304L and 316L stainless steels exhibited very high toughness in the 
unirradiated condition. Specimens were irradiated in a wide range of doses from 0.1 up 
to approximately 7 to 9 dpa. This irradiation resulted in significant decreases in the 
toughness of both alloys, although appreciable levels of toughness (-65 tol00 MPa~fm) 
were retained. It was also observed that at doses above 4 dpa 316L stainless steel has a 
tendency to lose resistance to stable crack growth. 

Precipitation-hardened Alloy 718 exhibited intermediate toughness (~ 120 to 
160 MPaV m) in the unirradiated condition. This material exhibits a propensity toward 
unstable crack propagation once tearing is initiated. This phenomenon becomes more 
pronounced after irradiation. The fracture toughness of Alloy 718 decreases steadily with 
dose up to -4  to 5 dpa. After that, the fracture toughness has a tendency to saturate at 
levels of about 50 MPax/'m. The SEM examination of a fracture surface of one of the 
highly irradiated specimens revealed a brittle intergranular mode of crack propagation 
without any evidence of stable crack growth. 

The data presented in this paper demonstrate that the available data base of radiation 
effects on the fracture toughness of structural metals and alloys exposed to fission reactor 
environments provides useful indicators of the anticipated trends for property/dose 
predictions in spallation neutron environments. However, the enhanced gas production 
associated with the high-energy proton/neutron spectra in spallation neutron sources may 
cause enhanced degradation of fracture toughness at low doses. Hydrogen production, 
and a susceptibility to hydrogen embrittlement, may play key roles in the low 
temperature, low dose degradation. Clearly, some additional microstructural studies and 
direct experiments with low temperature fission reactor irradiation of these materials are 
essential to clarify this observation. 
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Abstract: This paper presents a systematic review of the behavior of phosphorus (P), 
highlighting the implications of P segregation to grain boundaries under neutron 
irradiation. The review focuses on Mn-Mo-Ni steels employed in US pressurized water 
reactors (PWRs), and other PWRs worldwide. Segregation of P to grain boundaries in 
reactor pressure vessel (RPV) steels can occur during fabrication (especially during the 
slow cooling stage of a post-weld heat treatment), and as a result of in-service exposure 
to high operating temperature and irradiation. This segregation of P to grain boundaries 
can promote a change in the brittle fracture mode from transgranular (TGF) to 
intergranular (IGF), and a degradation in the mechanical properties. In US RPV steels, 
most data are on thermal aging of the heat-affected zone (HAZ). Studies in coarse- 
grained HAZ have shown that the embrittlement arising from segregation of P to grain 
boundaries is approximately linearly related to the proportion of the brittle fracture that 
is IGF, and/or the P concentration at the grain boundary. Data are sparse on the effect of 
irradiation at 288~ on P segregation, and on the contribution of IGF to the total shift in 
the 41J transition temperature, T4u. In general, the bulk P content appears to be less 
than about 0.028 wt% P, with base metals having lower levels than weldments. In 
addition, the consequences of vessel annealing are considered at temperatures around 
475~ It is certain that the annealing treatment will have the consequence of reducing 
the irradiation hardening, but may significantly increase the grain boundary phosphorus 
coverage and the likelihood of IGF. 
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Introduction 

This paper reviews the incidence and consequence of phosphorous (P) segregation 
in steels employed in the pressure vessels of light water reactors (LWRs). It is well 
known that P can segregate to grain boundaries in steels during service at elevated 
temperatures [1]. The presence of P in the boundary can then lower its cohesive energy, 
causing the material to fail through intergranular embrittlement. A body of data has 
been established on the behavior of P in a variety of reactor pressure vessel (RPV) steels 
used in a number of different reactor designs [2]. The purpose of this paper is to present 
a systematic review of those data for MnMoNi steels employed in US LWRs and, most 
important, to highlight the implications of the likely P segregation to be found under the 
service conditions of greatest relevance to US plants. 

The RPV steels to be considered are the MnMoNi steels employed in US PWRs 
(and other LWRs worldwide), namely A302B, A508, A533B. We exclude high-nickel 
steels. The service conditions relevant to this review are those which involve long-term 
exposure at temperatures sufficiently high for thermal aging effects to occur, irradiation 
under conditions in which irradiation-induced segregation occurs, and short-term vessel 
annealing undertaken to remove the hardening effects of irradiation. P segregation and 
its embrittlement consequence are discussed separately. 

The incidence of P segregation is discussed in terms of the level of  P segregation 
measured at internal grain boundaries. Here, a review of experimentai observations is 
undertaken to highlight the differences between the different classes of  steels, 
emphasizing the importance of microstrueture (plate, weld, or heat-affected zone 
(HAZ)). The levels of  P on the grain boundaries at the start-of-life (SOL) will be 
reviewed, followed by effects of exposure in increasing segregation. 

The discussion of embrittlement consequence is concerned with experimental 
observations of  changes in fracture mode, and of changes in impact and fracture 
toughness properties during service. A key feature of the mechanical property changes 
induced by P segregation is that they do not include increases in yield stress or hardness, 
although increases in hardness may affect the embrittlement consequence of a given 
level of P segregation. 

Micromechanisms of P Embrittlement 

The presence of P in a predominantly Fe grain boundary is thought to reduce the 
grain boundary cohesion. Macroscopically, as the grain boundary P level increases, this 
can appear as an increase in the ductile-to-brittle transition temperature or a decrease in 
the lower shelf toughness. 

Similar or opposite effects are caused by other segregants. In RPV steels the most 
effective of the other segregants tend to be Mn, B and C. Mn appears to enhance 
embrittlement [3]. Conversely, B and C both enhance the grain boundary cohesion. 

Three basic micromechanisms of irradiation embrittlement have been identified and 
agreed worldwide to control RPV embrittlement: 

1. Irradiation enhanced formation of copper-enriched precipitates; 
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2. Matrix damage due to radiation produced point defect clusters and dislocation loops; 
3. Irradiation induced/enhanced grain boundary segregation of embrittling elements 

such as P. 

The first two mechanisms serve to harden the material and increase the yield 
strength o r, whilst the third mechanism causes a drop in the fracture stress, o r . The 
effects of these changes on the fracture behavior may be rationalised within the 
framework shown in Figure 1, in which the temperature dependences of the yield stress, 
oy. and the fracture stress, Or, are plotted. It can be seen that the effect of  irradiation in 
causing hardening or a change in oFis to cause a change in the transition temperature, 
ATT. In Figure 1 ATT~ is caused by an increase in %, whilst segregation of P to grain 
boundaries can lower the fracture stress and results in a shift ATT~. I f  both mechanisms 
are operative then a combined shift of ATT3 occurs, whereby the two components are 
combined by linear addition, i.e. 

ATTI + A T T  2 = A T T  3 (1 )  

This methodology is frequently adopted in the literature for the analysis of  irradiated 
material data in P-containing material [4]. The magnitude of the non-hardening term is 
assumed to be linearly dependent on the increase in grain boundary P during irradiation. 

~F 

% 

----a 

Temperature 

Figure 1 - Variation of  yield stress, t~j~ and fracture stress, tT F, with temperature. 

This approach to the transition shift describes a shift in the temperature at which a 
given Charpy impact energy or fracture toughness may be achieved. It contains no 
explicit reference to the shape of the transition curve. Once sufficient P segregation 
occurs, however, an additional low-temperature fracture mode is introduced, and the 
shape of the curve may change. Once int~rgranular failure is introduced its effects on 
crack nucleation and growth may not be equivalent, i.e. the relation between fracture 
toughness tests and Charpy impact tests may also change. 
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154 EFFECTS OF RADIATION ON MATERIALS 

Behavior Of  Mn-Mo-Ni Steels 

Trend curves describing the irradiation embrittlement of US RPV steels do 
frequently contain terms in P [5, 6] and an increased sensitivity to irradiation 
embrittlement with increasing P content has been observed in A533B and A302B [7]. 
Since P can also contribute to hardening, however [8], it is not always clear if the effect 
of P on embrittlement is due to hardening or segregation or both. Where segregation 
does cause embrittlement, studies have shown that different microstructures exhibit 
different levels of susceptibility [1, 9]. The review will therefore describe segregation 
effects in the different microstructures, starting with the most susceptible - the coarse 
grained heat affected zone (CGHAZ). 

Heat Affected Zone Material 

In a weldment the weld bead and HAZ structure are very complex, with different 
regions/zones produced depending on the thermal cycle (columnar, equiaxed and 
polygonal ferrite in the weld, fine- and coarse-grained regions in the HAZ, grains which 
have seen full, partial, repeated or no austenitization ..... ) [10]. Such a variety of 
microstructures is not found within base materials. Increasing the austenitizing 
temperature promotes grain growth, which is evident in the CGHAZ of weldments. The 
grain size varies depending on the welding procedure, notably heat input, but can be as 
large as 100 ~tm. Much of the available data relate to simulated HAZ microstructures 
although it has also been confirmed that similar behavior is evident in real HAZ 
material. 

Trends In Thermal Aging Studies - The segregation of P to grain boundaries in 
CGHAZ has been subject to a detailed review elsewhere [2] and the main conclusions 
will be summarized here. 

1. Early studies [1, 9] confirmed that a step cooling heat treatment or an isothermal 
heat treatment promoted P segregation and intergranular failure (IGF) in simulated 
CGHAZ microstructures. 

2. Subsequent studies employing isothermal aging treatments [11, 12, 13] were able to 
confirm the equilibrium nature of the phosphorus segregation; i.e. grain boundary 
concentration increases with decreasing aging temperature while kinetics of 
segregation decrease with increasing aging temperature (Figure 2). 

3. Several studies [2, 12, 13] have shown that above a threshold grain boundary P 
level, the ductile-brittle transition temperature (DBTT) increases linearly with 
increasing P segregation (Figure 3). 

4. CGHAZ from both commercial and model Mn-Mo-Ni steels show the same 
characteristics [1]. 

5. For a given segregation level in CGHAZ the shift in fracture toughness transition 
temperature is significantly smaller than that in the Charpy transition temperature 
[141. 
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Some of these effects are illustrated with reference to the International Atomic Energy 
Agency Coordinated Research Programme (IAEA CRP), which included a small study 
examining the effect of thermal aging on simulated CGHAZ material of three model 
steels based on LWR RPV A533B with varying copper and phosphorus contents [15] 
(see Table 1 for composition). These steels are termed model because they were 
prepared in relatively small melts to a commercial composition specification. They may 
not have impurity contents or the microstructural variation typical of actual RPV steels. 

Table 1 - Composition of JPC, JPB, and JPG (in weight percenO 

Alloy [ C [ S i  I Mn Ni Mo [Cr  I r Cu I s  
JPC 0.18 0.27 1.45 0.81 0.54 0.15 0.007 0.01 0.002 
JPB 0.18 0.26 1.42 0.3 0.54 0.15 0.017 0.01 0.001 
JPG 0.18 0.27 1.45 0.82 0.55 0.15 0.017 0.16 0.001 

"• 0.~5 

~o.2o 
.g 

~0,15 
"1- 
,, 0-10 0 

~1 o.o5 

0 
" 0 

- As Ageing Temp.*C 

 OOl,.OOl,. l OOl SO 
_ �9 O l ' A l O J V ~ / /  .v 

_ 

o o 

0-0L~ I 100 
I I I I I 

1000 2000 10.000 20.000 100,000 
Ageing Time.h 

Figure 2 - Plot of phosphorus peak height ratio versus aging time. 

The CGHAZ microstructure was simulated by a heat treatment at 1200~ for 30 
minutes followed by oil quenching and subsequent post weld heat treatment for 25 
hours at 615~ The hardness of the resulting microstructure ranged from 250-268 
Vickers Pyramid Number (VPN), and showed no clear effect of copper or phosphorus 
content. These values are probably marginally above that likely to be present in 
commercial heat affected zones, which may have an effect on their susceptibility to IGF. 

In the as-PWHT (post-weld heat-treated)~condition the simulated CGHAZ material 
of all three alloys was observed to have phosphorus segregation to grain boundaries and 
an intergranular component in the brittle fracture mode. The magnitudes of both features 
increased on aging for 2000 hours at 450~ (Table 2). 
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Table 2 - lntergranular Content, Grain Boundary Phosphorus Coverage, and 
Embrittlement of Thermally Aged JPC, JPB, and JPG 

Alloy 

JPC (O.O07P) 
JPB (0.017P) 35 

20 JPG (0.017P/0.16Cu) 

Intergranular 
Content (%) 

As- I Aged 
PWHT 

8 .86 
98 
96 

Grain 
boundary 

phosphorus 
(%) 

As- I Aged 
PWHT 

<5 15 
10 35 
8 35 

Embrittlement 
due to aging 

(ADBTT - ~ 

118 
174 
209 

The characteristics of the two model steels containing 0.017 wt% phosphorus are 
shown to be very similar, particularly after aging. In the model steel containing 0.007 
wt% phosphorus, the proportion of intergranular failure and the grain boundary 
phosphorus content were found to be lower in both the as-PWHT and aged conditions. 
The shift in impact transition temperature (measured using full size Charpy specimens) 

200 

15C / I~) 

100 

/~.--A DBTT = (PHR'0.065)x1300 
, /  

5O 

I As [ Ageing Temp.eC l 
I -  IPWHTI3001 t,001 t .~ 150015501 

o I. Iol,lol, ol 
( ~ ) lnd,cotes ogeir~j has also 

resul ted in softenil~g 

-50 I I I 
0 0.1 0.2 0 3 

Phosphorus "l~mk He,ght l~tio (Pi/olFe~) 
Figure 3 - Embrittlement as a function of P segregation in A533B simulated CGHAZ. 

due to aging was also much greater in the two higher phosphorus containing alloys, and 
correlated better with the grain boundary P content than with the overall proportion of 
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intergranular failure observed on the fracture surfaces. 
McCabe [16] and McCabe et al [17] confirmed that increases in P levels occur at 

the grain boundaries during the aging of coarse-grained regions of five commercially 
made RPV steels. In these studies a Gleeble simulation of an HAZ weld cycle was used 
to simulate the metallurgical conditions occurring during welding. After aging at 450~ 
and 482~ for 168 h, significant transition-temperature shifts were observed (though no 
post-embrittlement transition temperatures were observed to be above room 
temperature). Selected steels that had been Gleeble-austenitised to ASTM grain size 
number 4 and then aged 450~ for 2000 h were examined in the FEGSTEM (field 
emission gun scanning transmission electron microscope). The McLean equation [18] 
reasonably predicted the observed P segregation of all the modified A302B specimens, 
but overestimated the segregation in A533B. In addition to the increases in P levels at 
the grain boundary, increases in Mn, Mo and Ni were also observed, but no increases in 
Cu Si or Cr were detected. 

Effect Of Irradiation - In the IAEA program, the as-PWHT and aged simulated 
CGHAZ material were also subjected to irradiation at approximately 290~ to average 
doses of 17.4, 7.3 and 11.5 mdpa for steels JPC, JPB and JPG respectively. This 
irradiation promoted an increase in both the percentage ofintergranular facets (%IGF) 
on the fracture surface and the grain boundary phosphorus concentration in both the as- 
PWHT and aged conditions. These data are presented in Table 3. The effect of the 
irradiation on the intergranular phosphorus concentration was shown to be in reasonable 
agreement with predictions using the Minor Element Kinetic Segregation Model [19] as 
shown in Figure 4. 

Table 3 - Percentage IGF and Grain Boundary Phosphorus Monolayer Coverage in 
1AEA Alloys, as a Function of  Alloy Composition, Heat Treatment and Irradiation 

Alloy Conditionl Cu, P, D o s e  %IGF I%IGF 
wt% wt% m d p a  Unirr. lrr. 

JPC AR 0.01 0.007 7.69 < 1 < 1 
HT 7.26 8 5 
HTA 7.52 86 86 

JPB AR 0.01 0.017 18.22 < 1 < 1 
HT 18.61 35 83 
HTA 16.67 98 94 

JPG AR 0.16 0.017 12.24 1 <1 
HT 11.69 20 25 
HTA 11.83 96 90 

Monolayer Monolayer 
Coverage Coverage 

Unirr. Irr. 
(%) (%) 
<5 
<5 6 
15 16 
5 
10 16 
35 44 
8 
8 17 

35 47 
~AR = as-received plate, HT = heat treated to simulate CGHAZ, and HTA = heat treated 
and aged under conditions typical of a post-weld stress-relief treatment. 

Corresponding increases in the impact transition temperature (Table 4) were shown 
to be very similar for the as-PWHT and aged conditions of the respective alloys; 
typically 20~ for the low phosphorus containing steel (JPC) and 50~ for the two high 
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phosphorus containing steels (JPB and JPG). In the high copper steel (JPG) the increase 
was greater in as-PWHT material than in aged material (69~ compared with 50~ but 
this was rationalized in terms of the greater hardening observed in the former; a 
consequence of the variable irradiation. 

Post-Irradiation Annealing Studies - Post-irradiation annealing (PIA) experiments 
were also conducted on the irradiated, as-PWHT simulated CGHAZ material in model 
steel JPG. The effect of PIA at 475~ for 168 hours was shown to increase the 
intergranular content to 95% compared with 25% in the as-irradiated and 20% in the 
unirradiated as-PWHT condition. The grain boundary phosphorus concentration 
increased to 29.4% compared with 17% after irradiation and 8% in the unirradiated as- 
PWHT condition (Table 3). The effect of the irradiation on the intergranular phosphorus 
concentration was again shown to be in good agreement with predictions using the 
Minor Element Kinetic Segregation Model [19] as shown in Figure 5. 

m 

Q 

m 
z _  

q) 

0 
0 

3 0  

2 0  

0.017 WtJ[ Phosphorus 
8.5x10 "~ NRT dpa/s 
Defects ,, NRT 
Tamp 1 290"C 

Dislocation Density 
1 0 : 4  2x1014 m-Z 

JPG 
1014 

Kinetic modal I _ / 

10 l . - - " ~  ~'~" Best fit line T | ~  ~ ~ -  ~ ~ l 
l JPB  

r 

. o . . . . . . .  . . . . . .  
L-, 
r -  

LLI 

�9 C o r r e c t e d  f o r  lower phosphorus 
- 1 0  . . . .  , . . . .  , . . . .  , , , ', , 

0 5 1 0  15  2 0  

NRT Dose [mdpa} 
Figure 4 - Comparison of experimental measurements of phosphorus segregation with 

predictions of Kinetic Model. 
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Table 4 - Summary of Initial Hardness (Hv) and Transition Temperatures (T41J) in 

IAEA Alloys, Plus Transition Temperature Shifts (AT41J) Due to Thermal Aging or 

Irradiation, in Different Heat Treatment Conditions 

Alloy Condition Cu, P, Hv, T41J, AT41J, 
wt% wt% VPN oC o c  

Ohermai aging) 
JPC AR 0.01 0.007 204 -76 

HT 259 -125 
HTA 268 -7 

JPB AR 0.01 0.017 206 -82 
HT 265 -87 

HTA 261 87 
JPG AR 0,16 0.017 204 -69 

HT 250 -120 
HTA 260 89 

AT41J, 
oC 

(irradiation) 
15 
20 

118 25 
22 
51 

174 54 
33 
69 

209 50 

As a result of  this segregation, although the hardness of  the material was effectively 
fully recovered after the anneal, the impact transition temperature actually increased 
relative to the irradiated condition rather than decreased. Indeed the shift o f  155~ 

35 1 t l .S  mdpa 23 mdpa 
/ ~ Anneal 

. 4  . I I , , , 'c  
I I"  ~ , ~ . . t . ,  o.~I l / T I 

-' "I ''~ "Ill 11=.' 
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0 ~  , , , ' ,  " , ' , 
0 t 0  20 30 4O 50 60 

Time (days) 

Figure 5 - Comparison of predictions (solid lines) of the kinetic segregation model for 
irradiation and post-irradiation annealed JPG with experimental data (open squares). 
Predicted behavior for continued irradiation with and without annealing at 425~ is 

also shown. 
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relative to the unirradiated as-PWHT condition was significantly greater than that of 
69~ produced on irradiation and approaching that induced by thermal aging at 450~ 
for 2000 hours. This is consistent with the observation that the grain boundary 
phosphorus concentration was 29.4% after the post irradiation anneal [ompared with 
35% after thermal aging for 2000 hours a't 450~ 

The IAEA work described above referred to studies of material with simulated 
CGHAZ. Gage et al. [20] studied whether the brittle fracture mode of HAZ material 
from the Palisades surveillance specimens included any intergranular component after 
an anneal for 168h at 454~ Evidence oflGF was observed, and from the size of the 
intergranular facets it was estimated that the grain size associated with such facets could 
be as high as 50-60~tm. This indicates that it is probable that IGF is located in material 
of the CGHAZ. It was observed that the intergranular facets were located in bands, 
which ran perpendicular to the notch root and parallel to the direction of crack 
propagation. This is consistent with their being associated with a particular part of the 
HAZ. Some variability was found between specimens irradiated to different fluences. 
This was not attributed to the effect of fluence but was more probably associated with 
the location of the notch in the HAZ. 

Weldmetals 

Data on the brittle fracture appearance and the effects of thermal aging or 
irradiation for weldmetals are very limited. However there have been some studies that 
reported the observation of intergranular facets and phosphorus segregation to grain 
boundaries. 

Thermal Aging - The major points to emerge are as follows: 

1. A study ofweldmetal (160 wt ppm P) found very little P (<10%) segregated to the 
grain boundaries after approximately 100000 hours at 285~ Competition with S 
for grain boundary sites was suspected [13]. 

2. Fracture surfaces of this material showed only isolated IG facets, though a similar 
weldmetal (170 wt ppm P) after approximately 100000 hours at 285 ~ showed 
significant columnar IG fracture [13]. 

3. A number of studies have shown only small amounts of embrittlement, typically < 
20~ as a result of thermal aging of,~,elds [21]. 

Effect O f  Irradiation - Atom probe studies have shown that phosphorus is 
segregated to grain boundaries in A533B submerged arc weldmetal following neutron 
irradiation at 288~ for approximately 8750 hours [22]. The grain boundary enrichment 
factor was determined to be approximately 12.5 times that of the bulk value (actual not 
reported), although this may have arisen as much due to the accumulated thermal history 
as to the irradiation. 

The concentration of phosphorus at grain boundaries in two high copper steel welds 
characteristic of Linde 80 Flux weld (BW-2) and Linde 1092 flux weld (CE-1) has been 
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measured both before and after irradiation, by FEGSTEM measurements [2]. Measured 
values of  the phosphorus concentration at the grain boundaries are summarized in Table 
5. Some increase in monolayer coverage was observed in both irradiated welds 
although the increase was less than 10% of  a monolayer. 

Table 5 - Grain Boundary P Levels in CE-1 and BW-2 

Weld I Start-of-Life lrradiatedJ I BulkP 
(% monolayer) (% monolayer) , (wt%) 

CE-1 ] 2 5.5 0.014 
BW-2 I 6 14 [ 0.017 
2.74x10 ~9 n,'m2; E > 1 MeV at approximately 6x10 ~2 n c n'2sec ~ and 290~ 

The most significant observations ofintergranular failure in US RPV weldments 
were made on irradiated Charpy specimens [23] by Gurovich and co-workers. The 
major results on weldments are: 

1. 

2. 

In A533B weldmetal containing 0.009% P, irradiated at -300~ to 10xl0 j9 n cm ~ (E 
> 0.5 MeV), no brittle intergranular fracture was observed on the lower shelf, 
although 5% ductile intergranular fracture was observed on the upper shelf. 
In A508 weldmetal containing 0.026% P, irradiated at -300~ to 10xl019n cm "2 (E :> 
0.5 MeV), 20% brittle intergranular fracture was observed on the lower shelf and in 
the mid-transition region, and 15% ductile intergranular failure on the upper shelf. 
In this case no observations were reported on the percentage of  IGF in the 
unirradiated steel. 

Base Material 

Thermal Aging - The main points to emerge from thermal aging studies of  base 
metal are: 

1. P levels at the boundaries were close to the limits of  detectability by Auger in a 
number of  A533B and A508 steels after either long-term exposure at typical RPV 
operating temperatures, or shorter exposures at annealing temperatures. Nonetheless 
a small number o f l G  facets were observed [13]. 

2. Significant amounts o f lGF  have been observed in doped steels [24], in forgings 
subjected to step cooling [25], and in forgings exhibiting regions of  macro~ 
segregation (ghost lines [26]). This has been associated with an increased DBTT 
[25, 26]. 

Behavior under irradiation - Forging material containing regions of  macro- 
segregation was irradiated to 4.4 x 1023 ncm~; E > 1 MeV at 285~ [26]. No 
information on the brittle fracture mode or grain boundary chemistry was reported. The 
irradiation-induced increase in the impact transition temperature for the macro- 
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segregated material was, however, approximately the same if not slightly less than that 
for the bulk of the material. The actual transition temperature was, of  course, still 
higher due to the higher initial transition temperature prior to irradiation. 

A model steel (0.017 wt% P) was irradiated in the normalized and tempered, and 
step-cooled conditions to 5.35 x 10 t9 n c m  "2, E > 1 MeV [25]. Step cooling was 
intended to increase the grain boundary P level, though this was not verified 
experimentally. It was observed that the irradiation-induced shift in the impact 
transition temperature was smaller for the step-cooled material than for the normalised 
and tempered material; 45~ compared with 75~ However, irradiation-induced 
increases in yield strength were very similar in both cases; 112 and 118 MPa 
respectively. A characteristic of the step-cooled material was a lower upper shelf energy 
compared with the normalized and tempered material in both the unirradiated and 
irradiated conditions. 

The concentration of phosphorus at grain boundaries in two low copper plate (EP2) 
and forging steels (EF2) has been measured after irradiation by FEGSTEM 
measurements [2]. The bulk P content was 0.008 wt%. Material was irradiated at a 
dose rate of  approximately 6x1012ncm2sec~; E > 1 MeV at 290~ Measured values 
of the monolayer coverage concentration at the grain boundaries are summarized in 
Table 6. 

Table 6 - Summary of Microstructural Data Obtained from Low Copper Plate and 
Forging Steels 

Material Plate 
EP2 

1.13x10 Is 

Plate 
EP2 

2.74x1019 

Forging 
EF1 

Dose (n cm2; E > 1 MeV) 1.13x1018 

P Segregation 7 5 4 
(%monolayer) 

Only low levels of P segregation were observed on the grain boundaries. In the 
plate material no substantial differences were observed between boundaries in the two 
irradiated materials suggesting that the radiation enhanced segregation is not significant. 

In the IAEA CRP3 programme [15] the effect of irradiation on the grain boundary 
P levels was not measured in the irradiated as-received model steels based on A533B 
with varying copper and phosphorus contents. However, the level of IGF was both very 
low (<1%) and not affected by irradiation (Table 3) suggesting that irradiation of steels 
containing up to 0.017 wt% P to doses o f<  19 mdpa had not induced damaging levels 
of grain boundary P. 

The most significant observations of intergranular failure in US RPV steels were 
made on irradiated Charpy specimens [23] by Gurovich and co-workers. The major 
results are: 

1. Unirradiated A533B base metal, containing 0.017% P, exhibited neither brittle nor 
ductile intergranular failure. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



ENGLISH ET AL. ON SEGREGATION AND EMBRITTLEMENT 163 

2. When material was irradiated to 2.6x10 t9 n cm 2 E > 0.5 MeV, and broken in the 
mid-transition region, 10% of the fracture surface consisted of brittle intergranular 
facets, and a further 10% of ductile intergranular regions. 

3. Neither subsequent annealing nor extension of the irradiation to 10xl019 n cm "2 E > 
0.5 MeV, increased the proportion of'intergranular fracture. 

Summary of Behavior 

Observations of P Segregation and lntergranular Fracture in Different Microstructures 

The segregation of phosphorus to grain boundaries has been observed in base 
material, weldmetal and heat affected zone material of  Mn-Ni-Mo steels. Furthermore it 
has been observed in as-PWHT, thermally aged or irradiated microstructures, although 
normally significantly enhanced by aging or irradiation. By far the most work has been 
done on CGHAZ microstructures since these are the most susceptible to intergranular 
embrittlement, but what limited data there are on the segregation of phosphorus to grain 
boundaries in base material and weldmetals appears to be in reasonable agreement with 
that on CGHAZ material. 

Segregation can occur during fabrication (especially during the slow cooling stage 
of a post weld heat treatment), and as a result of in-service exposure to high operating 
temperature and irradiation. Observations suggest that the typical levels at SOL are 5- 
8% in base metal, weld and HAZ. In terms of exposure effects, studies suggest the 
following: 

1. P segregation is likely under the conditions considered applicable for vessel 
annealing, i.e. 1 week at 450-475~ 

2. Long-term aging at temperatures above 300~ may give rise to an increase in P on 
the grain boundaries. 

3. There are limited data at high irradiation doses from accelerated tests in Materials 
Test Reactors on the P segregation increase after irradiation. The available results 
are in keeping with predictions of kinetic models. 

4. Kinetic models, which predict the results of accelerated irradiations, further suggest 
that, at low dose rates, reduced point defect recombination will permit the 
segregation of more P to traps such as grain boundaries. This prediction needs to be 
validated by low dose rate irradiationK 

Observations of Embrittlement Due to P Segregation and lntergranular Fracture in 
Different Microstructures 

The embrittlement arising from segregation of P to grain boundaries can be 
expressed as an increase in the DBTT, which is approximately linearly related to 
intergranular content of the brittle fracture and/or the phosphorus concentration at the 
grain boundary. The correlations obtained are dependent on the product form and heat 
treatment/microstructure (possibly related to grain size and hardness). In view of the 
variability it is not feasible to model the changes in mechanical properties to establish a 
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predictive capability, which can be applied generically. However, reasonable trends can 
be developed for different microstructures. Such trends have been established for 
CGHAZ in MnMoNi steels, but only indicative data exist for quenched and tempered 
plate or forging. What limited data there are indicate that the shift in the static fracture 
toughness transition curve due to segregation is less than that in the impact transition 
curve. Upper shelf properties can also be affected, although the magnitude of the 
reduction in impact properties is, by comparison, much less pronounced. 

Comparison with Other RPV Steels 

The pressure vessels of  Magnox reactors, found in the UK, are manufactured using 
C-Mn steels. The C, Mn, Si and Cu levels in the plate are similar to those found in 
A533B/A508 steels; the S and P levels are higher; and the Ni and Mo levels lower. A 
high strength heat resistant Cr/Mo/V steel was developed for VVER-440 RPVs. This 
ferritic steel containing 0.13-0.18 wt% C and 2.50-3.0 wt% Cr was designated 
15Kh2MF. ~There are additional requirements on the acceptable levels of impurity for 
materials in core shells subjected to neutron irradiation. The elements so controlled are 
P, S, Cu, As, Sb, Sn, and Co. In Eastern type steels the relative content of phosphorus is 
higher, 0.026 - 0.052 wt%. 

The observations in the literature have been fully reviewed elsewhere [2], and the 
main features are summarized here: 

1. In common with MnMoNi steels, P segregation and IGF are observed in high P 
steels after either thermal aging or irradiation. The extent of the data is uneven over 
the different microstructures, e.g. there are few observations of  thermal aging in 
VVER steels. 

2. Data on the levels of segregation after irradiation are less complete that in MnMoNi 
steels but in all cases increases have been reported in one or more microstructures. 
The data are summarized in Table 7. 

3. Ductile IGF has been observed by Gurovich et al in a Russian thermally aged and 
irradiated pressure vessel steel (25Kh3NM, (1 wt% Ni, 0.024 wt% P). Gurovich et 
al. [23, 27,] consider that for Eastern steels hardening effects are less relevant to 
embrittlement than segregation effects, and that the increase in DBTT due to 
intergranular segregation is less important than that due to segregation to 
precipitate:matrix interfaces. 

4. Nikolaeva et al. [28] reported that, in a high-Cr, low alloy VVER RPV steel 
containing 0.018 wt% P irradiated to high doses at 275~ the levels of grain 
boundary P increased with increasing~fluence, in agreement with the observations by 
McElroy et al. [15] in irradiated simulated CGHAZ in MnMoNi steels. 

Overall the observations in different steels support the observations in MnMoNi 
steels that an increase in P segregation and/or the level of IGF may occur after thermal 
aging or irradiation. However, the precise changes are very dependent on the steel, 
product form and heat treatment/microstructure. 
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All the data reviewed have concerned the observation of  P to grain boundaries. 
It is important to note a recent study on Fe-P-C alloys, which indicates the potentially 
important role of  carbon [29]. A ternary Fe-1200ppmP-30ppmC alloy was examined by 
Jones and co-workers after aging and irradiation exposure at 240~ Auger 
spectroscopy showed that P grain boundary monolayer coverage was virtually 
unchanged for all SOL, aging and irradiation conditions. In contrast the C coverage was 
reduced by 50% during the initial aging or irradiation but changed little after longer 
irradiation. In contrast to studies on MnMoNi steels there was no evidence to support 
the occurrence of  irradiation-induced grain boundary P segregation. The authors 
therefore considered the irradiation- or thermally-induced embrittlement to be caused by 
the loss of  C from the grain boundary. 

Table 7 - Summary of Data Available on P Segregation in Other RPV Steels 

RPV type 

Mild 
Steels 

Ea~ern 
Steels 

Start of Life 
(SOL) 

Up to 20% in 
submerged-arc 
weldmetal, and 
probably in base 
metal also 

Likely to be 
sensitive to 
exact heat 
treatment 

I ..... Irradiated 

Data reported for observations at a 
range of  temperatures and 
irradiation doses. Limited data on 
plate and base metal. Fine grained 
welds are shown to be more 
susceptible than coarse grained 
welds. 
Limited Observations 
Increase of  10% to 20% APFIM 
study of  an irradiated weld 
irradiated (1019 n cm 2 (E > 1 MeV) 
at a flux of  4 • 10 tl n cm 2 s 1 and at 

1.290~ 

Thermail 
y Aged 

Some 
data on 
welds, no 
data on 
HAZ. 

No Data 

Bischler et al. [30] examined through-thickness weld samples from C-Mn ferrite 
steel plates in a decommissioned RPV. They reported that the levels of  P and C 
segregated to the grain boundaries did not vary through the thickness of  the vessel. 
More importantly for this review, the authors considered that the levels of  P and C 
observed were similar to the levels found at the start-of-life in materials of  similar 
thermal history, suggesting that, in these steels at least, low dose rate irradiation had not 
caused any significant net segregation. This contrasts with the results reported for 
MnMoNi steels and Eastern steels. 

Implications for Vessel Embrittlement 

The data described in this review show that P-related embrittlement can be 
achieved in materials of  the kind used in RPVs. The question is, whether it will occur 
under anticipated operating conditions. This involves two aspects: 
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1. How much P will be present on the grain boundaries? 
2. Will this be sufficient to cause intergranular failure? 

Even then this may still not be of any significance with regard to the structural 
integrity of  the vessel. This will depend on (1) the extent of embrittlement, and (2) the 
consequence of embrittlement for vessel integrity. 

The status of each of these is discussed next for MnMoNi steels typical of U.S. 
production. 

H o w  much P will be present on the grain boundaries? - Defining how much 
phosphorus will be at the grain boundaries appears relatively straightforward. 
Measurements may be made on archive material, or simulated archive material, to give 
an indication of SOL levels. The increase in grain boundary P can be calculated, for a 
range of service conditions, using the appropriate models described. At present, it is 
considered that the state of knowledge should enable estimates of grain boundary 
phosphorus levels to be made with reasonable reliability for a range of conditions; e.g. 
current or end of life (EOL). Further data are necessary, in particular the bench marking 
of low dose-rate calculations with direct measurements on surveillance samples. 

Will this be sufficient to cause intergranular failure? - Whether the phosphorus 
concentration on the grain boundaries is sufficient to cause IGF is a more difficult 
question to answer. Clearly this depends on other details of the microstructure (e.g. 
grain size, other segregants particularly C, hardness) and, until IGF has been observed, 
that trigger level cannot be measured. Thus, for CGHAZ at SOL, the level can be 
estimated reasonably well (for a range of hardness values and grain sizes at least). 
There is insufficient information to show what the trigger levels might be for weldmetal 
and base metal, though what data exists suggest that the trigger levels may be higher for 
base metal than for CGHAZ. Measurements of grain boundary P concentrations in 
these materials when intergranular failure is observed not to occur can, however, be 
used to define at least a lower bound to the critical levels. 

H o w  much is the material embrittled? - With the exception of CGHAZ, the degree 
of embrittlement resulting from phosphorus segregation and IGF is difficult to predict. 
Even for CGHAZ the degree of embrittlement measured has been shown to be affected 
by the choice of test techniques, and to be dependent on a number of  parameters related 
to its original heat treatment/fabrication; e.g. grain size and strength. In real weldments 
this is compounded by the distribution of coarse-grained zones which will be a function 
of the weld procedure. Clarification of the microstructure adjacent to the fusion 
boundary and the likely variations to be expected in reactor pressure vessels would 
provide some insight into the potential for embrittlement. 

What is the consequence o f  the embrittlement f o r  vessel integrity? - With regard to 
the structural significance of the embrittled material, changes in parent plate or 
weldmetal properties clearly have a direct bearing on a structure but these seem to be 
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degraded by relatively small amounts. The major issue that has to be discussed is the 
consequence of the degradation of narrow zones such as the HAZ in a weldment, 
particularly when the embrittlement may be even more localised in the CGHAZ. 

This issue really concerns the consequence of local brittle zones. There appear to 
be no directly relevant data on pressure vessel steels in the literature. Thermal aging 
programmes, designed to encourage P segregation in a range of US RPV steels, 
followed by mechanical testing will expand the information on typical threshold P 
levels for embrittlement. The information from such programmes will be useful, but 
may not be sufficient to determine the structural integrity consequence of embrittled 
CGHAZ. 

However, an interesting parallel is provided in the as-welded steels, used typically 
in offshore structures. The brittle HAZ in these structures produces poor results in 
small-scale laboratory tests and large-scale wide test plates and yet in-service experience 
indicates that it does not cause overall structural integrity problems. If  the advantage 
experienced by the large-scale structure is due to containment of the brittle zone, then P 
segregation to the CGHAZ in an RPV may be similarly without deleterious 
consequence. I f  it is due, to e.g., differences between the fast fracture laboratory tests, 
and the actual in-service loading conditions for the offshore structures, then the degree 
of similarity would vary with the anticipated RPV operational or accident scenarios. 

The relevance of these observations on local brittle zones is that, although this 
deleterious effect has been demonstrated in large scale laboratory tests, in-service 
experience on large scale structures indicates that they do not present an integrity issue. 
In connection with this last point, it should be noted as well, that no instances of 
cracking initiating at HAZs have yet been found in the US RPV surveillance 
programme. 

Conclusions on the likelihood o f  embrittlement in irradiated US RPVs - The P 
distributions in US plate, forgings, and welds are illustrated in Figure 6*. The bulk P 
content appears to be less than ~ 0.028 wt% P, with base metal having lower levels than 
weldments (<0.025 wt%). Data are sparse but in base metal and weld the data strongly 
suggest that there is only concern for bulk P levels close to the upper limit and 
irradiation doses that are close to end of life (EOL), as otherwise the observed 
segregation is low. It is not possible from the data reviewed here to remove the 
possibility of a contribution from IGF at EOL doses for base metal and welds containing 
high levels of bulk P. Embrittlement of CGHAZ through P segregation during 
irradiation requires further work, as appreciable segregation of P to grain boundaries in 
simulated CGHAZ has been observed under relevant irradiation conditions. 

If  vessel annealing is considered at temperatures around 475~ then the 
consequences of this aging treatment on P segregation in plate, weld and HAZ have to 
be considered. It is certain that the annealing treatment will have the consequence of 
reducing the irradiation hardening, but significantly increasing the grain boundary 
phosphorus coverage and the likelihood of intergranular failure. Comparison between 
the calculated grain boundary P levels and the estimates of  the critical levels can be used 

�9 Griesbach, T., private communication. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



168 EFFECTS OF RADIATION ON MATERIALS 

to identify if embrittlement is likely after annealing or subsequent re-irradiation. Less 
segregation is expected for an annealing temperature of 454~ for a typical annealing 
time of lweek, as compared to 475~ It may be necessary to undertake experiments to 
determine the trigger level in the steels concerned. 

Figure 6 - Bulk P distributions in US steels a) plates and forgings, and b) welds. 

Conclusions 

This review has established the following points: 

1. Segregation of phosphorus to grain boundaries in pressure vessel steels is a 
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relatively common occurrence, and has been observed in base material, weld metal 
and heat affected zones. Such segregation can occur during fabrication (especially 
during the slow cooling stage of a post weld heat treatment), and as a result of in- 
service exposure to high operating temperature and irradiation. 

2. The availability of segregation data varies between the different classes of  steels. In 
US RPV steels most information is on thermal aging of HAZ. Extensive 
observations of phosphorus segregation under thermal aging, together with 
determination of the relevant activation energies, has enabled segregation at grain 
boundaries to be well-characterized for CGHAZ material. 

3. The segregation of phosphorus to grain boundaries promotes a change in the brittle 
fracture mode from transgranular to intergranular, and a degradation in the 
mechanical properties. This is characterized most frequently in terms of the shift in 
the impact transition curve and an increase in the ductile to brittle transition 
temperature. However, the measured fracture toughness for the steel can be 
similarly degraded, although data are limited and, even when available, involve 
only static rather than dynamic measurements. 

4. Studies in CGHAZ have shown that the embrittlement arising due to segregation of 
P to grain boundaries is approximately linearly related to intergranular component 
of the brittle fracture and/or the phosphorus concentration at the grain boundary. 
The correlations obtained are very dependent on the steel, product form and heat 
treatment/microstructure, and have not been determined for the relevant 
microstructures in the different classes of steels. In the literature such trends have 
only been established for CGHAZ in MnMoNi steels. In view of the variability it is 
not feasible to model the changes in mechanical properties to establish a predictive 
capability which can be applied generically. 

5. The data described in this review show that P-related embrittlement can be achieved 
in materials of the kind used in RPVs. The question is, whether it will occur under 
anticipated operating conditions. This involves several aspects: 

�9 How much P will be present on the grain boundaries? 

�9 Will this be sufficient to cause intergranular failure? 

�9 How much is the material embrittled? 

�9 What is the consequence of the embrittlement for vessel integrity? 
6. It is concluded that there is a reasonable capability to estimate the likely levels of 

grain boundary P coverage which would occur during service. Further data would 
be welcomed, in particular the benchmarking of calculations with direct 
measurements on surveillance samples. 

7. The trigger level of phosphorus concentration on the grain boundaries that causes 
IGF can be estimated reasonably well for CGHAZ at SOL (for a range of hardness 
values and grain sizes at least). There is insufficient information to show what the 
trigger levels might be for weldmetal and base metal. 

8. With the exception of CGHAZ material, the degree of embrittlement resulting from 
phosphorus segregation and IGF is difficult to predict from current data. 

9. With regard to the structural significance of the embrittled material, the major issue 
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10. 

11. 

is the consequence of the degradation of narrow zones such as the HAZ in a 
weldment, particularly when the embrittlement may be even more localized in the 
CGHAZ. There would appear to be no directly relevant data on pressure vessel 
steels in the literature on the effect of local brittle zones. The experience in the 
offshore industry is relevant. Although the deleterious effect of local brittle zones 
has been demonstrated in large-scale laboratory tests, in-service experience on 
large-scale structures indicates that they do not necessarily present an integrity 
issue. 
The likelihood of embrittlement in irradiated US RPVs was considered. In general, 
the bulk P content appears to be less than ~ 0.028 wt% P, with base metal having 
lower levels than weldments. Data are sparse on the effect of irradiation at 288~ 
on P segregation and the contribution oflGF to the total shift in W41J. In base metal 
and weld the data strongly suggest that there is only concern for bulk P levels close 
to the upper limit and irradiation doses that are close to end of life, as otherwise the 
observed segregation is low. It is not possible from the data reviewed here to 
remove the possibility of a contribution from IGF at EOL doses for base metal and 
welds containing high levels of bulk P. Embrittlement of CGHAZ through P 
segregation during irradiation requires further work, as appreciable segregation of P 
to grain boundaries in simulated CGHAZ has been observed under relevant 
irradiation conditions. 

If vessel annealing is considered at temperatures around 475~ then the 
consequences of this aging treatment on P segregation in plate, weld and HAZ have 
to be considered. It is certain that the annealing treatment will have the 
consequence of reducing the irradiation hardening, but significantly increasing the 
grain boundary phosphorus coverage and the likelihood of intergranular failure. It 
may be necessary to undertake specific validation experiments to determine the 
trigger level in the steels being considered. 
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Abstract: Kinetics of phosphorus accumulation on grain boundaries (GB) in iron-based 
alloys is treated theoretically, taking into account both the radiation-induced segregation 
(RIS) in the matrix and the Gibbsian adsorption (GA) at GB. For steady-state conditions 
analytical expressions are derived for component profiles near GB and component 
concentrations on GB. Modeling of phosphorus accumulation at GB in iron alloys is 
carried out using two different models 1) the McLean's model generalized to take into 
account the radiation-enhanced phosphorus diffusion via vacancy and interstitial 
mechanisms as well as RIS near GB, 2) a model of RIS in a ternary Fe-P-Ni alloy 
accounting for the binding energy of phosphorus atoms with interstitials as well as a 
possibility of high phosphorus content near GB at high irradiation doses. Predictions of 
modeling are analyzed regarding the dependence on temperature, dose and Fe and P 
diffusion parameters available for iron alloys. It is shown that the GB phosphorus 
concentration calculated as a function of temperature reveals one or two maxima 
depending on dose and the choice of material parameters. 

Keywords: iron alloys, irradiation, embrittlement, grain boundaries, radiation-induced 
segregation, Gibbsian adsorption, phosphorus accumulation, modeling 

The phosphorus accumulation on grain boundaries (GB) in irradiated iron alloys is 
being extensively studied relative to the radiation embrittlement (RE) of pressure vessel 
steels. As has been pointed out in RetI1], RE is caused by a cooperative action of three 
mechanisms: radiation hardening of the matrix, segregation of impurities (mainly of 
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phosphorus) at GB and at precipitate/matrix interfaces. Particularly, for Russian steels the 
main contribution to RE is related to the phosphorus segregation at intergranular and 
interphase boundaries [1,2]. The phosphorus segregation at point defect sinks can be 
important for the radiation-induced phosphides formation too [2,3]. 

Two alternative approaches are usually used for modeling impurity atoms and 
alloying element accumulation on GB in alloys under irradiation [1,4-6]. One of them is 
the McLean's kinetic model for a component accumulation on GB due to Gibbsian 
adsorption (GA) modified to account for the radiation-enhanced diffusion via the vacancy 
mechanism. Such an approach has several limitations: 1) radiation enhancement of 
diffusion via interstitial mechanism is not considered, 2) radiation-induced segregation 
(RIS) of alloy components near GB is ignored, 3) Guttmann's equilibrium GB component 
concentrations in thermal annealing conditions [7] are used as an upper limit of ones in 
irradiation conditions. In an alternative approach, RIS near GB in dilute binary alloys is 
considered to neglect the GA of components on GB. Phosphorus concentration on GB is 
calculated simply by doubling the concentration at the nearest to GB lattice plane. 

The aims of the present paper are as follows: 1) to study relative contributions of 
RIS and GA to the component segregation at GB in multicomponent alloys under 
irradiation with application to phosphorus and nickel accumulation on GB in iron alloys, 
2) to generalize McLean s model for irradiation conditions and to model the phosphorus 
accumulation on GB in a wide range of temperatures and doses, 3) to calculate the 
phosphorus segregation near GB using the model of RIS in ternary Fe-P-Ni alloys, 4) to 
evaluate a sensitivity of model predictions to a variation of diffusion parameters of Fe and 
P in iron alloys. 

For this purpose, the systems of equations for component and point defect fluxes 
from the matrix to GB and in the matrix of multicomponent alloys under irradiation is 
formulated on the base of linear non-equilibrium thermodynamics. Differences in 
component diffusivities both via vacancy and interstitial mechanisms in the matrix as well 
as GA of components on GB are considered. A physical criterion permitting to divide the 
temperature scale into two regions with different mechanisms of GB component 
accumulation is formulated. In low temperature region a "kinetic" equilibrium is 
established between matrix and GB component concentrations due to point defect fluxes. 
In high temperature region both RIS and GA are responsible for a "thermodynamic" 
equilibrium between these concentrations. Analytical expressions for steady state 
component profiles near GB and for component concentrations on GB are derived for a 
wide range of temperatures. These expressions allow one to treat the competition of 
components (in particular, phosphorus and nickel in pressure vessel steels) both in 
equilibrium segregation on GB and in RIS near GB. In the absence of irradiation the 
expressions are reduced to the well-known Guttmann's expressions for equilibrium 
segregation on GB. 

In the present paper modeling of phosphorus accumulation at GB in iron alloys is 
carried out using two different kinetic models: 1) the McLean's model, generalized to 
take into account the radiation-enhanced phosphorus diffusion via vacancy and interstitial 
mechanisms as well as RIS near GB, and 2) a model of RIS in a ternary Fe-P-Ni alloy 
accounting for a binding energy of undersized phosphorus atoms with interstitials as well 
as a possibility of high phosphorus content near GB at large irradiation doses. 
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Predictions of  these models regarding the dependence on temperature, dose and 
material diffusion parameters available are analyzed. It is shown that the GB phosphorus 
concentration calculated as a function of  temperature reveals one or two maxima 
depending on dose and on the choice of  material parameters. The results point to a high 

�9 . 

sensitivity of  model predictions to the scatter in experimental data available on diffusion 
parameters of  Fe and P in iron alloys 

Steady-State Segregation 

In order to apply the McLean's approach to the component accumulation on GB one 
should know limiting concentrations on GB at a large time. In thermal annealing 
conditions those are given by the Guttmann's expressions [8]. Under irradiation these 
concentrations correspond to the steady-state segregation, when component fluxes in the 
matrix Jk and ones from the matrix to GB jk are equal to zero while point defect (PD) 
fluxes to GBj~  ( a  = v for vacancies and a = i for interstitials) are constant. The steady- 
state component profiles C k (r) ,  where r is the distance from GB, in the matrix as well as 

the steady-state component concentrations C g on GB are established at a sufficiently 

large irradiation time (see below). Under the steady-state 
J ~ = j k = O ,  j = j ~ o = j  = j , o = 6 K R g ,  (1) 

where z is the cascade efficiency, K is the PD generation rate, index "0" denotes an alloy 
with no segregation, Rg is the size of  a cell, from which PD are absorbed on GB (see 

[9]), which is of  the order of  PD free path length. In Eq (1) biasing of  PD sinks caused by 
their stress fields as well as by RIS [10] were neglected. 

Steady-State Component Profiles near Gram Boundary 

By estimates, under irradiation the steady-state PD concentrations are established 
during the time of  the order of  1/(Dvp,) ,  where Ps is the PD sink strength. The 

characteristic time needed for establishing the steady-state component profiles near PD 
sinks is larger by several orders of  magnitude. This is due to a large difference in diffusion 
coefficients of  PD, D a = ~ d j a C  j , and components D k = dk, C , + dkvC ~. PD profiles 

J 
near sinks change during establishing the component profiles. However, such a change is 
insignificant. Therefore, the steady-state vacancy concentration profiles Cv0 (r) in an 

alloy with no segregation [9] as well as the condition Ja(r) = Jao(r) (ct = i,v) will be 

used below to obtain the steady-state component profiles near GB. 
To derive analytical expressions for steady-state component profiles the following 

fluxes of  components and PD in a concentrated substitutional alloy will be used 
Jk = -DkctkVCk + Ck (d~,VC~ - dk, VC , ) =0, (2) 

Jvo = "Iv = -D~VC~ +C~.,d~,otkVCk, 
k 

J,o = J, = -D, VC, - C, ~ d~aeVCk , (3) 
k 
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where a k is the thermodynamic factor. 

Any correlation effects, external forces and the dependence of PD activation energies on 
alloy composition [1,11] are ignored. 

Eq (2) can be written as follows 

VC k - Ckd~' VC~ - d~C-------L VC,. (4) 
a~:Dk ctkDk 

Eq (4) can be solved analytically taking ~ Ck = 1 (in this case ~ VC k = 0 ) and using 
k k 

the additional simplifications: l) a s = 1 and 2) PD profiles Cv and C, near GB can be 

replaced by Cv0 and C,o (then D k ~.DvoCvo(d~/Dvo +dk,/D,o)).  In this case the 

solution of Eq (4) has the following form [12] 

Ck Go(C~o / < C~o >)g~ _ , (5) 
>) p' XC,  o(C~ol < C~o 3~ 

J 

where g ~  = gm /(DvoD,ofo), g ~  = dk,,dN, -d~dNv,  

s~ N.st.W 
< C,0 > is the average vacancy concentration in the matrix [10], D~0 and D,~ are the 

vacancy and interstitial diffusion coefficients in an alloy without segregation. The index 
"N" stands for one alloy component picked out from major alloy components (for iron in 
a Fe-P-Ni alloy below). 

Steady-State Component Concentrations on GB 

Since an atomistic model of GB in alloys is absent at present, for a crude estimation 
we will use below a model developed in Refs[8,13] together with linear non-equilibrium 
thermodynamics approach for point defect and component fluxes in the matrix and from 
the matrix to GB at times when the system is approaching to the steady-state. Following 
Guttmann [8] and Defai and Prigogine [13], GB will be considered as a fiat layer of the 

width d in which chemical potentials of components /~g and thermal equilibrium point 

defect concentrations C g (a=v and i for vacancies and interstitials, respectively) differ 

from those in the matrix, /~  and C b . GB is considered as a perfect sink or source of 

PD (/z g =/ t  g = 0) separated from the matrix by a distance b of the order ofinteratomic 

spacing. 
PD and component fluxes J in the matrix are proportional to gradients of chemical 

potentials if correlation factors and external forces are ignored (see a comprehensive 
review by AUnatt and Lidiard [14]). PD and component fluxes j from matrix to GB will 
be constructed as a discrete analog of J by replacing the gradients with differences of 
chemical potentials divided by b. The flux Jk of a component "k" between GB and the 

nearest crystallographic plane in the matrix can be written as 
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Jk = J~ + J~-J~, (6) 

where j [  is the term determined by the difference in chemical potentials of "k" atoms on 

GB and in the matrix, jj~ and j~ are the terms determined by the fluxes of interstitials 
and vacancies to GB, respectively. 
Accounting for these terms one can write the fluxes Jk and PD fluxes Ja to GB as 
follows 

Ab~bf~b b J~, _ __D~C~ (.,u~ - u~) ~_ - -~ ,  ~k (.U ,--U f) --~.~4=f'br~k (,U~ --,U~) (7) 
kT b kT b kT b ' 

C~ V a ~ r ~  (~,~ -~,~) C~ y a~c~ (p~ - / ~ )  (8) 
Jv = - kT Z~k --~'~k b kT k b ' 

b C b b b =C~, g-, 4~eb (l~ - p [ )  + - - ~ d ~ C k  (pb - u f )  
J' kT ~-~ '~k  b kT k b ' (9) 

where "g" and "b" indexes denote GB and its nearest plane in the matrix, C k and C a are 

the component and PD concentrations, respectively, d~a and dg are the component "k" 
diffusivities corresponding to atomic jumps from the matrix to GB and back, respectively, 
D~ = d~C b, +d~C~. In nqs (7) to (9) it was taken into account that PD migration 

energies E~ "b between GB and the nearest plane can differ from those E~ at large 
distances from GB. 

In steady-state conditions one can obtain from Eqs (7) and (1) 
db(,b t-]g('~bg'lg ) 

~ - '  ~ - ~ - ~  ~ b + ( e k , - e ~ ) : p ~ + e  k (10) /.tg=p~ ~. DE b b =/Zt: + I ~  ,U, ].1 v 
Dk CE 

The "kinetic" term t k in Eq (10) disturbs a "thermodynamic" equilibrium between 
component concentrations on GB and in the matrix. The relation between these 
concentrations can be obtained by inserting the Guttmann's expression [8] for p~g in 
Eq (10) 

C[ exp( f l ' - ~ : I C ~  c ~ J  C~=%-i- CN= exp('fl~, m%-I-c~)CN= ~ex ( 'AG'p ~ k T + 8 . , )  (11) 

where ,fl~=6~ IkT,  , ~  = (Ck, -6N~)IkT, the difference in free enthalpies of "k" and 

"N" components on GB, AG~v was defined elsewhere [7]. 

Using Eq (1) and the approximation C]0 = Coo(b ) ~ C~ +6KRgb/D~ [9], one can 

obtain the following estimates offl~, and 6~v 

(d~d ~ - d  ~ a~ ].c'= 
b b b ' 

fl = flo eKbR= 
l+f lo , f lo  D~=.C~/C, 

- = ~ ( 1 3 )  
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In Eq (13) the thermal equilibrium vacancy concentration on GB Cvge can significantly 

exceed Cvbe in the matrix. D~, is the self-diffusion coefficient of component "k" near GB, 

< d~ > is the component diffusivity, averaged over the component concentrations on GB 

( a  = v ) and in the matrix ( a  = i ). 
The temperature dependence of flkv and 8~v keeps mainly in the strongly 

temperature dependent parameter r0 (see Fig. 1 below). Physically, flo equals the ratio 

of the PD flux from the region Rg to GB due to irradiation eX_Rg (this flux is responsible 

b g C:eb for R/S) and the flux of thermal vacancies between GB and the matrix D N C  / 

(this flux is responsible for thermodynamic equilibrium between GB and the matrix due to 
thermal vacancies). So, the parameter r0 divides the temperature scale into two regions 

of different mechanisms of the GB component accumulation. At low temperatures 
(fl0 >> 1 ) a "kinetic" equilibrium governed by PD fluxes is established between matrix 

and GB component concentrations. At high temperatures (]3 0 <<1) both RIS in the 

matrix and GA are responsible for a "thermodynamic" equilibrium between these 
concentrations. 

"Thermodynamic" and "Kinetic" Equilibrium between the Matrix and GB 

Since the denominator in Eq (13) increases exponentially with increasing the 
g b temperature, flo << 1 and fl~C k /Ck << 1, 8~v << 1 at sufficiently high temperatures. 

The same inequalities are valid at low PD generation rates. In these cases Eq (10) is 

reduced to /_t g =/t~ and the solution of Eq (11) with account of Eq (5) can be solved 

using Guttmann's approach [8]. The solution has the following form 

Ceo (C~bo / < Cu0 >)~'" exp(AG~/kT) C ff (14) 
n 

~Cjo(C~o / < Cvo >)g~ �9 exp(AGjN/kT) 
J 

where C~b0 = Cv0 (b). 

The analytical expression (14) allows one to treat the competition and cooperation of 
components both in the equilibrium adsorption on GB and in RIS near GB. In the absence 
of RIS (K=0 or g~v -- 0) these expressions are reduced to the well-known Guttmann's 

expressions [8] for multicomponent alloys. 
At low temperatures (,8o>>1) PD fluxes from the matrix to GB significantly exceed 

the flux of thermal vacancies between the matrix and GB. This leads to a "kinetic" 
equilibrium between them. Then Eq (10) is reduced to sk, ~ 6~ and the relation between 

g 
steady state component concentrations on GB Cu and in the nearest to GB 

b 
crystallographic plane in the matrix C k has the following form 
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b b 
Ck d~, / d~ (15) C ( -  ~ ~ , 

EC, 
1 

where C~ should be taken from Eq (5) after replacing C~o with C~o. 

Component diffusivities d~ corresponding to their jumps from GB to the matrix can be 

expressed in terms of jumps in the opposite direction d~ using detailed balance in 

thermal equilibrium conditions when Guttmann's relations between component 
concentrations in the matrix Ck0 and on GB C~, are valid. Then Eq (15) takes the form 

/ ~ (16) 
= exp(A  /kr)d  d s 

~ C ,  b exp(AG,~ b b / kT)d~ / dr, 
.I 

Applying Eqs (14) and (16) to phosphorus in iron-based alloys one can see, that at low 
temperatures, when phosphorus concentration on GB approaches unity according to 
Eq (14), the same holds according to Eq (16), i.e. both equations lead to the same result 
in low temperature region. 

Modeling of Phosphorus Segregation on Grain Boundaries in Iron-Based AHoys 

Although the equations for PD and component fluxes in the matrix were formulated 
above for concentrated alloys, they can be used also at low contents of an undersized 
alloying component "m" which forms bounded mixed dumbbells, such as P, Si, S etc. in 
iron-based alloys. In this case the analysis given above remains valid after replacing of 

d,,, with ~. din,, where ~ = exp(E~/kT), E b is the mixed dumbbell binding energy 

[15]. But, if due to RIS the concentration of m-component becomes high near GB, more 
complicated equations should be used [16]. 

For the present the accumulation of phosphorus on GB in ferritic steels at low 
irradiation temperatures is usually calculated taking into account only R.IS near GB [4,5]. 
In Refs[4,5] an atomistic model for the migration of substitutional solute atoms in dilute 
binary s alloys under irradiation developed earlier in [17,18] was used to calculate the 
phosphorus accumulation on GB in ferritic steels�9 Later a similar model for b.c.c, dilute 
binary alloys was developed in Refs[19,20]. The merit of these models is a correct 
account of all various jumps of solute atoms via vacancy and interstitial mechanisms. The 
limitations are as follows: these models are applicable only at low solute concentration 
near GB and do not account for component competition in RIS. In addition, the four- 
frequency model was choosen in Refs[19,20] for the vacancy mechanism of phosphorus 
migration in a-Fe, assuming that there may be a significant interaction between a solute 
atom and a vacancy only at the nearest-neighbor separation. This model is a particular 
case of more general five-frequency model developed in Ref[21], where the solute atom- 
vacancy interaction at larger separations was considered. Molecular dynamics 
calculations of phosphorus atom-vacancy interactions [22,23] and vacancy migration 
energies [23] in the neighborhood of phosphorus atom in ct-Fe using interatomic 
potentials from Ref[24] pointed out to a significant binding energy (0.39 eV) between P 
atom and a vacancy at the second-neighbor separation. So the five-frequency model 
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seems to be more applicable for vacancy mechanism of P migration in ~-Fe. Since at low 
temperatures phosphorus concentrations near GB can be high due to RIS (see below) and 
a competition of phosphorus with other alloying elements (S, Si, Ni etc.) can influence its 
segregation near GB, we will use below a model of RIS in ternary alloys developed in 
Refs[15,16] in order to model RIS near GB in a Fe-P-Ni alloy. This model accounts for a 
binding energy of phosphorus atoms with interstitials as well as a competition of P and Ni 
in RIS near GB. It has covered RIS arising both due to inverse Kirkendall effect and due 
to migration of interstitial-solute atom complexes. In the particular case of binary alloys 
this model is reduced to one developed in Ref[25]. The approach in Refs[15,16,25] 
differs from one developed in Refs[26,27], where a nonrandom occupation of interstitials 
by atoms of different components is simply accounted for by modifying the diffusion 
coefficients (see discussion in Refs[25] and [15]). The model predictions are discussed 
below together with ones based on the modified McLean's model. 

Generalization o f  the McLean s Model to Irradiation Conditions 

At present for modeling of GB phosphorus accumulation under irradiation at high 
temperatures the McLean's equilibrium model [27] is modified[I,4,6]. In this approach 
only vacancy mechanism of the radiation-enhanced phosphorus diffusion is considered, 
and the equilibrium GB phosphorus concentration is determined by Guttmann's 
expressions [8]. As shown above, at relatively high temperatures both GA and RIS are of 
importance and steady state GB component concentrations under irradiation should be 
determined from Eq (11) instead of Guttmann's expressions. In addition, the radiation- 
enhanced phosphorus diffusion via interstitial mechanism should be accounted for 
because this mechanism is thought to be major one under irradiation [4]. Thus, the 
McLean's model modification suggested is as follows: 
1) Radiation-enhanced diffusion coefficient of phosphorus Dp is used instead of self- 
diffusion coefficient 

Op = dpv<Cvo> + ~pdp,<C,o> (17) 
where <Cvo> and <C,o> are the average vacancy and interstitial concentrations in the 
bulk depending on the PD generation rate and sink density. 
2) Steady-state GB component concentrations from Eq (14), where phosphorus 
diffusivity via interstitials dp, should be replaced with ~dp, are used instead of Guttmann's 
equilibrium concentrations in McLean's approach. As was discussed above, these 
concentrations represent an approximation of correct ones and are valid in the limits of 
sufficiently low and high temperatures. Probably, these concentrations underestimate real 
ones at intermediate temperatures where flo(T) - 1 because of the binding of phosphorus 
atoms with interstitials (see Eqs (16) and (14)). 
3) Radiation-enhanced diffusion of phosphorus from the bulk to GB should provide 
increased phosphorus concentration not only on GB but due to RIS also in the matrix 
near GB. Therefore, an effective GB width defis used in calculations instead o fd  

2b " C , ( j . b ) ,  (18) 

where Cp(r) - related to RIS phosphorus concentration profile near GB, n is deduced 
from the following equation nb -- Rg. 
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Input Parameters 

Modeling of  phosphorus accumulation on GB and radiation-induced segregation of  
phosphorus near GB was carried out using models discussed for the ferritic ternary Fe- 
1.07Ni-0 018P (wt.%) alloy with the same Ni and P contents as in the pressure vessel 
steel investigated in Refs[3,4]. Experimental data available and estimates of  diffusion 
parameters of  Fe and P in iron alloys offer a wide scatter. Therefore two different sets of  
the parameters were used in calculations. In the Set 1 most of  the input parameters were 
taken from [3,4]: phosphorus and iron self-diffusion coefficients are 

D e =7.12.10-3exp(-2.67eV/kT)m2/s and Dye =5.10-Sexp(-2.6eV/kT) m2/s, 

respectively, GB width d=-0.33 nm, b=d, AGp =0.43 eV, AGN, =0.12 eV. In the 

calculations the interaction of  P and Ni on GB [3] as well as a possible alteration of  p,. 

during irradiation were ignored. Other parameters were taken as follows: z =0 1, the 

recombination coefficient /z R =8.1020 m -2 , Fe, Ni, and P migration energies 

E~e,v = E~,,v = 0.6 eV, E~v = 0.67 eV, E~e,, = E~, = E~r,,, = 0.3 eV (see [28] for Fe), 

P-interstitial binding energy E b = 0.3 eV. In order to account for Ni enrichment 

observed at PD sinks in f.c.c and b.c c. iron-based alloys it is suggested that the ratio of  
Fe and Ni diffusivities via vacancy mechanism is equal to 2 5. The Set 2 of  parameters is 
based on ones used in [4] and adopted in [20]" 
E ; , . v = E ~ . v = E ~ = I . 2 e V  , E;e,, :E~, ,  :E;. ,  =E~:O.15eV,  s=l,d~,.o =d~, 0 : 

= 5. lO~m/s  2, d~r,.o = 2 5. l O - 6 m / s  2 . Other parameters are the same as in the Set 1. 

Results and Discussion 

Calculations were performed for the dose rate K=10 "9 dpa/s and for two constant 
values of  PD sink strength ps = 1014 m-2, 1013 m 2. In Fig. 1 the temperature dependence of  
the parameter t o  is shown for the Set 1 of  input parameters at three values of  the 

effective activation energy E, = E,d - (E l  'b - E f  "g ), where E,e is the self-diffusion 

activation energy in ot-Fe. Since the value o f t0  is sensitive to the difference in vacancy 

formation energies in the matrix, E f  "b, and on GB, E f  "g, the calculations were 

performed taking E f  "b - E l  "g= O, 0.2 and 0.4 eV. It is seen that the temperature 

dependence is very sharp and the temperature To determined from the equation t 0  = 1 

decreases significantly with decreasing E,. Since the main temperature dependence of  t0  

is related to E,, a change of  the parameter set and Ps only slightly influences To due to Rg 
changing. In all cases considered the conditions ,30 << 1 and t0  >> 1 are valid in wide 

ranges of  temperatures. 
Steady-state GB component concentrations in Fe-I.07Ni-0.018P (wt.%) calculated 

using Eq (14) for Set 1 of  parameters, K=10 9 dpa/s and p,=1014 m "2 are shown in 
Fig. 2(a). The calculation demonstrate that steady-state GB phosphorus concentration 
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is higher than thermal equilibrium one defined by Guttmann's expressions [8] in the 
temperature range 100-500~ This is due to RIS of phosphorus in the matrix near GB. 
Despite the fact that nickel is allowed to enrich the matrix near GB due to RIS via 
vacancy mechanism and nickel atoms have a positive "binding energy" with GB, the 
enrichment of GB with nickel is absent at temperatures _< 350~ This is related to a 
competition between nickel and phosphorus both in RIS near GB and GA on GB. It 
should be noted that in the present calculations a cooperation of these components in GA 
on GB [1,6] was not taken into account. Possibly, such an account could increase the 
nickel content on GB. In Fig. 2 (b) a crude estimate of the steady-state GB component 
concentration is made taking into account only RIS near GB. Eq (5) at r = 0 was used for 
the estimate, i.e., the matrix was continued up to the GB layer. In this case (in the 
absence of GA) the calculated nickel concentration on GA is significant at temperatures 
250-300~ 

In Fig. 3 experimental data on phosphorus concentration near GB in the Russian 
pressure vessel steel 15Kh2MFA irradiated at 270~ with neutron fluence of 1024 n/m 2 [1] 
along with the calculated phosphorus profiles for two sets of input parameters at K=10 9 
dpa/s and ps=1014 m "2. The calculations were carried out using the model of RIS in 
ternary alloys developed in Refs[15,16] and discussed above. Earlier this model was 
applied for modeling Si segregation near GB in irradiated Fe-Cr-Ni alloys [16]. The 
phosphorus concentration at the distance of 30 nm from GB for the Set 1 of parameters is 
much lower than one for the Set 2. This is mainly due to a relatively small size of 180 nm 
of the computational sell in the former case. This case should be recalculated for larger 
sizes of the cell. Both the experimental data and calculations reveal a significant 
enrichment of the matrix near GB with phosphorus due to RIS even at this relatively high 
temperature. The difference in experimental and calculated phosphorus profiles in a near 
GB region can be related to two reasons: 1) a pure knowledge of the ratios of component 
diffiasivities which determine RIS, 2) an ignored additional RIS of components during 
sputtering, which was used in the experiment of Ref[1] (see Ref[29]) 

Figure 4 shows the results of calculation of GB phosphorus accumulation using the 
generalized McLean's model described above. The calculation was made for two sets of 
parameters, p,=10 ~4 m 2, K=10 -9 dpa/s and four exposures: tl=l month, t2=l year, t3=10 
years, t4=30years. Additional calculations with the McLean's model in isothermal 
conditions without irradiation demonstrate an absence of detectable GB phosphorus 
accumulation for these times at low temperatures up to 200~ due to low vacancy 
mobility. In irradiation conditions a significant GB phosphorus accumulation reveals at 
low temperatures due to the radiation enhancement of phosphorus mobility via vacancy 
and interstitial mechanisms as well as RIS. A comparison of the results for two sets of 
parameters in Fig. 4 shows that the model predictions are similar at temperatures above 
300~ and are qualitatively different at lower temperatures. The maximum at 450-500~ 
is caused by an increased phosphorus diffusivity and GA. In the low temperature region 
considered the GB phosphorus concentration decreases with increasing temperature for 
the Set 1 of parameters and increases for the Set 2 revealing an additional maximum at 
about 300~ This difference in phosphorus accumulation is related to the difference in 
mechanisms governing average PD concentrations in the bulk. These concentrations are 
determined by the PD sink strength for the Set 1 of parameters and by the PD 
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recombination for the Set 2 [12]. Inserting these concentrations in Eq (17) one can obtain 
the following estimates of radiation enhanced phosphorus diffusion coefficients Dp1 for 
Set 1 and De2 for Set 2 [12] 

_ (2Eb-E:  

where Do is the preexponential factor of vacancy diffusivity. 
It is seen from Eq (19) that De~ decreases with increasing temperature whereas Dpz 
increases in accordance with the results shown in Fig. 4. 

For the present any systematic experimental data on the temperature dependence of 
the GB phosphorus concentration in irradiated iron based alloys are absent. Only in 
Ret~30] experimental data on the phosphorus accumulation on GB in various pressure 
vessel steels are collected. However, a large scatter in dose rate (from l 0  "9 to  10 "12 dpaJs), 
irradiation dose (from 0.001 to 0.03 dpa), alloy composition and microstructure leads to 
a significant scatter in these data. If to average various data at a given temperature, as it 
was done in RetI30], then the temperature dependence of averaged data reveals two 
maxima with the low temperature maximum at 250-300~ This agrees qualitatively with 
the model predictions for the Set 2 of parameters in Fig. 4. However, more accurate data 
are needed for a definite conclusion. 
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Abstract: Embrittlement of low-alloy steel components used in the nuclear power 
industry is classified into hardening embrittlement and non-hardening embrittlement. 
Hardening embrittlement stems from precipitation of carbides or copper-rich 
compounds. Non-hardening embrittlement results mainly from grain boundary 
segregation of phosphorus. To examine the non-hardening embrittlement in 2.25Cr 
1Mo steel, phosphorus intergranular segregation in samples subjected to neutron 
irradiation and thermal aging at 270~ and 400~ is determined by modelling and 
transmission electron microscopy. The ductile-to-brittle transition temperature for the 
steel is determined by means of small punch testing with 3 mm diameter disc 
specimens. It is indicated that there is a reasonable agreement between the behavior 
of intergranular phosphorus segregation and shifts in the ductile-to-brittle transition 
temperature. Measured and predicted phosphorus intergranular segregation in a range 
of pressure vessel steels is also discussed. 

Keywords: grain boundaries, segregation, neutron irradiation, steels, ductile-to-brittle 
transition, and analytical electron microscopy 

Introduction 

The exposure of low alloy steel to higher temperature heat treatment or neutron 
irradiation is known to cause intergranular segregation of elements such as P, S, and 
Si [1]. This, in addition to yield point increases caused by neutron damage inducing 
copper-rich precipitates to form, is responsible for toughness reduction in neutron 
irradiated material. Conventional aging treatments, without irradiation, can also cause 
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2 Manager of Structural Integrity, BNFL Magnox Generation, Berkeley Center, 
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190 EFFECTS OF RADIATION ON MATERIALS 

P inter-granular segregation in certain critical temperature regimes [2]. The decrease in 
toughness experienced is usually demonstrated by an increase in the ductile to brittle 
transition temperature in these steels. A series of impact energy tests at different 
temperature will thus confirm the effect. However, in the neutron irradiated situation 
it is costly to expose large quantities of material to the neutron flux and to measure 
their properties, because of the need to work with radiological protection. Therefore it 
is desirable to use small specimens to detect the effect. This paper discusses the use 
of these small Charpy specimens and the utilization of a ball punching method for 
small disc-type specimens to study the DBTT shifts as a function of neutron 
irradiation and temperature. The results are discussed in terms of the observed and 
modeled inter-granular P segregation behavior. 

Materials 

Low alloy steel is studied. The chemical composition is given in Table 1. 

Table 1 - Steel Alloy Compositions, wt.% 

Material C Mn S P Si Cr Ni Mo Sn As Sb 
Low Alloy .09 .46 .01 .04 .27 2.3 .15 1.0 .01 .01 .01 
Pressure .18 1.3 .02 .02 .36 Cu- 0.1 
Vessel 

The phosphorus content is 0.039 wt.%, equivalent to 0.072 at.%. The material was 
induction melted in At. The resulting ingots were hot-rolled to 10 mm diameter rods 
and austenitised at 1150~ for 2 hours, furnace cooled to 950~ held for 1 hour and 
oil quenched. They were toughened at 650~ for 2 hours, followed by water 
quenching. The rod samples were cut into quasi-prepared discs 3 mm in diameter and 
0.5 mm thickness and also mini-Charpy V-notch specimens 3mm x 4mm x 27mm in 
size (Fig. la  and b respectively). After neutron irradiation or thermal treatment at 
270 ~ C for 46 days or 400 ~ C for 86 days, the discs were ground to a 0.25 mm 
nominal thickness for the disc ball punch testing [3]. 

Observed and predicted intergranualr segregation behavior is also discussed for a 
range of pressure vessel steels. The general composition of such steels is given in 
Table 1. 

Neutron Irradiation Program 

Material irradiation was performed in a thermal light water research reactor, 
named SAPHIR, operated by the Swiss Federal Research Institute for Reactor 
Research at Villigen, Switzerland. The reactor operates with a thermal power output 
of 10 MW. The thermal neutron flux is 8 x 1013 n cm "2 s 1 at the core edge and up to 
1.2 x 1014 n cm 2 -1 . . . . . .  s m the central trradlatton posmons. In this work specimens were 
irradiated for 46 days with a neutron dose rate of 1.05 x 10 -8 dpa s l at 270~ (42 
mdpa) and for 86 days at a neutron dose rate of 1.75 x 10 s dpa s a at 400~ (130 
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mdpa). Thermal control specimens were aged at similar times and temperatures to 
simulate the heating effects of the irradiation. 
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Mechanical Testing 

The small ball punch test technique has been described in great detail in references 
3 and 4. In brief the test jig consists of a disc specimen and a specimen holder. The 
holder is comprised of upper and lower dies, and four clamping screws. This 
facilitates prevention of cupping upward during punching and plastic deformation is 
concentrated in the region immediately below the lmm diameter ball punch. Fig. la 
gives a schematic picture of the test jig. 

Specimen 

~ ~ i '  Punch 
atom XSrnm 

clamping screws 

ih_~I : -,J I ,I 

I ~ Punch follower 

c~ I mm ball 

Ill l! 111 

27 *Q,Q~ 

I I]. 5 ~0.01 "1 

(o) 

3 iO.~.l 

Fig. 1 Schematic diagram of: (a) the test jig; (b) mini-Charpy specimen. 
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192 EFFECTS OF RADIATION ON MATERIALS 

The small punch test is performed on a Universal test machine, a Hounsfield 
H10KM, equipped with an environmental chamber cooled with liquid nitrogen. Each 
test is carried out with a constant crosshead speed of 0.1 mm m i n .  Two identical 
miniaturized jigs are used for testing. Three to six specimens are nsed for each test 
result. The temperature is controlled by a chromel-alumel thermocouple place in the 
environmental chamber and a second thermocouple is used to measure the actual jig 
temperature. During testing, the load displacement data are recorded at every 4 Ixm 
displacement and stored in a microcomputer that allows the data to be subsequently 
processed. 

Mini-Charpy testing (specimen details are shown in Fig. l(b)) is accomplished on 
a machine developed at EPFL-CRP Fusion Technology, Villigen-PSI, Switzerland 
[5]. It has been shown from testing of other ferritic materials that the DB'Iq's 
determined from the mini-Charpy test are approximately 50~ lower than those 
determined by the standard Charpy test. Since only limited material was available, 
the mini-Charpy test was only conducted on 270~ aged and irradiated samples and 
only one specimen was tested for each temperature. 

Fracture surfaces of thermally aged samples were examined on a Cambridge 
Stereoscan 360 SEM and for the irradiated samples a JEOL JSM 840A SEM. 

Experimental Intergranular Segregation Measurement 

Phosphorus concentrations on grain boundaries in comparison to the bulk are 
expressed in terms of enrichment ratios measured from observations of thin film 
specimens in the VGHB501 field emission gun scanning transmission electron 
microscope and on grain boundary fracture surfaces in the JEOL scanning Auger 
electron spectrometer. 

Results 

Ball Punch Tests 

Typical load displacement curves are shown in Fig. 2. The maximum load 
increases with decreasing temperature and the elongation to failure decreases. The 
energy of fracture is normalized to allow for specimen-to-specimen variation. The 
concept of specific fracture energy (SFE) is used. The SFE is defined as the fracture 
energy per unit specimen thickness. The fracture energy is measured from the area 
under the load displacement curves. The SFE as a function of temperature is shown 
for all samples in Fig. 3. 

The yield strength may be evaluated from the small punch test using a formula due 
to Mao and Takahashi [6]. 

0.36Py 
O'y --~ t2 
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Fig.2 Typical load extension curves determined by the small ball punch test for:. (a) 
irradiated; (b) non-irradiated materials. 
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where Py is the yield load at the point where the load-extension curve deviates from 
linearity in newtons and t is the initial specimen thickness in nun. The yield strength 
as a function of test temperature is shown in Fig. 4. 

Mini-Charpy Tests 

The limited mini-Charpy test data from the 270~ aged and irradiated material are 
shown in Fig. 5. 
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Figure 3. Specific fracture energy (SFE) as a function of temperature for the 
specimens aged and irradiated at 270~ and 400~ respectively, determined by the 
small punch test. 

Intergranular Segregation Measurements 

A combined survey picture of the experimental results obtained for P grain 
boundary segregation in pressure vessel steels as a function of temperature is shown 
in Fig. 6. It should be emphasized that these results come from experiments with 
widely-differing conditions of dose, dose rate, composition and microstructure and 
should therefore only be reviewed in a qualitative sense. There is always a base level 
enrichment caused by equilibrium and non-equilibrium processes occurring during 
prior heat treatment (solution treatment, aging, stress relief annealing, welding). This 
contribution is subtracted out from the results quoted in the figure. 

Discussion 

The majority of atoms apart from carbon and nitrogen are immobile at 270~ 
This means that it is unlikely that 270~ ageing will cause any embrittlement. There 
is no confirmation of this because no archive specimen data are available, but it seems 
a reasonable assumption. Fig. 3 confLrms this, suggesting that the DB'I~ shifts 
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Figure 4. Yield strength as a function of temperature (a) for the specimens aged and 
irradiated respectively at 270~ and (b) for the specimens aged and irradiated 
respectively at 400~ with that for the 270~ specimens plotted for comparison, 
determined by the small punch test�9 

Upwards after ageing at 400~ and after irradiation at 270~ and 400~ in increasing 
amounts. The only curve that can be analyzed to define a transition temperature is 
that of the 400~ irradiated material. If the temperature at the mean of the maximum 
and minimum SFE values in horizontal portions of the curve, the DBTT for this 
material is -155~ The other treatments do not extend to low enough temperatures 
to get a sufficiently horizontal portion to the curve to make this determination. The 
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Figure 5. Charpy impact energy as a function of temperature for the specimens aged 
and irradiated respectively at 270~ determined by the mini-Charpy test. 

fact that all curves in Fig. 3 go though a peak seems to be a characteristic of data from 
the small punch test [4,7,8]. Other workers have demonstrated that small punch 
testing procedures can be used effectively to predict mechanical properties of 
austenitic steels [9]. 

The non-hardening effect of irradiation at 270~ is conf'n-med by Fig. 4a, which 
shows the change in Oy measured from the ball punch test. Nevertheless Fig. 5 
indicates that there is a drop in the upper shelf energy on irradiation and so some 
irradiation hardening cannot be ruled out. Certainly, RPV experience suggests that 
there should be some irradiation hardening at this temperature. A clearer picture is 
confirmed by Fig. 4b, where some hardening is seen during irradiation at 400oc. This 
is presumably due to some irradiation-induced carbide precipitation or defect cluster 
dislocation loop effects. It is also significant that Oy increases on moving from 270~ 
aging to 400~ ageing. This means that there is a thermal hardening effect that must 
be caused by additional carbide precipitation. 

The ductile to brittle transition temperature (DBT]?) effects seen in Fig. 3 indicate 
shifts according to the following order: 270~ age - 400~ age - 270~ irradiation - 
400~ irradiation. The results indicate that irradiation shifts the transition to higher 
temperatures more at 400~ than at 270 ~ C, although it should be emphasized that the 
400~ irradiations were for three times the dose of the 270~ irradiation. This larger 
shift at 400~ is supported by irradiation-induced segregation (RIS) solute drag model 
calculations for P GB segregation in these steels (Fig. 7) showing that at 270~ P 
enrichment at GBs caused by irradiation is only likely to be by factors of 1 or 2 (Fig. 
7a). At 400~ the enrichment ratio predicted is >10 (Fig.7b). The predictions in Fig. 
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Fig. 6 Experimental source data for Irradiation Induced Intergranular Phosphorus 
Segregation in Ferritic Steels. Thermal effects are subtracted out. Enrichment is the 
ratio of the segregated concentration to the bulk concentration. Reference key: a are 
AES data from Jones tl61, dose -- 2.287-2.656mdpa, dose rate = 1.7-3.3 x l 0  12 dpaJs; b 
are AES data from Jones [161, dose = 1.055-1.862mdpa, dose rate = 3,4-4xlff  12 dpa/s; c 
are AES data from Jones t16], dose = 1.929mdpa, dose rate = 3xl0lZdpa/s;  d are 
FEGSTEM data from Druce tlS], dose = 0.94mdpa, dose rate = 1012dpa/s; e are 

[151 FEGSTEM data from Druce , dose = 9.2mdpa, dose rate = 10"gdpa/s; f are AES data 
from Druce [15], dose = 9.2mdpa, dose rate = 109dpa/s; g are AES data f rom Druce t151, 
dose = 9.5mdpa, dose rate = 109dpa/s; h are FEGSTEM data from Druce tlS], dose = 
1.52mdpa, dose rate = 10lZdpa/s; i are FEGSTEM data from Druce t151, dose = 
8.61mdpa, dose rate = 10-gdpa/s; j are FEGSTEM data from Druce tlsl, dose = 
9.1 lmdpa,  dose rate = 109dpa/s; k are FEGSTEM data from Meade [17], dose = 
1.5mdpa, dose rate = 8 .9xl0l ldpa/s ;  1 are FEGSTEM data from Meade [17], dose = 
12.34mdpa, dose rate = 6.4xl0"r~ m are FEGSTEM data from Meade [171, dose = 
29mdpa, dose rate = 6xl0"gdpa/s; n are FEGSTEM data from Meade tiT], dose = 
38mdpa, dose rate = 6xl09dpa/s;  o are FEGSTEM data from Meade tlTl, dose = 
26.62mdpa, dose rate = 6.3xl0"9dpa/s; p are FEGSTEM data from Faulkner [l~ for 
21ACr-lMo steel, dose = 0.042dpa, dose rate = 1.05x10 -8 dpa/s; q are FEGSTEM data 
from Faulkner tl~ for 21ACr-lMo steel, dose = 0.13dpa, dose rate = 1.75x10 s d~a/s; r 
are AES data from Kameda and Bevolo [141, dose = 6.6 mdpa, 1.5 x 10 .8 dpa s .  

7 are supported by field emission gun transmission electron microscope observations 
[10]. Enrichment ratios of 2-3 for the 270~ exposure (appropriate to Fig. 7b) are 
observed. For the 400~ exposure enrichment ratios of around 30 (appropriate to Fig 
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Fig.7 Phosphorus inter-granular segregation as a function of temperature for 
irradiation conditions appropriate to a) 270~ irradiation and b) 400~ irradiation. 

7a) are seen. These observed ratios are corrected by subtracting out the ratio caused 
by the thermal ageing component measured from the thermal control samples. 

The net conclusion is that while there are some small irradiation-induced 
hardening effects, the majority of the DBTI" shifts can be explained by non-hardening 
behavior, i.e., grain boundary segregation of phosphorus. This is further supported 
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Fig.8 SEM micrographs for the 400~ irradiated samples tested at a) -56~ b) - 
92~ c) -130~ and d) -145~ The fractures become progressively more inter- 
granular as the temperature decreases. 

by the SEM pictures shown in Fig. 8. The majority of the mini-Charpy fracture 
surface in the 400"C irradiated material, the most severely embrittled material, is seen 
to be inter-granular (Fig,8d). 

The mini-Charpy data at 270~ (Fig. 5) are in reasonable agreement with the small 
specimen test results seen in Fig. 3. If the temperature corresponding to the mean 
value of the highest and lowest Charpy values is taken as the DB'rl ' ,  then the DBTT 
will be about-1150C for the 270~ aged material and about---88~ for the 270~ 
aged and irradiated material. The ZkDBTr is thus 27~ 

Assuming that the DBTT for mini-Charpy tests is about 50~ lower than for 
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Fig. 9 Theoretical predictions of P Intergranular Segregation in Ferritic Steels as a 
function of Temperature (dislocation density, 1 x 10 15 m 2, grain size 10 lma, dose 
rate 5 x 10 -t2 dpa s t ,  dose 5 mdpa). A summary of the experimental data from Fig. 6 
is also included. Two carbon contents are included in the solute drag theory 
predictions. Another solute drag prediction for a higher dose rate and dose (1 x 10 8 
dpa s 1 andl30 mdpa) is included. The rate theory predictions are taken from 
Druce t151. 

conventional tests in high alloy Fe-12 Cr steels [5], we obtain DBTrs of-65 ~ C for 
the 2700C aged material and -380C for the 2700C aged and irradiated material. The 
aged material result is consistent with values due to Wada and Hagel [11], who 
obtained similar values with the standard test on similarly heat-treated material. 

Kameda and Mao [7], working with ferritic steels indicate the following 
relationship for values from small specimen and standard Charpy tests, 

DBT'I'sot= 0.4 DBT'I'sct 

where the temperature is in K. Using the above figures for the 270~ aged and 
irradiated material (- 65~ and -38~ the DBTr for the aged material should be 
around -190~ and for the irradiated material it should be -179~ in the small 
specimen test. A rough assessment of our small specimen DBTTs from Fig. 3 
suggests that the aged material might have a DBTT of around -230~ and the 
irradiated material might have a value of-2200C. Kameda's results were taken from 
tests that were operated at much higher strain rates (1.2 - 2.0 mm rain l )  than ours 
(0.1 mm rain1). A theoretical analysis of this [12] suggests that the DBTT reduces 
with decreasing strain rate. As a consequence, the factor of 0.4 in the above equation 
might be smaller in our work. This, together with the fact that the arbitrary 500C shift 
between mini-Charpy and small specimen tests from Marmy [5] was estimated for 
much higher alloy ferritic steels, suggests that our DBTT results from the small 
specimens treated at 270~ are reasonable. 
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Figure 9 provides the appropriate modeling predictions of the temperature 
dependence of phosphorus grain boundary segregation in pressure vessel ferritic 
steels, and the experimental data taken from Fig. 6 are given for 
comparison/validation purposes. These experimental data are averaged where data 
points are clustered at a single temperature, i.e., 200~ 260"C, 280~ and 300~ 
and points p and q from Fig. 6 are omitted because they are from a 2.25% Cr 1% Mo 
steel, not a pressure vessel steel. 

The important modeling issue is that the solute drag-NES model [2] is very 
sensitive to the site competition effect when carbon is considered (Fig. 9). Carbon 
competes for sites on the grain boundary and within the complexes that are 
transporting the phosphorus to the grain boundary. Beere [13] and Kameda and 
Bevolo [14] have also shown that there is a relationship between carbon and 
phosphorus intergranular segregation in steels. The rate theory predictions of Druee 
[15] give quite good fits with observed data, because they have been curve-fitted. 
This automatically accommodates for any site competiton within the rate theory 
model. 

Two carbon concentrations are shown for the solute drag model at the lower dose 
rate (5 x 10 12 dpa s 1) for reasons described earlier. It is seen that the experimental 
curve fits reasonably well with the solute drag model predictions for free carbon 
contents within this range. It is possible that the variable carbon solubility in ferritic 
steel could change the situation. It is estimated from thermodynamic calculations that 
the solubility of carbon can increase by an order of magnitude over a 100~ range at 
the temperatures of interest here. This would have the effect of reducing the 
enrichment of phosphorus from the 50 appm to the 500 appm curve over the range of 
temperature occupied by the low temperature peaks seen in Fig. 9. 

The peak seen in the experimental curve at about 2900C is ex~,lained by the solute 
drag model predictions because higher dose rates (1 x 10 s dpa s ) shift the non- 
equilibrium segregation peak from 210"C to temperatures in excess of 300~ Since 
some of the experimental dat~ were from irradiations at higher dose rates, this peak 
would seem to position itself somewhere in the 250"C to 300*C regime. 

The rate theory predictions give good first with the experimental data but it must 
be remembered that they were curve-fitted to the available experimental data in the 
first place. 

It is worth commenting further that the experimental data were take from a wide 
range of dose and dose rates, and that the experimental analysis techniques differed in 
several cases. Where Auger electron spectroscopy (AES) is used the enrichment 
ratios are artificially high because the intergranular fracture necessary for these 
measurements always occurs along the most heavily segregated boundaries. It 
therefore seems inadvisable to attempt to 'normalise' these data to, say, a fixed 
fluence, any further. 

201 

Conclusions 

Thermal and neutron irradiation-induced embrittlement of a 2.25% Cr-lMo- low 
alloy ferritic steel studied by small ball specimen punch testing and mini-Charpy 
testing shows that the effects of 42 mdpa irradiation at 270~ are to increase the 
DBTI" but to maintain, or slightly increase, the yield strength. At 400~ with 130 
mdpa, both the yield strength and the DBTT axe increased. The increased hardening 
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is supposed to originate from increased carbide precipitation and cluster damage 
(which will be variable at each of the two irradiation temperatures because of the 
different doses used) whilst the DBTT shifts are caused by irradiation-induced 
phosphorus inter-granular segregation (RIS). This is supported by SEM fractography 
showing substantial evidence for intergranular failure in irradiated material. The 
relationships between DBTT results from small specimen ball punch tests, mini- 
Charpy tests and conventional Charpy tests are discussed and the small specimen and 
mini-Charpy test results given in this work are shown to comply well with 
measurements made on similar steels by the conventional method. 

Experimental and theoretical predictions of intergranualr phosphorus segregation 
in pressure vessel steels are summarized and discussed. Both solute drage and rate 
theory models are shown to adequately predict segregation as a function of the 
prevbailing experimental parameters. Site competition between carbon and 
phosphorus is seen as an important issue 
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Abstract: An extensive database of atomic displacement cascades in iron has been 
developed using the method of molecular dynamics (MD). More than 300 simulations 
have been completed at 100K with energies between 0.1 and 100 keV. This encompasses 
nearly all energies relevant to fission reactor irradiation environments since a 100 keV MD 
cascade corresponds to the average iron cascade following a collision with a 5.1 MeV 
neutron. Extensive statistical analysis of  the database has determined representative 
average values for several primary damage parameters: the total number of surviving point 
defects, the fraction of  the surviving point defects contained in clusters formed during 
cascade cooling, and a measure of the size distribution of the in-cascade point defect 
clusters. The cascade energy dependence of  the MD-based primary damage parameters 
has been used to obtain specmLm-averaged defect production cross sections for typical 
fission reactor neutron energy spectra as a function of depth through the reactor pressure 
vessel. The attenuation of  the spectrum-averaged cross sections for total point defect 
survival and the fraction of either interstitials or vacancies in clusters are quite similar to 
that for the NRT dpa. However, the cross sections derived to account for the energy 
dependence of the point defect cluster size distributions exhibit a potentially significant 
variation through the vessel. The production rate of large interstitial clusters decreases 
more rapidly than dpa whereas the production of large vacancy clusters is slower than dpa. 

Keywords: damage attenuation, displacement cascades, ferritic steels, modeling, 
molecular dynamics, point defects, pressure vessels, radiation damage 

Introduction 

Current regulatory practice in the United States calls for radiation-induced reactor 
pressure vessel (RPV) embrittlement to be predicted on the basis of the neutron fluence 
above 1 MeV [1,2]. The correlation of embrittlement with the so-called fast fluence (i.e. 
neutron fluence above 1.0 MeV) is rationalized by the assumption that most atomic 
displacements are generated by the high energy portion of the spectrum, and is well 
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2 Lead Scientist, Pacific Northwest National Laboratory, P. O. Box 999, Richland, WA. 
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supported by ongoing data analysis [3]. However, it is well known that neutrons of lower 
energy also contribute to embrittlement and the use of atomic displacements per atom 
(dpa) has been recommended [4,5] as an improved correlation parameter, particularly 
when differences in neutron energy spectrum must be accounted for. The change in 
neutron energy spectrum as a function of depth in the RPV is an important example of this 
situation. Because of  this through-thickness variation in the neutron energy specmnn, 
Revision 2 of Regulatory Guide 1.99 (RG-1.99/2) specifies that either dpa or an empirical, 
dpa-based exponential be used to obtain ari equivalent fast fluence for calculating Charpy 
shifts at locations within the vessel [1,2]. 

Differences in neutron energy spectra are manifested as differences in the energy 
spectra of the primary knockon atoms (PKA) produced in elastic collisions with these 
neutrons. Since low and high energy PKA can produce damage structures that are both 
qualitatively and quantitatively different from each other, a systematic investigation of the 
energy dependence of primary damage formation should provide some insight into how 
this damage may be attenuated through an RPV. The potential impact of differences in 
PKA energy spectra are amenable to investigation by displacement cascade simulations 
using the method of molecular dynamics (MD). MD simulations provide a detailed picture 
of the formation and evolution of displacement cascades, and recent advances in 
computing equipment permit the simulation of  high energy displacement events involving 
several million atoms [6-10]. The results presented below encompass MD cascade 
simulation energies from near the displacement threshold to as high as 100 keV. 

RPV Irradiation Environment 

Representative neutron energy spectra were obtained from Ref. [1 I] for typical 
pressurized water [PWR] and boiling water reactors [BWR]. The analysis described below 
was carried out for both reactor types, but the results presented here will focus on the 
PWR. The conclusions reached for the BWR are essentially the same as for the PWR, with 
the primary difference being that the relative change between the inner and outer 
diameters of  the BWR are reduced because the RPV thickness is ~156 mm whereas the 
PWR RPV thickness is -218 ram. Because of other design differences, the fast flux at the 
inner diameter of the RPV is lower for the BWR, ~ l . l x l 0  TM n/m2/s, than for the PWR, 
~7.5xl 014 n/m2/s. A previous analysis demonstrated that differences between the B WR 
and PWR neutron energy spectra were modest [12]. 

The neutron and PKA energy spectra for the PWR case are shown in Figs. 1 (a) and 
(b), respectively. To illustrate how the spectrum changes through the RPV, spectra are 
shown for three locations: 8 mm (the first RPV node from the transport calculations), and 
1/4 and 3/4 of the way through the RPV. The range of the MD cascade energies used in 
this study are included in Fig. l(a), where the four cascade energies shown represent the 
average PKAs from the neutron energies indicated by the arrows. An MD energy of  0.1 
keV is near the minimum required to yield stable displacements. Neutrons with energies 
below about 1 keV produce atomic displacements primarily from the recoils generated by 
neutron capture (n,y) reactions. Such recoils have energies of a few hundred eV. PKA 
spectra calculated with the SPECTER code [13] for each of the neutron spectra in Fig. 
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Figure 1 - Neutron energy spectra (a) and PKA spectra (b) for three locations in 
a typiealpressurized water reactorpressure vessel. 

l(a) are shown in Fig. l(b). The average PKA energy and its corresponding damage 
energy are indicated for each PKA spectrum. The difference between PKA and damage 
energy is discussed in the next section. 

MD Cascade Simulations 

The MD displacement cascade simulations were carried out using the MOLDY code 
[14], and the interatomic potential for iron that is described in Refs. [15 and 16]. The 
MOLDY code simply describes elastic collisions between atoms and does not account for 
energy loss mechanisms such as electronic excitation and ionization. Therefore, the 
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cascade energy EMD is analogous to the damage energy in the secondary displacement 
model by Norgett, Robinson, and Torrens (NRT) [17]. PKA energies that correspond to a 
given EMD can be calculated using the procedure described in Ref. [17], and the neutron 
energy required to generate PKA with a given average energy can be calculated for an 
elastic collision. For example, the highest MD cascade energy used in this work is 100 
keV. A 100 keV damage energy corresponds to an iron PKA energy of~!  76 keV, which is 
the average recoil energy from a collision with a 5.1 MeV neutron. Thus, the simulations 
encompass most of the neutron energy range experienced by fission reactor components. 

The energy dependence of several primary damage parameters have been obtained 
from the MD simulations. First is the total number of stable displacements created, with 
vacancies and interstitials being formed in equal numbers. These include all surviving 
defects present after in-cascade recombination is complete and the simulation cell has 
returned to thermal equilibrium. A simulation time of about 15 to 20 ps is required to 
reach this condition at the highest energies, Second, because many of the surviving point 
defects are contained in small clusters, rather than as isolated defects, the fraction of 
surviving vacancies and interstitials contained in clusters is determined. It is convenient to 
express these parameters as a fraction of the displacements predicted by the NRT model 
[17]. 

The energy dependence observed in the vacancy and interstitial cluster size 
distributions suggested that some method of accounting for their spectrum dependence 
should also be included in this analysis. A single parameter was chosen for both types of 
defect size distribution for this initial investigation, the number of defects in clusters above 
a specified size. Clusters containing 5 or more vacancies were observed only at cascade 
energies of 2 keV and higher, and interstitial clusters of 10 or more were observed only at 
20 keV and above. These apparent thresholds made the values of 5 and 10 convenient 
choices to evaluate the effect of energy on the vacancy and interstitial defect cluster size 
distributions, respectively. In-cascade clustering is significant because such clusters 
provide nuclei for the growth of larger defects and their formation directly within the 
cascade means that extended defects can evolve more quickly than if  the clusters were 
formed only by the much slower process of classical nucleation. The presence of relatively 
large in-cascade clusters could disproportionately contribute to the nucleation of  defects 
such as interstitial loops and microvoids. The number of vacancies and interstitials in 
"large" clusters is also expressed as a fraction of the NRT displacements at each energy. 

An initial statistical analysis of the cascade database up to 50 keV has been published 
previously [6], and the energy dependence of  total defect survival and interstitial 
clustering values are discussed in Ref. [18]. Since that time, a series of eight I00 keV 
simulations have been completed and the vacancy cluster analysis has been carried out on 
the complete database. The 100 keV results fall on a smooth extrapolation of the lower 
energy data, as shown in Fig. 2 for the total defect survival fraction. At each energy, the 
data point is an average of  between 8 and 128 cascades, with error bars shown indicating 
the standard error on the mean. These error bars are almost too small to be observed at the 
higher energies in Fig. 2, indicating that the minimum observed in the curve near 20 keV 
is statistically significant. The minimum arises from the extensive subcascade formation 
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Figure 2 - Energy dependence of total point defect survival obtained 
from MD cascade simulations. 

that occurs above 10 keV [6,8-10]. Although a detailed comparison of the results of 
similar work is beyond the scope of this paper, it is worth pointing out that similar 
observations on the energy dependence of defect formation have been made by others who 
used a different interatomic potential for iron [19]. 

The interstitial clusters formed in these iron cascade simulations tend to be well 
defined, with most clusters consisting of nearest neighbor arrangements of<l  11> or 
<110> dumbbells, or <111> crowdions. Occasionally, interstitials may be added to a 
cluster in the second nearest neighbor location or the atomic arrangements can be more 
complex [20]. The use of computer visualization and animation software enables such 
interstitials to be clearly identified as part of the cluster. However, the vacancy clusters 
produced in these iron cascades tend to be diffuse, with clearly correlated arrangements 
out to the fourth nearest neighbor distance [9,10]. As a result, two different criteria were 
employed in the vacancy cluster analysis to define what constitutes a vacancy cluster. The 
criterion were that all vacancies in the cluster be within: (1) the second (d2nn=0.2867 urn) 
or, (2) the fourth (d4rm=0.4754 rim) nearest neighbor distance of another vacancy in the 
cluster. Application of the fourth nearest neighbor criterion nearly doubles the fraction of 
vacancies in clusters, but is supported by Monte Carlo aging studies of cascade debris [10, 
21]. 

The total fraction of vacancies in clusters for both the 2nn and 4nn clustering criteria is 
shown in Fig. 3(a) and the fraction of vacancies in clusters of 5 or more using the same 
criteria is shown in Fig. 3(b). For purposes of comparison, the previously derived trend 
lines for the interstitial clustering parameters from Ref. [10] are also shown in Figs. 3(a) 
and (b). At low energies, the dependence of vacancy clustering on cascade energy is 
noticeably different from that of the interstitials. The fraction of vacancies (per NRT 
displacement) continues to increase down to the lowest energies, whereas the interstitial 
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clustering fraction decreases below about 300 eV. A much larger fraction of the vacancies 
than interstitials are in clusters at low energies, and the decrease with energy is much more 
rapid for the vacancies. At high energies, the clustering fraction for both defect types 
becomes nearly asymptotic, with some indication of a peak in the vacancy clustering 
curve near 50 keV. A somewhat larger fraction of the interstitials are in clusters at high 
energies, even for the less restrictive 4nn vacancy clustering criterion. 

The analysis of the cluster size distributions revealed further differences between the 
clustering behavior of vacancies and interstitials. Fewer large vacancy clusters are 
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observed than interstitials, and interstitial clusters containing as many as 33 defects have 
been observed, but the largest vacancy cluster in the database is 14. This contributed to the 
decision to choose a smaller cluster size of 5 as the cutoff for the "large" cluster 
designation for vacancies whereas 10 was used for the interstitials. As shown in Fig. 3(b), 
the fraction of interstitials in large clusters appears to peak near 30 keV [10,18]. Two 
peaks are observed for the vacancy cluster parameter near 3 and 40 keV. The peaks are 
small for the 2nn criterion but well developed for the 4nn case. No simple explanation has 
been found for the st~'ucture in the curves in Fig. 3(b). The high-energy peaks may reflect a 
maximum energy density that is associated with the breakup of the cascade into 
subcascades. 

Application of MD Results to Damage Attenuation 

Conventional Estimates of Damage Attenuation Through an RPV 

Prediction of mechanical property changes through the thickness of an RPV are 
required for routine reactor operations, e.g. pressure-temperature limits for reactor startup, 
and analysis of accident conditions such pressurized thermal shock. Unfortunately, the 
available data on damage attenuation are equivocal and in some cases, controversial 
[22,23]. A recent, but very limited data set from the Japan Power Demonstration Reactor 
(JPDR) is shown in Fig. 4 [24]. Measurements of the Charpy shift at 41 J are shown for 
two locations about 18 and 71 mm deep in the vessel. Only limited inferences can be 
drawn from this data because: (1) the shift is relatively small due to the low maximum 
JPDR dose of about 2x1022 n/m 2, and (2) the total vessel thickness is much less than that 
of most commercial RPVs. However, the JPDR data are consistent with some 
interpretations of other data which suggest that mechanical property changes can be 
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Figure 4 - Comparison of JPDR base metal data and predictions of  RG-1,99/2 
with various attenuation models. 
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attenuated faster than would be predicted based on either dpa or the exponential 
attenuation formula employed in RG-1.99/2 [22]. 

This point is illustrated by the two sets of curves in Fig. 4 which compare calculations 
of the expected attenuation of the Charpy shift through the vessel using the correlation 
from RG-1.99/2. The neutron fluence needed to compute the shift at each depth was 
determined in three ways : (a) the actual calculated fast fluence, (2) proportional to the 
calculated dpa, and (3) proportional to RG-1.99/2's exponential formula. The upper set of  
curves was obtained using the chemistry factor calculated from the material's measured 
composition, and the lower curves were obtained by a simple ratio procedure to obtain 
agreement with the data at 18 ram. In spite of the limited range of the data, the exponential 
attenuation is clearly very conservative with respect to the data. Of course, the small shift 
and known scatter in Charpy data [25] mean that this data does not provide a definitive 
demonstration of faster than dpa attenuation. 

A further comparison of different attenuation assumptions is shown in Fig. 5 for the 
same PWR neutron spectrum discussed above [11]. Figure 5(a) compares the RG-1.99/2 
attenuation formula with the actual dpa, neutron fluence with E>0.1 MeV, and neutron 
fluence with E>I.0 MeV. A value for the exposure parameters at the water/RPV interface 
was obtained by linear interpolation between the values at the last node in the water and 
the first node in the RPV. The exposure parameters in Fig. 5(a) have been normalized 
using these interpolated values. For this thicker vessel geometry, deviations between the 
exponential attenuation formula and dpa are also seen, and the exponential is not 
conservative at every point. The ratio based on the exponential is nearly the same as fast 
fluence (E>I.0 MeV) at the 1/4-T position and closer to dpa beyond the 3/4-T position. 

The Charpy shifts predicted with this PWR spectrum for a weld with 0.25 wt% Cu and 
0.75 wt%Ni at a fast fluence of 2xl023 rdm 2 are shown in Fig. 5(b). The procedure of RG- 
1.99/2 was used for each exposure parameter in Fig. 5(a), i.e. the shift was calculated by 
attenuating the surface fluence with E> 1.0 MeV according to the attenuation ratios 
obtained for dpa, fluence with E>0.1 MeV, or the exponential function. Because of  the 
fluence dependence in the embrittlement correlation, the Charpy shift reduces more slowly 
through the vessel than does any of  the exposure parameters. The relative attenuation in 
Charpy shift is also a function of the neutron finence as shown in Table 1, where ratios of 
the exposure parameters and predicted Charpy shifts are compared at two different 
fluences. Although the exposure ratios are independent of fluence, the predicted Charpy 
shift profile becomes flatter as the fluence increases. For this full-thickness PWR RPV, the 
overall attenuation ratios based on the exponential formula are similar to those based on 
dpa. The agreement is not as good for a thinner BWR vessel (see for example Figure 4). 

Through-Thickness Variation in MD-based Parameters 

Energy dependent functions were obtained by fitting the data in Figs. 2 and 3, and 
these were used to evaluate the effect of the variation in the neutron energy spectrum 
through an RPV. These energy-dependent fimctions have a form similar to those derived 
previously [26], and they were employed in the SPECOMP code [27] to compute effective 
production cross sections for point defect survival, total vacancy and interstitial clustering, 
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Figure 5 - Comparison of exposure parameter and 41 J Charpy shift through 
a typical PWR RPV. 

and vacancies and interstitials in large clusters. The values at 50 keV were used for all 
higher energy cascades. PKA spectra for iron such as those shown in Fig. l(b) were 
obtained from SPECTER [13] and used to weight these MD-based cross sections in order 
to calculate spectrum-averaged values for various locations through the RPV. More details 
on the SPECOMP/SPECTER calculations can be found in Refs. [12 and 18]. 

A comparison of the effects of neutron energy spectrum changes through a PWR RPV 
on the MD-based exposure parameters, fast fluence (E> 1.0 MeV), and dpa is shown in 
Fig. 6. Total MD defect survival, total interstitials in clusters, and interstitials in large 
clusters (_>10) are shown in Fig. 6(a), and total vacancy clustering and vacancies in large 
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Table 1- Attenuation of exposure and damage parameters for typical PWR spectrum 

Neutron 
fluence, 

E>I.0 MeV 

Neutron 
fluence, 

E>0.1 MeV 

dpa 

e-O.24x [in] 

Ratio: 
Value at outer diameter 
Value at inner diameter 

Exposure 41-J Charpy shift 

parameter 5x1022 n/m2 2x1023 n/m2 

0.0599 

0.296 

0.144 

0.134 

0.272 0.382 

0.619 0,718 

0.434 0,551 

0.423 0,539 

Ratio: 

Exposure 
parameter 

0.196 

0.487 

0.337 

0.331 

Value at 3/4-T 
Value at 1/4-T 

41-J Charpy shift 

5x1022 rgm 2 2x1023 n/m 2 

0.477 0.581 

0.761 0.830 

0.631 0.720 

0.622 0.710 

(>5) clusters are shown in Fig. 6(b). There is essentially no difference between dpa and 
either total MD defect survival or total interstitials in clusters in Fig. 6(a). However, a 
potentially significant difference is seen between dpa and the production of large 
interstitial clusters. Since these clusters are only produced in relatively high-energy 
cascades, their production is attenuated more rapidly than dpa. This is consistent with the 
change in the PKA spectrum through the vessel shown in Fig, 1 (b). 

Attenuation of the total vacancy clustering fraction in Fig, 6(b) also follows dpa quite 
closely, whereas the fraction of vacancies in large clusters is attenuated somewhat more 
slowly than dpa. The vacancy cluster parameters in Fig. 6(b) were derived for the 4nn 
clustering criterion. Results for the 2nn criterion are qualitatively similar, with a larger 
difference between dpa and vacancies in large clusters. The slower-than-dpa attenuation of 
large vacancy clusters is a result of the lower energy peak shown in Fig. 3(b). The relative 
importance of vacancy clusters produced by 1 to 10 keV PKA increases as the higher 
energy PKA are removed from the spectrum. 

Summary 

It is now possible to simulate the atomic displacement cascades generated by nearly 
the complete fission neutron spectrum. The results presented above include cascade 
energies as high as 100 keV, corresponding to a 176 keV PKA, which is the average iron 
recoil from a neutron with an energy of 5.1 MeV. Thus, these results are fully relevant to 
materials irradiated in any fission reactor environment. Note that the highest average PKA 
energy obtained from SPECTER for any of the PWR RPV neutron spectra was only 18 
keV. This extensive database of cascade simulations can now be used to derive 
statistically-relevant primary damage parameters and provide a basis for analyzing 
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Figure 6 - Attenuation of MD-based exposure parameters compared with 
fast fluence and dpa. 

differences in radiation environments. 
Primary damage parameters derived from the MD cascade simulations have been used 

to obtain effective defect production cross sections for several locations through typical 
PWR and BWR reactor pressure vessels for comparison with conventional exposure 
parameters such as dpa and fast fluence. The analysis indicates that the deviations from 
dpa-like a~enuation are rather modest. This implies that neutron energy spectrum changes 
due to attenuation should be well accounted for through the use of dpa as long as total 
defect production is the parameter controlling mechanical property changes. Although the 
results were not presented here, the spectrum-averaged defect production cross section 
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derived for PWR and BWR vessels were nearly identical, implying that spectrum 
differences should not contribute to differences in RPV embrittlement between the two 
reactor types. 

The most significant difference between any of the MD-based parameters and dpa was 
for the production of  large interstitial clusters. I f  these clusters contribute significantly to 
embrittlement, attenuation of mechanical property changes could be faster than that 
predicted by dpa attenuation. This could be offset by the impact of large vacancy clusters 
since they were attenuated slightly more slowly than dpa. However, it is not possible to 
predict mechanical property changes simply on the basis of primary damage formation. 
The spectrum-averaged defect production cross sections will be used to develop an 
improved description of the radiation damage source terms in a kinetic embrittlement 
model that has been used to predict radiation-induced mechanical property changes based 
on microstructural evolution. 
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Abstract: In order to investigate mechanisms in recovery of irradiation-induced hardness 
by thermal annealing for pressure vessel steels containing copper, Fe-0.6 wt.% Cu model 
alloys irradiated to a dose of 0.0055 dpa at 290~ in JMTR were isochronally annealed at 
temperatures ranging from 250 to 600~ (AT = 50~ At =15 min). Vickers hardness 
measurements showed that 70% of the irradiation-induced hardness was eliminated by 
the annealing. TEM examinations revealed that three kinds of precipitates were formed 
in the specimens; those are small copper precipitates (disk-shaped, 3-8 nm in diameter), 
ordered structures of possibly Cu3Fe (L12-type , ao = -0.343 nm) and Fe304 particles 
(structure of spinel-type). Copper precipitates slighdy increased the number density and 
size with the post-irradiation annealing below 400 ~ indicating clearly that copper 
precipitates contributed to hardening, though the degree may be small. The ordered 
structure was proven by the occurrence of superlattice reflections in selected area 
diffraction patterns. The post-irradiation annealing reduced the intensities of the 
superlattiee reflections and the zone of Cu3Fe-structure. The ordered structure of Cu3Fe 
was observed to be destroyed by thermal annealing, resulting in a remarkable decrease in 
hardness. The hardness during thermal annealing was concluded to be governed by two 
competitive processes of hardening by the growth of copper precipitates and softening by 
the order-disorder transformation of Cu3Fe. 

Keywords: ordered structure, supedattice, Cu3Fe , L12-type, thermal annealing, hardness, 
RPV steel, TEM, copper precipitate, Fe-Cu alloy 
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Introduction 

Neutron irradiation of reactor pressure vessel (RPV) steels containing a small amount 
of copper induces an increase in ductile-to-brittle transition temperature (DBTT) and a 
decrease in upper shelf energy (USE). Heat trealrnent after neutron irradiation can bring 
about a significant recovery of the degradation for DBTT and USE. Thermal annealing of 
the RPV steels is one option to restore an already embrittled RPV for extending the life of 
a RPV. Two components, which are responsible for irradiation hardening/embrittlement 
of RPV steels, have been reported using various up-to date techniques by many 
investigators [1-8]. The first is the formation of three-dimensional or spherical copper 
rich-clusters having diameters of a few nm where the clusters are suggested to be alloyed 
with Mn and Ni. The second is mierovoid or vacancy cluster-solute atom complex 
resulting from the clustering or collapse of point defects produced during irradiations. 
Regarding the response of neutron-irradiated RPV steels with thermal annealing, atom 
probe field microscope (APFIM) studies have demonstrated that the concentration of 
copper in solution in the matrix decreases with neutron-irradiations and thermal annealing 
[1-3]. Pareige et al. have reported via small angle neutron scattering (SANS) and 
tomographic APFIM experiments of neutron-irradiated French Chooz A pressure vessel 
steels that neutron-induced clusters (Cu, Si, Ni, Mn) are dissolved during thermal 
annealing, while copper precipitates are formed [9]. 

We have reported through TEM examinations of neutron-irradiated Fe-0.6 wt.% Cu 
model alloys that hardening by neutron irradiation is considered to be due to the formation 
of ordered structures, which have been postulated to be of  Cu3Fe-type [I0]. In addition, 
small copper precipitates less than several nm in diameter have been found to exist in the 
irradiated specimens. Since the number density and size of  the copper precipitates are 
roughly similar to those in the unirradiated specimens, the contribution of small copper 
precipitates to the irradiation hardening has been thought to be small. If  the formation of 
ordered structures is primarily the cause of irradiation hardening, the mechanisms of 
recovery of hardening may also be different from those reported already. Then, TEM 
examinations of neutron-irradiated Fe-0.6 wt.% model alloys were performed to 
investigate the evolution of ordered structures and small copper precipitates with thermal 
annealing. 

The paper will present the results of TEM examinations that thermal annealing induces 
a slight increase in the size and number density of small copper precipitates, and the 
dissolution of Cu3Fe-strueture, leading to a conclusion that the recovery of hardness for 
neutron-irradiated Fe-Cu alloys is controlled by two competitive processes of the growth 
of copper precipitates and the order-disorder transformation of Cu3Fe-strueture. 

Experimental 

The work is a continuation of previous investigations; the procedure of specimen 
preparation, the compositions of the specimens and the details in neutron irradiation were 
already described [10, 11]. 3-ram disks ofFe-0.6 wt.% Cu alloys irradiated in JMTR at 
290~ to a dose of 0.0055 dpa were isochronally annealed at temperatures ranging from 
250 to 600~ where the temperature was raised at 50~ (AT = 50~ and the 
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holding time (at) was 15 rain. The annealing was carried out in a vacuum of ~ 0.5 torr, 
and the disks were chemically polished with a solution of 2 %-HF + 1%-1-120 + 97 %- 
1-I202 before hardness measurements. Viekers hardness measurements were done with a 
load of 1 kg. Specimens thermally annealed at 300, 400, and 600~ were electropolished 
at -50~ in a mixture of 5 %-HC104 and 95 %-CH3OH where the applied voltage was 30 
V, followed by TEM examinations using an electron microscope JEM-200CX. 

Results 

Hardness Changes 

Figure 1 shows the recovery of the irradiation-induced hardness for Fe-0.6 wt.% Cu 
with thermal annealing, indicating that -70 % of the irradiation-induced hardness is 
recovered until the 600~ Two points are noted in Figure 1. The first is that 
the recovery takes place at a low temperature (250~ lower than the irradiation 
temperature. The second is that the curve characteristically shows a plateau or step around 
300-400~ These are interpreted in Discussion. 

200 f 
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Figure 1-- Hardness changes of Fe- 
O. 6 Cu irradiated in JMTR at 290~ 
to a dose of 0.0055 dpa with thermal 
annealing. 

Evolution of Small Copper Precipitates with Thermal Annealing 

TEM examinations has shown the presence of small copper precipitate, ordered 
structure of possibly Cu3Fe-type and magnetite (Fe304) in the specimens which are 
thermally annealed after neutron irradiation. However, descriptions are made on copper 
precipitate and Cu3Fe-structure in the paper since magnetites have been observed in 
unalloyed iron, thermally aged and neutron-irradiated Fe-0.6Cu alloys, and thought to 
affect hardening little [10, 11]. 

TEM examinations were preferentially done using a dark field imaging technique, 
which was generally useful in observing small or thin precipitates. To analyze the 
selected area diffraction pattern (SADP) corresponding to their image or contrast is 
indispensable to identify precipitates or secondary phases different from the matrix. To 
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find and index the reflections from a precipitate on a SADP is the most generic way to 
identify precipitates. However, such reflections often become invisible on SADPs due to 
their low intensities when precipitates are small or thin. It has been empirically known 
that the reflections of  copper precipitates in neutron-irradiated Fe-0.6Cu alloys are too 
weak to identify [10]. However, there is a Kurdjumov-Sachs (K-S) orientation 
relationship between the matrix and copper precipitates in Fe-Cu alloys, namely, 

(110)F e l / (111)c . and [l]-l]Fc//[1TO]eu. 
This means that the vectors of[110]F c and [111]c. are parallel to each other in a diffraction 
plane. Furthermore, the spacings of(110)F~ and (111)c . planes are 0.2027 and 0.2087 rim, 

Figure 2 - -  Dark field micrographs of  copper precipitates taken by setting an 
objective aperture to a (l lO)F ~ reflection for the specimens (a) as-irradiated, 
(b) 300~ (c) 400~ and (d) 600~ The image of  
copper precipitates is thought to be originated from two (l l l)c . -reflections 
overlapped to the (l l O)F e reflection. 
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respectively. Thus, the reciprocal lattice vectors (g) of  [ 110]Fe and [ 111 ]ce are understood 
almost completely to overlap each other in a reciprocal lattice space. In other words, the 
reflections of(111)cu always exist at the position of(110)Fe reflections on a SADP as far 
as copper is precipitated in the matrix, even if the reflections of copper are invisible. In 
practice, dark field images of copper precipitates can be observed by setting an objective 
aperture on a given (110)Fe-reflection. The validity of this technique has been verified in 
the previous study [10]. As described previously [11], there are twelve habit planes 
(namely, (112)~) in the matrix for the precipitation of copper. This means that two (11 l)c u 
reflections are always overlapped to a (110)~ reflection. The total number density of 
copper precipitates can be calculated by multiplying 6 by that obtained using a (110)F ~ 
reflection. 

A sequence of copper precipitates with thermal annealing are shown in Figure 2, which 
are taken by the technique described above. The SADPs corresponding to each images are 
different among the four micrographs. It must be noted that the contrast observed in 
Figure 2 consists of two components originating from copper precipitates and strain field 
produced by the strain of (110)F~-plane in the matrix around precipitates. The minimum 
size to be detected was approximately 2 nm in the present experiments. Caution must be 
paid in determining the sizes of copper precipitates since the strain contrast around them 
may apparently increase their sizes. 

A banded structure is observed in the 600~ specimen. Though works using 
high-resolution electron microscope (HREM) have postulated that the banded structure 
arises from the formation of twinned 9R structure [12-14], we consider that the banded 
structure results from the growth twin of copper precipitates with annealing. The reason is 
briefly described in Discussion. 

Figure 3 shows a sequence of the average size and number density of copper precipitates 
with thermal annealing. It is clearly indicated in Figure 3 that the sizes increase with the 
annealing while the number densities also increase up to 400~ but decrease at 600~ - 
annealing. 

Figure 3-- A sequence of 
sizes and number densities for 
copper precipitates with 
thermal annealing. 
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Ordered Structure of Cu3Fe-Type 

In addition to small copper precipitates, the previous paper [10] has reported that the 
ordered structures, which possibly have the composition of CuaFe (L12-type), are formed 
in neutron-irradiated Fe-0.6wt .% Cu, indicating that neutron irradiation induces the 
disorder-order transformation in the matrix. In general, it was rather difficult to identify 
so-called supedattice reflections from such zone, partially because the SADP analysis was 
disturbed by lots of reflections of magnetite (Fe304) and partially because the occurrence 
of superlattice reflections was more sensitive to the electron beam direction or the 
specimen orientation during observations. In addition, it is emphasized that the images of 
the ordered structures may be often superimposed to those ofFe304 and copper 
precipitates since those reflections are often laid near or to overlap each other. 

It has been continued in the present study to obtain further evidence of the ordered 
structures in the specimens irradiated. Figure 4 is an instructive example in showing how 
the diffraction conditions during observations are drastically influenced by the direction of 
the incident electron beam. Figure 4 (a) is a (311)Fe diffraction pattern for the specimen 
annealed at 400~ after neutron irradiation, where no reflections showing ordered 
structures take place though a few reflections of Fe304 appear. Figure 4 (b) is the SADP 
obtained when the specimen is tilted a little without varying the position in order to 
observe the microstructure by a (]-21)~e reflection; the tilting angle (0) is calculated to be 
about 1.2 ~ using the equation of 2sinO/2 = ~. g~21 where )~ is the wavelength of electrons at 
200 kV and g121 the reciprocal lattice vector of (121)F,-plane. A regular array of extra 
reflections can be seen in Figure 4 (b). These extra reflections are analyzed to form a 
(310) pattern corresponding to a cubic crystal. The reflections lying on a line of (103)Fe 
and (]-21)~ spots in Figure 4 (b) are thought to be due to double diffraction. The lattice 
parameter of the cubic crystal is determined to be approximately 0.340-0.345 nm from 
Figure 4 (b), and close to that of Cu3Fe-structure; the lattice parameter for Cu3Fe is 
estimated to be 0.343 nm from Vegard's law regarding the lattice parameter in a binary 
alloy system of iron and copper. We must pay attention to the occurrence of (001) 
reflections in Figure 4 (c), indicating that the crystal is neither a fcc nor a bcc structure. 
This is the ground for postulating the formation of the ordered structure of Ll2-type. It 
might be worthwhile noting that the intensities of extra reflections greatly varied by 
slightly moving the specimen, for instance, for their focusing, suggesting that the visibility 
of the ordered structures is also governed by the buckling of the specimen. The image by 
a (002)C~3F~ superlattice reflection in Figure 4 (d) is shown in Figure 5 (b). 

Figures 5 represent a sequence of the ordered structures of Cu3Fe-type with thermal 
annealing where Figures 5 (a), (b) and (c) correspond to the specimens as-irradiated, 
annealed at 400~ and at 600~ respectively. Micrographs in Figures 5 are taken by (a) a 
(l]-0)co3F~ reflection on a {(110)F~+ (11 l)c~3F~ } pattern, (b) a (002)c~ e reflection on a { 
(311)~ + (310)c~3~e}pattern and (c) a (1T0)c~3Fr reflection on a {(135)F, + (111)C~3F~} 
pattern, where {(110)F~+ (111)c~3F~}, for example, represents the appearance of two 
patterns of( l  IO)F ~ and (111)c~ ~ on their SADP. Though it was always desirable to use an 
identical reflection, e.g., (1T0)c~3F~ reflection on (110)F~-pattem, for their imaging among 
the specimens, it was commonly most difficult to realize it. It was almost impossible to 
estimate quantitatively the volume of the Cu3Fe-zone in the specimens 
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Figure  4 --- An example to show how the occurrence of superlattice reflections is 
sensitive to the direction of the incident electron beam. (a) (311)e~-SADP for the 
specimen annealed at 400~ and (b) the SADP obtained by tilting the specimen by 
about 1.2~ the situation of Figure 4 (a) without varying their posilion, resulting 
in the occurrence of a (310)c,3F~-pattern. Their indices are shown in (b) and (d) 
corresponding to (a) and (c), respectively. 

224 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



KAWANISHI AND SUZUKI ON THERMAL ANNEALING 225  

Figure 5 - -  A seq ~, ence o f  ordered-structures speculated to be o f  Cu3Fe-type 
with thermal anne~ling. Images ate taken by (a) (I10)~,,3~-,,, (b) (O02)(u3Fe and 
(c) (110)~,,,3; ~ retie." tion in the specimens as-irradiated, annealed at 400~ and 
annealed at 600% respectively. 

because the contrast remarkably varied by a slight change in the electron beam direction, 
However, it is proven frc~m a series ofmicrographs in Figure 5 that the Cu~Fe-zone 
decreases in size with th~:nnal annealing, and that the intensities of superlattice reflections 
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become lower with temperatures. Thus, the observations reasonably lead to a conclusion 
that thermal annealing destroyed the ordered-zone formed during neutron irradiations; the 
order-disorder transformation takes place, resulting in recovery of neutron-induced 
hardness. On the other hand, information on small copper precipitates, which grow with 
the annealing, indicates that copper precipitates contribute to hardening. Thus, hardness 
during thermal annealing is concluded to be determined by two competitive processes of 
hardening by the growth of small copper precipitates and softening by the dissolution of 
ordered structures. 

Discussion 

Contrast and Shape of Copper Precipitates 

The shape of precipitates is a key issue to discuss strengthening mechanisms associated 
with precipitation; the treatments for spherical and plate-shaped precipitates are entirely 
different. Copper precipitates have been reported to be spherical in previous works [1,3,5, 
15-17]. In fact, copper precipitates usually show a round shaped contrast in conventional 
TEM examinations. This does not indicate directly that the precipitate is spherical because 
a disk-shaped contrast may arise from a thin precipitate lying almost parallel to the 
specimen surface if the operating reflection (g) for imaging is normal to a plane within the 
precipitate. If we carefully examine the K-S orientation relationship between the matrix 
and copper precipitate, it is easily understood that there are various copper reflections on 
or near low order reflections of the matrix like (110) or (002) in a reciprocal lattice space 
since there are the twelve habit planes of copper precipitate in the matrix, namely, (112)~r 
plane. This means that the image of the precipitate readily appears when such a reflection 
of the matrix is operated, and often makes the interpretation of the contrast complicated. 
Ifa thin precipitate exists inclined at some angle to the specimen surface, the possibility 
of Bragg diffraction by the planes of the precipitate reduces because the respective 
diffraction planes almost parallel to the direction of the electron beam vary with the depth. 
Thus, the contrast becomes very faint, and often invisible. This is probably the reason why 
we rarely identify the elliptical contrast for the precipitate inclined to the specimen 
surface. Figure 6 is the unusual example of such precipitates by a (220)F ~ reflection in Fe- 
0.6Cu aged at 500~ for 1000 h where the intensity of the reflection from the precipitates 
is very low and the contrast is mainly produced by strain field around the precipitates, 
indicating clearly that copper precipitates are of plate-type. 

Generally, it is very difficult to characterize the shape of small precipitates having the 
sizes less than a few nm in diameter. However, the determination of their shape becomes 
possible occasionally from contrast theory of electron microscopy. Figure 7 is the dark 
field micrograph taken by a ( 1 ~ 1)r~ reflection on the ( 135 )Fe- SADP for the specimen 
thermally annealed at 600~ after the irradiation. Line-of-no-contrast (LNC) is observed 
in relatively large precipitates denoted A, B and C, but the LNCs as to A and B are not 
parallel to each other. It has been well known from diffraction theory of electron 
microscopy that LNC appears when the displacements of crystal lattice due to coherent 
precipitates are parallel to the reflecting plane of the electron beam. Ashby and Brown 
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F i g u r e  6 - -  Copb er precipitates inclined to the specimen surface in Fe-O.6Cu 
aged at 500~ fo ~ 1000 h. The contrast is produced by strain field around the 
precipitates, indi,:ating clearly that copper precipttate is of plate-type. 

F i g u r e  7 - -  Image of  copper precipitates with line-of-no-contrast observed in the 
speeimen thermally annealed at 600~ after irradiation. Precipitates of  plate-type 
are evidenced by the faet that two line-no-contrasts (A and B) are neither parallel 
to each other nor normal to g-vector as sketched in Figure 7 (b). 

have proved that the direction of LNC becomes normal to the g-vector operated for their 
imaging due to symmetrical strain around precipitates/inclusions in the matrix when they 
are spherical [18-19]. When a precipitate is of plate-type, it has been known that LNCs 
are not always parallel to g-vector, and that the direction of LNC varies depending on 
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both g-vector and displacement vector relating to the sWain field around precipitates [20]. 
It appears that mathematical analysis have not yet made on the precipitates of plate-type. 
However, we can paradoxically determine the shape of small precipitates by inquiring the 
parallelism of two LNCs or the directionality of LNC against g-vector operative in their 
imaging. If two LNCs are not parallel to each other or there is the LNC being not normal 
to g-vector, the corresponding precipitate is immediately judged to be of plate-type. Using 
these criteria, copper precipitates in Figure 7 are easily determined to be of plate-type. It is 
true that the criteria described above can be applied to the identification of the shape of 
large sized precipitates, but it is rather difficult practically to select the reflection and the 
direction of the electron beam for this purpose. 

F i g u r e  8 - -  Some diffraction contrasts for copper precipitates of  plate-type in the 
specimen thermally annealed at 600~ (a) Structure factor contrast due to a 
difference in extinction distance between copper and the matrix, (b) structure factor 
contrast for the precipitate A and C and precipitate-reflection contrast for  those B 
and 1), and (c) ring contrast for  A due to the displacement component parallel to the 
plane o f  precipitate, similar to prismatic dislocation loop. 
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Small copper precipitates can be recognized as white dots (Figure 2) in dark field 
images using the reflections from copper precipitates. A question might come out; if 
precipitate is plate-like as described above, a line or string contrast corresponding to the 
thickness may be observed during TEM observations when the electron beam is parallel 
to the surface plane of the precipitate. It is the case, but it was unsuccessful in the present 
study to directly identify such contrasts. The reason for this may be partially due to 
difficulty to find low intensities of  the reflections for small copper precipitates, and 
partially due to magnetic effects of  the specimen. In general, it is rare to regard the 
images of small copper precipitates using a reflection of the matrix. However, they may 
appear originating from a relative difference in the extinction distance between the 
precipitate and the matrix (structure factor contrast) [21]. Figures 8 (a) and (b) are the 
examples of such contrasts taken by a (I~I)F r reflection on the SADP of(135)F~ in the 
specimen thermally annealed at 600~ The contrast for the precipitates becomes more 
visible by the strain field produced around the precipitates and the shapes of two 
precipitates in Figure 8 (a) are close to rod, and the LNCs are not normal to g|~lFe. Then, 
these precipitates are understood to be of plate-type and inclined at some angle to the 
specimen surface by applying the criteria described above. In Figure 8 (b), the contrast for 
the precipitates denoted A and C is similar to those in Figure 8 (a) while the precipitate A 
having a wide width is thought to lie on a habit plane differing from the precipitate C, the 
habit plane of which is steeply inclined to the specimen surface; the contrast for the 
precipitate A is close to ring contrast described just below. The contrast for the 
precipitates B and D are thought to occur by the precipitate reflection which exits near or 
overlaps the (1 ~ 1)F~ reflection used for their image since they show no contrast of their 
strain field. Ring contrast similar to a prismatic dislocation loop can be seen in Figure 8 
(c), which often takes place by a matrix reflection. Ring contrast is the characteristic of 
the plate-shaped precipitate since the contrast is caused by the secondary displacements 
parallel to the precipitate plane; plate-shaped precipitates can be regarded roughly as a 
dislocation loop. In contrast, no ring contrast generally appears in spherical precipitates 
since they have the radial and isotropic displacements around the precipitates/inclusions 
[18-19,21]. 

Figure 9 is the example showing banded structure for the copper precipitate in the 
unirradiated specimen (aged at 500~ for 1000 h). The image is taken by a (1]-l)c u 
reflection on the SADP of the superimposed (111)Fe and a couple of (110)c u patterns. The 
SADP corresponding to the copper precipitate in Figure 9 is analyzed to a (110) pattern of 
a fcc crystal structure. The interface of the precipitate is parallel to the [1]-2]c u direction, 
which is in agreement with the axis of twin in a fcc crystal. The banded structure of this 
type can be seen in the copper precipitates as small as >_2 nm in size in both the aged and 
irradiated specimens. Copper precipitates are usually observed as a disk without bands. 
This is due to the fact that the image is produced by a couple of copper reflections 
diffracted at the adjacent twin bands within a precipitate. In Figure 9, only one side of the 
adjacent twin bands appears by operating a single reflection of the precipitate. It has been 
postulated through the studies using a HREM technique [12-14] that the banded structure 
is due to a twinned 9R structure. The question is to identify correctly whether the 
diffraction pattern corresponding to copper precipitate is due to a fcc Cu or a twinned 9R 
structure ofa  bcc. We like to suggest that the banded structure is due to growth twin since 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



230 EFFECTS OF RADIATION ON MATERIALS 

the diffraction pattern is analyzed to be due to a fcc structure. The details regarding the 
analysis o f  the SADP are described elsewhere. 

Figure 9 -- Dark field image of  the 
copper precipitate by a (11-1)c, 
reflection in the unirradiated 
specimen. Banded structure is 
suggested to arise from development 
of growth twin with (111) twin 
plane. 

The Orientation Relationship between Ordered Structure and the Matrix 

We have proposed in our previous paper [10] that there is a orientation relationship 
(OR) between the ordered structure and the matrix, namely, 

(011)~ e//(111)Cu~Fe and [lO0]Fe//[YI-2]Cu3F ~ . . . . . . . . . . . . .  ORI.  

On the other hand, the OR deduced from Figures 4 (c) and (d) is expressed as 

(311)Fe//(310)cu3Fe , and [01 i]F ~//[  131 ]Cu3F~ (or [TI 2]F e / / [  100]Cu~F~ - - OR2. 

At first sight, two ORs seem to be disparate. However, it is revealed from considerations 
of  crystal geometry that ORl is equivalent to OR2. Figure lO is the stereographic 
projection for two cubic crystals on (01 l) and (I. I1), where (hkl) and (hk/) signify the 
poles of  the matrix and the ordered structure, respectively. The [TOO] pole is placed so as 
to coincide with the ~ pole in Figure lO; this procedure realizes the ORl.  In Figure 
10, the (~11) pole completely coincides with the 0(Q.0J.) pole, while the poles of(101) and 
(13]-) are situated near to those of (31I) and (T3_.~.), respectively (refer to three circles). 
Calculations shows that the (101) pole makes an angle of  -0.8 ~ with the (311-) pole, and 
that the angle between the poles of  (13]') and (T30) is ~4.9 ~ This means that the (131)F ~- 
reciprocal lattice plane is situated so as to make the angle of  -4.9 ~ with that of(130)cu3~. 
This explains that the occurrence of  (310)co3re-diffraction pattern on a (311)F~-SADP is 
very sensitive to the direction of the electron beam as described above. Then, the OR2 
should be modified as follows; 

(311)F ~ is nearly parallel to (310)cu3F~, and [01]-]F~ is nearly parallel to []-3]-]Cu~Fe 
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Two points can be reduced from the present considerations. One is that the SADPs are 
properly analyzed, and the other that the ordered structure is of a cubic structure. 

Figure 10 --- Stereographic 
projection to show the 
orientation relationship 
between the matrix (hkl) and 
ordered structure (hk_..~). 
The diagram consists of 
{(011) + (l l l)} projection for 
cubic crystals where [TO0]// 
[17-21. The drawing indicates 
clearly that the OR2 (marked 
by circles) deduced from Figs. 
4 (c) and (d) is equivalent to 
the ORI proposed previously 
[10]. 

�9 ~ : pole for ordered structure 
o (hkl) : pole for the matrix 

Hardening due to Copper Precipitates During Thermal Annealing 

It is surprising that softening takes place as soon as thermal annealing starts as shown 
in Figure 1, and that both size and number density increase at a low temperature less 

than the irradiation temperature in Figure 3. One possible explanation for the results is as 
follows: In case of thermal aging before irradiation, copper atoms appear to flow into 
G.P.-zone (probably - 100 % Cu) at the initial stage of the aging, resulting in hardening 
without the notable growth of copper precipitates until overaging takes place [10-11]. 
When the specimens are neutron-irradiated, it is speculated that a high concentration of 
vacancies produced in the matrix are thought to enhance diffusion of copper and iron 
atoms, resulting in the formation of a stoichiometric compound (Cu3Fe) possibly inside 
G.P.-z0ne. On the other hand, it is assumed that the decomposition of Cu3Fe releases free 
copper atoms in the matrix, resulting in their growth of copper precipitates. Though the 
question is to discuss the stability of stoichiometric compound of Cu3Fe in relation to the 
vacancy concentration, this remains to be investigated further. 

Chemical hardening mechanisms due to plate-shaped copper precipitates, the habit 
plane of which is (112)~ e, has been considered in Ref[l  1]. Unfortunately, it was not 
possible to evaluate precisely the contribution of copper precipitates to hardening during 
thermal annealing since determining their thickness in the present work was unsuccessful. 
The hardening (aoy) by plate-shaped precipitates is expressed as the sum of three works; 
those are relating to the energy increase for disordering the precipitate in the slip plane 
(Ep), the interface increase at the interface (Es) and the work by the formation of misfit 
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dislocation (E/). Ep is the most dominant component to rule the hardening, i.e., AOy = Ep 
roughly, (refer to Equation 2 and Table 2 in Ref  [ 11 ]). Therefore, troy is considered to be 
roughly proportional to t/L (= t.p '~) since pL 3 = 1, where t is the thickness of  the 
precipitates, L the mean distance between the precipitates and p their number density. A 
rough estimation was done in order to know the trend of  hardening by the development of  
small copper precipitates with the thermal annealing. The results are plotted in Figure 1 l 
where data are normalized as t.p '~ = 1 for the as-irradiated specimens. Two cases are 
examined since their thickness is unknown; the first is that the thickness is assumed to be 
1/10 of  the averaged diameter of  the precipitates, and the second that the thickness is kept 
constant during thermal annealing. It is clearly shown in Figure 11 that copper 
precipitates contribute to hardening until 400~ and to softening at 600~ - 
annealing. Furthermore, the hardening in the present experimental conditions can be 
understood to primarily be ruled by the number densities of  the precipitates; the role of  
the increase in their thickness is probably secondary. In addition, the occurrence of  a 
plateau of hardness curve at 300-400~ in Figure 1 can be understood by taking account 
of  the fact that those precipitates exhibit a peak hardness at 400~ as shown in Figure 11 
while the order-disorder transformation is postulated to take place continuously (Figure 
12). 

Small copper precipitates have been observed in both water-quenched and as-irradiated 
Fe-Cu model alloys, suggesting that parts of  copper precipitates in water-quenched 
specimens remain during neutron irradiation. In order to examine the influence of  the 
cooling rate during quenching, thin plate (0.15 mm in thickness, the same alloys as those 
used in the previous studies [10-11]) was annealed at 850~ for 2 h and quenched into 

Q .  
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Figure 11 -- A rough estimation o f  
hardening by small copper precipitates 
with thermal annealing where their 
thickness is assumed twofold, namely, 
1/10 o f  the diameter and constant. Data 
are normalized as t 'p '~ = l for  as- 
irradiated specimens. 

Figure 12 --A schematic illustration to 
interpret the occurrence o f  a plateau as 
to hardness curve around 300-400~ in 
Figure 1 with thermal annealing. 
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ice- brine. TEM observations of these specimens showed no evidence of copper 
precipitates, supporting a hypothesis that copper precipitates observed in the previous 
studies are formed probably due to their slow cooling rate during water-quenching for 
bulk specimens (e.g., 3 mm*-rod). 

Present and Previous Data 

In the present experiment, the occurrence of (100) reflections has been confirmed 
(Figure 4). This strongly manifests the formation of ordered structures by neutron 
irradiation since the reflections of (100)-type do not occur in a simple bcc or fcc crystal. 
Numerous works [1-3, 5, 9] have reported that spherical or three-dimensional copper-rich 
precipitates induce irradiation hardening. Though it was impossible to determine the 
compositions of small precipitates observed in the present study, it appears reasonable 
that copper precipitates are fee copper termed ~ phase (100 %-copper) in binary phase 
diagrams of Fe-Cu system. Judging from their sizes (< a few nm) reported, their copper- 
rich precipitates are thought to be the same as copper precipitates observed in our study 
(Figure 2). If so, the mechanisms proposed regarding irradiation hardening are not in 
agreement with ours; our data show that the formation of such precipitates is not the 
dominant mechanism for irradiation hardening because the recovery of hardness takes 
place with an increase in sizes and number densities of copper precipitates as shown in 
Figures 2 and 3. 

If it is allowed to assume that copper-rich precipitates are identical with the copper 
precipitates in the present study, it might be beneficial to consider a simple question as to 
why both results do not coincide. Copper-rich precipitates have been reported using many 
up-to-date techniques such as SANS and APFIM, besides TEM. Their works have been 
mainly done on commercial RPV steels while our data are obtained from a binary Fe-Cu 
system. This may result in different results, but this possibility appears less since their 
works also addressed Fe-Cu binary alloys in addition to RPV steels, and there are no 
discrepancy regarding the resuLts between the binary alloys and RPV steels [e.g., 22]. We 
have described above that three kinds of precipitations take place in neutron-irradiated Fe- 
Cu alloys; those are copper precipitates, ordered structures of Cu3Fe and magnetites 
(Fe304). In SANS studies, experimental data have been analyzed by assuming the 
presence of copper precipitates alone; the analysis, if possible, is desirable, in which the 
precipitation of Cu3Fe and Fe304 are taken into account. 

Tomographic APFIM study is a powerful approach since the positions of each atom can 
be exhibited three-dimensionally. APFIM has essentially the spatial resolution, e.g., _<0.5 
nm to x- and y-directions, and _<0.2 nm to z-direction, depending on the respective 
machines. This means in a three-dimensiottal representation that each atom may be 
displayed at the position away within the resolution from their original position in a 
crystal; precipitates might be seen as spread or swelled, and recognized as a sphere or an 
ellipsoid even if tbey are of plate-type. The spatial resolution is atomic especially in the z- 
direction on many machines. However, if the precipitate is inclined at some angle to the 
specimen surface and we consider the shift of the atoms within the x-y plane, the 
precipitate looks swelled in some degree. This effect might strongly influence the results 
in case of fine precipitates less than 1-2 nm in size. 

In addition, it may be reasonable to speculate that atoms (e.g., Fe in Fe-Cu alloys or Fe, 
Mn, and Ni in RPV steels) around copper precipitate may simultaneously enter the inside 
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of the precipitate in a three-dimensional representation. This suggests that copper 
precipitates may have the compositions like CuxFev in Fe-Cu alloys or CuxMnyNiz in 
RPV steels. If the thickness of the precipitate becomes much larger than the spatial 
resolution, the concentration of copper in copper precipitates must increase; data shown in 
Table 5 in Ref [ 10] can be understood by considering the effects described above. 

Another issue is to know how information obtained from Fe-Cu model alloys can be 
applied to the cases of neutron-irradiated commercial RPV steels like A 533B steel. The 
studies on microstructural evolutions of these steels during thermal annealing are still 
limited. Pareige et al. [3] have reported on French Chooz A steels that neutron-induced 
Cu-Ni-Mn-Si clusters are "dissolved" during annealing while copper precipitates form 
and develop. Their description as to copper precipitates is in agreement with the present 
TEM observations. It is of interest to examine whether the clusters have ordered structure 
or not; further examinations are required for this purpose. 

The hardening by neutron irradiations ofoveraged Fe-Cu alloys has been reported to be 
low, compared to those as-quenched in the previous work (Figure 1 in Ref [9]), indicating 
that pre-existing copper precipitates prevent the formation of ordered structures in the 
matrix. Present data indicate that the precipitation of copper takes place and develops 
during thermal annealing. This suggests the possibility that the degree of hardening may 
become lower by re-irradiation of Fe-Cu alloys as well as steels bearing large copper 
precipitates since copper precipitates, which develop with thermal annealing, are 
considered to delay the disorder-order transformation in the matrix. 

Conclusions 

The following conclusions are introduced by Vickers hardness measurements and TEM 
examinations ofFe-0.6 wt.% Cu alloys irradiated at 290~ to 0.0055 dpa with thermal 
annealing. 

1. Small copper precipitates grow with thermal annealing. 
2. Copper precipitates are plate-shaped. 
3. Irradiation-induced ordered structures are dissolved with thermal annealing. 
4. Ordered structures are postulated to be Cu3Fe (L12-type). 
5. Recovery of hardness during thermal annealing is determined by two competitive 

processes of hardening by development of copper precipitates and softening by 
order-disorder transformation of ordered structures. 
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Introduction 

The lifetime extension of nuclear plants has been dictated so as to supply steady 
electric power in the future. Soundness of reactor pressure vessel steel (RPVS) under 
neutron irradiation for the long term has been considered to be one of the critical issues 
for the extended operation of the plant, since the RPVS has been known to suffer 
irradiation embrittlement. The RPVS of early plants often contains amounts of copper as 
an impurity that enhances the irradiation embrittlement by the formation of copper-rich 
precipitates (CRP) [1-4]. Precise evaluation of irradiation embrittlement in such a 
copper-containing RPVS is essential to guarantee the safe operation of the early plant. 

Many experimental and theoretical studies have been done so far to establish the 
evaluation and simulation method of neutron irradiation embrittlement of RPVS, based 
on the results obtained with experimental reactors, accelerators and high voltage electron 
microscopes [5-10]. Since the irradiation-induced copper-precipitatiori behavior can be 
influenced by damage rate, it has been strongly recommended to investigate the damage 
rate effects on the irradiation embrittlement of copper-containing RPVS. 

Recently, a reactor irradiation technique has been improved in irradiation of 
specimens with controlled irradiation temperature and period. In the Japan Materials Test 
Reactor (JMTR), a so-called multi-section and multi-division controlled irradiation rig 
was developed where the specimen temperature was controlled by the heater and a part of 
specimens was removed from the reactor core position during the reactor operation [12]. 

In this study, the effects of neutron flux on the irradiation hardening of Fe-Cu 
model alloys as well as A533B RPVS have been investigated in order to understand the 
mechanism of the effects of damage rate on the irradiation hardening of  Fe-Cu alloys 
utilizing the controlled irradiation rig of JMTR. 

Table 1- Chemical compositions of pure iron and Fe-Cu alloys. 

Chemical Compositions (wt.ppm) "wt.% 

Material Cu" C O N 

Pure Fe 0.002 1 26 2 
Fe-0.15Cu 0.154 2 27 2 
Fe-0.28Cu 0.280 2 15 2 
Fe-0.46Cu 0.464 4 23 2 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



KASADA ET AL. ON FE-CU MODEL ALLOYS 239 

Experimental Procedure 

The materials used in this study were pure Fe, Fe-0.15Cu, Fe-0.28Cu and 
Fe-0.46Cu model alloys for RPVS. The chemical compositions of  the alloys are shown in 
Table 1. These alloys were produced from high purity materials by arc-melting method in 
high purity Ar gas, resulting the concentration of  interstitial impurity that was less than a 
few wt. ppm for carbon and nitrogen and less than 27 wt. ppm for oxygen. The alloy 
ingots were cold-rolled to 0.25 mm thickness of sheets, and then punched out into 3 mm 
diameter disk specimens and 4 x 16 mm sub-sized tensile specimens. The specimens 
were finally annealed at 780~ for 20 min, followed by quenching in iced water. A533B 
steel, which contained 0.03 wt. % of Cu, was also used in this study. The details of  
chemical compositions and heat treatment for the steel were described in this proceeding. 

Neutron irradiations were performed in the Japan Material Test Reactor (JMTR) at 
290~ up to a dose of 1.05 x 1022 n/m 2 (>1 MeV) with neutron flux of 3.0 x 1016 rl/m2s 
(HDR; higher dose rate), and to a dose of 9.3 x 1021 n/m 2 (>1 MeV) with neutron flux of 
1.5 x 10 ~5 n/m2s (LDR; lower dose rate), using a so-called multi-division temperature 
control irradiation rig that enabled part of the specimens removed during reactor 
operation so as to investigate flux effects under the controlled irradiation temperature. 
These fluxes and the irradiation period correspond to displacement dose rates of  4.5 x 
10- 9 dpa/s (97.4hr) and 2.2 x 10 l~  dpa/s (1728hr), respectively. The irradiation conditions 
are summarized in Table 2. 

Tensile tests were carded out at a cross-head speed of 0.2 mm/min at room 
temperature. Micro-Vickers hardness tests with a load of 0.2 kg and positron annihilation 
lifetime spectrometry (PAS) were carried out at room temperature, following isochronal 
(30min) annealing from 350~ to 650~ in 50~ steps in a vacuum of 1.0 X 10 -5 Pa. 

Table 2- Irradiation conditions of higher dose rate (HDR) and lower dose 
rate (LDR ) irradiations. 

i pl "! I ' " 

Higher Dose Rate Lower Dose Rate (units) 
(HDR) (LDR) 

Temperature 290 290 ~ 

Dose (E>I MeV) 1.05 x 1022 9.3 x 1021 n/m 2 

Dose (dpa) 1.58 x 10 -3 1.40 x 10 -3 dpa 

Irradiation period 97.4 1728 hour 

Dose rate (E>I MeV) 3.0 x 1016 1.5 x 1015 n/m2s 

Dose rate (dpa) 4.5 x 10 -~ 2.2 x 10 -1~ dpa/s 
II " '  
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R e s u l t s  

Irradiation Effects 

The effects of neutron irradiation at different neutron fluxes" on the irradiation 
hardening of Fe-Cu model alloys are shown in Fig.1. The yield stress of Fe-Cu alloys 
increased with copper concentration before and after the irradiation (Fig.l(a)) and the 
irradiation hardening significantly increased with increasing copper concentration. The 
effect of neutron flux on irradiation hardening was observed in all the alloys, that is, the 
LDR irradiation induced a larger hardening than the HDR one. The same tendency was 
also recognized for A533B, though the amount of hardening was much smaller than in 
the model alloys. It appears that the effect of neutron flux is independent of copper 
concentration, which will be discussed later. 

PAS results of two-component analysis are shown in Fig. 2. A longer lifetime 
component that indicates formation of microvoids was only observed in pure Fe and 
Fe-0.15Cu alloy irradiated at LDR condition. Since the PA spectra of Fe-0.28 and 0.46Cu 
alloys could not be separated into two components, the average lifetime, Xm, was shown 
in the figure. As shown in the figure, the lifetime of longer component decreased with 
increasing copper concentration, suggesting that copper atoms suppressed growth of 
microvoids. At HDR condition, no long lifetime component or microvoid was observed 
in any of the alloys. It is expected that the over-sized copper atoms in the iron lattice trap 
vacancies and prevent them from aggregating into microvoids. As for the A533B steel, it 
appears that no microvoid is formed in either of the irradiation conditions. 
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Fig. 1- Tensile test results for unirradiated, HDR and LDR irradiated Fe-Cu alloys 
and A533B; (a) yield stress and (b) increase in yield stress after irradiation. 
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Post-irradiation isochronal annealing behavior 

Figure 3 shows the change in the mean positron lifetime during post-irradiation 
isochronal annealing, indicating that the lifetime of the irradiated alloys decreased to 
values for unirradiated alloys after annealing to 350~ 

Micro-Vickers hardness change during post-irradiation isochronal annealing is 
shown in Fig. 4 for a) HDR condition and b) LDR condition. Two recovery stages of 
irradiation hardening were observed in all the Fe-Cu alloys, while only the lower 
temperature recovery stage was observed in pure iron in both the irradiation conditions. 
The first stage is in the temperature range from 300~ to 350~ at HDR condition, while 
it is above 350~ at LDR condition. As for the second recovery stage, the temperature 
range is from 550~ to 650~ of both fluxes. 
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Fig. 4- Normalized Vickers hardness change during post-irradiation isochronal 
annealing: (a) HDR irradiated and (b) LDR irradiated pure Fe, Fe-O.15Cu 
and Fe-O.46Cu. 

Discussion 

Irradiation hardening of copper-containing alloys has been considered to consist of 
two components; namely, matrix damage of point defect clusters (PDC) and 
irradiation-enhanced copper-rich precipitate (CRP), as shown by the following: 

Aotot(t) = Aopoc(t) + AOcRP(t), (1) 

where AOtot(0, A~pDc(0 and Aocgp(t) are the total hardening, hardening by PDC, hardening 
by CRP, at an irradiation time of t, respectively[I]. Furthermore, AOPDC(0 can be separated 
into two components; small interstitial loops and microvoids. According to our previous 
study on recovery behavior of proton irradiation-induced hardening in Fe-Cu model 
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alloys, three recovery stages were observed during isochronal annealing from 80 to 650~ 
The second and third stage was observed at around 350 and 600~ respectively, which 
were attributed to annealing out of matrix damage and resolution of copper precipitates, 
respectively [5]. Figure 4 indicates that almost the same behavior was observed for 
neutron irradiated Fe-Cu alloys, and the first and second stage in Figure 4 corresponds to 
the second and third stage in proton-irradiated Fe-Cu alloys. In proton-irradiated alloys, 
the first recovery stage appeared at around 200~ since the irradiation temperature was 
60~ [10]. In order to estimate the contribution of each component to irradiation 
hardening in neutron irradiated Fe-Cu alloys, the amount of the hardening recovered at 
each stage was evaluated from Fig. 4 and shown in Fig. 5, with the assumption that the 
lower and higher temperature recovery stages of irradiation hardening are due to 
annealing out of PDC and resolution of CRP, respectively [8]. 
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Fig. 5- Contribution to irradiation hardening of  each hardening, 
A f N~ c and A f ct ~ evaluated from Fig. 4. 

From Fig. 5, it is suggested that: 
1) Irradiation hardening by PDC significantly depends on dose rate and copper 

concentration. The hardening is larger at LDR condition and decrease with increasing 
copper concentration. 

2) Irradiation hardening by CRP appears to be independent of dose rate, and increases 
with increasing copper concentration. 
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In addition, the contribution of microvoids to irradiation is considered to be very 
small, because the density and size of microvoids calculated from PAS results is not 
enough to explain the hardening and there is no recovery of irradiation hardening at 
350~ for LDR condition in spite of occurrence of recovery of microvoids as shown in 
Fig. 3. Therefore, irradiation hardening by PDC is mainly attributed to small interstitial 
clusters. Although the contribution of microvoids to irradiation hardening is rather small, 
formation of interstitial clusters is affected by microvoids as well as vacancies. In both 
the irradiation conditions, A~vnc decreases with increasing copper concentration, which is 
interpreted as follows. Since copper atoms trap vacancies, as suggested by Fig. 2, and 
cause recombination with interstitial atoms, the increase in copper concentration 
increases the density of recombination sites that reduces the number of interstitial atoms 
to form the dislocation loops. Although it is possible that the aggregation of copper 
around microvoids increases the density of interstitial atoms because of decreasing in 
sink efficiency of microvoids for interstitial atoms, that is opposed to the experimental 
results that Aopoc decreases with increasing copper concentration (Fig. 5). 

As for the dose rate dependence of AopDc, it can be interpreted in terms of 
"recombination dominant situation" at the Lrradiation condition or dose rate region. 
Namely, at LDR condition point defects have larger probability of clustering than in the 
HDR condition. Since the precipitation of copper is governed by vacancy diffusion [9], 
At~CRP is expected to depend on neutron flux that affects vacancy concentration during 
irradiation [10]. In this study, however, there was little effect of flux on AaCRp. It is 
considered that the obtained values of A~CRP are the saturated values for the alloys. 
Therefore, further investigation of fluence effects as well as flux effects is demanded. 
Also, it is possible that the weak dependence of At~CRV might be due to small difference in 
the flux in this study. 

Conclusions 

The effects of copper concentration (up to 0.46wt.%) and neutron flux (3.0 x 1016 
n/m2s and 1.5 x 1015 n/m2s) on irradiation hardening and microstmcture evolution in 
Fe-Cu model alloys were investigated by utilizing the controlled irradiation rig of JMTR. 
Obtained results are: 
1) Irradiation hardening in Fe-Cu model alloys significantly increased with copper 

concentration, though the yield stress of unirradiated alloys depended weakly on the 
copper concentration. 

2) Irradiation hardening in LDR condition was larger than that in HDR condition. The 
effect of neutron flux on irradiation hardening was due mainly to the difference in the 
contribution of matrix defects to the hardening. No effect of neutron flux on 
precipitation behavior of copper was observed. 

3) Dose rate dependence of irradiation hardening was also observed in the A533B steel, 
although the difference is smaller than for the model alloys. 
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Introduction 

Positron annihilation spectroscopies have been used with some success to help 
characterize the damage structure that develops under fast-neutron irradiation and that is 
responsible for pressure-vessel embrittlement [1-6]. At issue is the nature of the fine- 
scale damage (< 10 nm) that forms under irradiation and that causes the increase in the 
nil-ductility temperature (NDT) and the decrease in the upper-shelf energy (USE) in the 
Charpy Test [ 7]. A substantial amount of work has been put into this characterization, 
using techniques such as small-angle neutron scattering (SANS) [8, 9], atom probe field 
ion microscopy (APFIM) [10, 11], transmission electron microscopy (TEM) and a variety 
of others [12], in addition to positron annihilation spectroscopies. In such studies, 
investigators have identified irradiation-induced precipitates (Cu-rich precipitates) and 
defect clusters (matrix damage) as the likely candidates for causing irradiation 
embrittlement [13]. However, the complex nature of the irradiation-induced precipitation 
and defect clustering processes in industrial alloys such as A533B steel, in combination 
with the fine scale of the damage, make it difficult to determine the exact nature of the 
mechanisms. Positron annihilation spectroscopies, both in lifetime or Doppler broadening 
experiments, can provide unique information about the nature of the damage. In 
combination with other techniques, they can be used to help determine the embrittlement 
mechanism operative in pressure-vessel steels under irradiation. 

The use of model alloys in irradiation testing programs can help eliminate some 
of the uncertainties related to alloy composition [4, 14]. By systematically varying the 
alloying contents, we can determine the separate effects of specific alloying additions, 
and combinations of additions on irradiation embrittlement. We present the results of an 
investigation conducted on a series of model alloys, prepared with systematic variations 
of Cu, P and Ni. We conducted a series of positron-annihilation-lifetime and Doppler- 
broadening measurements, complemented by Rockwell hardness measurements on 
several model alloys that were not irradiated and that were irradiated to 1 x 1019 n.cm "2 
and 8 x 1019 n.cm-2(E > 0.5 MeV) at 270 ~ C. We performed measurements on both the 
as-irradiated samples and on the same samples after performing successive isochronal 
anneals, conducted at temperatures ranging from 200 to 600 ~ C. We analyze the results 
and compare them with similar measurements on irradiated pressure-vessel steels and 
with other positron measurements on model alloys reported in the literature. 

Experimental Methods 

Samples Examined 

Table 1 gives the compositions of the eight model alloys used in this study [15], 
which represent the averages of three independent spectroscopy and standard chemical 
analysis measurements. The alloys were austenitized at 980-1000 ~ C for two hours and 
oil quenched. They were then tempered at 670 ~ C for ten hours, and cooled in air. The 
samples were originally in the form of Charpy V-notch test specimens, and after testing 
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were cut into 1 cm 2 x 1 mm slices with a wafering diamond blade, parallel to the fracture 
surface. The samples used here were taken from specimens tested in the temperature 
region corresponding to the lower shelf energy. The surface layer was removed by using 
nitric acid to remove the cold-worked region, created by the cutting o f  the samples. The 
amounts of  Cu, P and Ni are given in the last column as high, medium or low. 

Table 1. Model alloy chemical composition (wt. ppm) 

Material C S Cu P Ni Si Mn Cba/P/Ni 
A 0.01 0.004 0.02 0.002 0.01 0.15 0.39 LLL 
B 0.01 0.005 0.42 0.012 0 . 0 1  0.24 0.49 HML 
C 0.01 0.004 0.12 0.010 1 . 9 8  0.09 0.35 MMH 
D 0.01 0.004 0.12 0.012 1.10 0.12 0 .41 MMM 
E 0.01 0.004 0.12 0.039 1.13 0.2 0.46 MHM 
F 0.01 0.004 0.42 0.012 1 . 1 9  0.21 0.47 HMM 
G 0.01 0.004 0.11 0.013 0.01 0.37 0.48 MML 
H 0.01 0.004 0 .11  0.039 0.01 0.24 0.49 MHL 

Irradiation and Annealing 

Materials A-F were irradiated at surveillance positions to a fluence of  1 x 1019 
n.cm -2 (E > 0.5 MeV) at the ROVNO-1 commercial reactor at a flux of  4 x 1011 n.cm-2s "1. 
Materials A, B, G, and H were irradiated at the KOLA-3 commercial reactor to 8 x l019 
n.cm -2 (E > 0.5 MeV) at a flux o f  3 x 1012 n.cm-2s "1. All alloys were irradiated at 270 ~ C. 
For the isochronal annealing studies, the samples were annealed at successively 
increasing temperatures for 30 minutes in sealed quartz tubes filled with ultra-high purity 
argon. The samples were then etched in hydrochloric acid after each annealing to remove 
any surface oxidation and to ensure a clean, uniform surface. 

Positron Annihilation Spectroscopy 

To measure positron lifetime distributions on non-irradiated samples and samples 
with low 6~ activity, we used a standard BaF2 two-detector, fast-slow-coincidence 
positron-lifetime spectrometer. To examine samples with significant 6~ activity, we 
used a modified three-detector system [16]. In the three-detector arrangement, we use a 
"start" detector to detect the 1.28 MeV y-ray emitted following the 13+-decay of  22Na, one 
"stop" detector to detect one of  the two 511-keV annihilation quanta, and a third NaI 
"check" detector, which must detect the second 51 l-keV annihilation quantum, 
coincident with the response of  the stop detector, for the lifetime to be recorded. This 
arrangement reduces the interference caused by the two ~/-rays emitted in the decays of  
6~ by roughly two orders of  magnitude, although it reduces the counting rate. Both 
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positron systems have a time resolution of 270 ps. The positron source consisted of 75 
~tCi of carrier-free 22Na, surrounded by two sheets of Kapton film. The equipment was 
kept in a room where the temperature was well controlled to avoid electronic drift. The 
positron lifetime system was frequently calibrated using well-annealed Fe foils to 
determine the time resolution and the fraction of positrons annihilating in the source. 

We used the PATFIT package to perform the deconvolution of the positron 
lifetime distributions [17]. We used the program RESOLUTION to analyze the lifetime 
distributions corresponding to a Fe foil to determine the resolution function of the system 
and to determine the fraction of positrons annihilating in the positron source. Using the 
resolution function generated for a known sample by RESOLUTION, we then used the 
program POSITRONFIT to perform the deconvolution of the positron lifetime 
distributions measured on the experimental samples. 

For the Doppler-broadening (DB) measurements, we used a Ge x-ray detector 
with an energy resolution of 1.07 +0.05 keV at 511 keV. The DB spectrometer was 
frequently calibrated using a 181Hf 482 keV )'-ray source and a SSSr 514 keV )'-ray 
source. We analyzed the energy distribution of 511 kev annihilation quanta using the 
Doppler lineshape S-parameter, which gives a measure of the "sharpness" of the 
distribution of 511 keV annihilation quanta. In a metal the S parameter is smaller when 
the positrons annihilate with higher-momentum electrons, such as those bound to an 
atom. This will happen more frequently in defect-free crystals. When open-volume 
defects are present, the S parameter is larger (less variability in the energy of the 
annihilation quanta), as positrons wilt tend to annihilate with low-momentum electrons, 
such as those in the electron gas normally found in higher proportions in open volume 
defects. As positrons thermalize before annihilation, the positron's momentum is not a 
significant factor in measuring the S-parameter. 

Hardness Testing 

For the 15N Rockwell superficial Rockwell hardness tests, we used an American 
Chain and Cable Company model 6TT Rockwell hardness tester. Before each 
measurement, the tester was checked for accuracy using a standard test block of known 
hardness. The calibration anvil was used for the tests, as the samples were very small. In 
testing each sample, we performed five hardness measurements and used the mean value. 

Results 

Examination of Samples in the Non-Irradiated and As-Irradiated States 

Table 2 summarizes the results obtained for measurements of the average positron 
lifetime Y and the S-parameter, including both the values obtained before irradiation and 
those obtained after irradiation but before annealing. Asterisks indicate samples that have 
not yet been examined because of their high activities, and the numbers in parentheses 
indicate the experimental error. The average lifetime for the non-irradiated samples varies 
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widely, between 114 and 145 ps, likely indicating differences in the microstructure before 
irradiation (e.g. higher average lifetimes could indicate a higher dislocation density). The 
higher S-parameters measured in the samples with high F (indicating greater percentage 
of annihilations occurring in well-defined defects such as dislocations) support this 
interpretation. Some of this sample-to-sample variation could also have been caused by 
the different compositions of the alloys, but no systematic trend was observed between 
alloy composition and positron lifetimes. On the other hand, the hardness measurements 
show that alloys with higher Cu and Ni content tend to exhibit higher hardness values, 
likely as a result of solid-solution strengthening. Table 3 summarizes the results obtained 
for the 15N superficial Rockwell hardness tests performed on the irradiated and non- 
irradiated model alloys. The Rockwell Hardness varies between 32 and 53 for the 
different alloys. 

After neutron irradiation, the positron lifetimes generally increase, with the 
exception of those for samples C, F and G. These changes are likely caused by a 
combination of irradiation-induced precipitates and defect clusters formed trader 
irradiation. Longer positron lifetimes (165 ps for dislocations and 175 for vacancies [18]) 
and larger Doppler broadening S-parameters characterize open-volume defects, whereas 
trapping in irradiation-induced precipitates is associated with shorter lifetimes. Further 
irradiation of sample B to 8 x 1019 n.cm "z causes an additional increase in the average 
positron lifetime. Finally the average ~ositron lifetime in sample H increases 
significantly after irradiation to 8 x 10 9 n.cm-~. 

The deconvolution of these positron lifetime distributions using a one or two- 
lifetime unconstrained fit shows no evidence for the longer lifetimes (>200 ps) usually 
associated with microvoids, depleted zones, or higher-order vacancy clusters. The 
distribution could be well fit using two lifetimes: one at about 165 ps and one at about 
110 ps or shorter, as predicted by trapping theory [19] for a combination of defect 
trapping and bulk annihilations. This is in agreement with the results of Lopes-Gil [3] and 
Brauer [2], who observed no irradiation-induced voids after irradiations conducted at 
290 ~ C and 270 ~ C respectively. 

Table 2: Average positron lifetimes ~ and S-parameters for the model alloys, before and 
after irradiation 

Material ~ (ps) 
Non-irradiated 1xl019 n.cm "2 8x1019 n.cm 2 

S-Parameter 
Non-irradiated lxl019 n.crn "2 8x1019 n.cm "2 

A 116(1) 162(2) * 0.5126(4) 0.5353(6) 
B 125(2) 134(2) 145(1) 0.5151(7) 0.5203(5) 
C 137(2) 120(2) 0.5254(5) 0.5140(5) 
D 145(2) 173(1) 0.5266(3) 0.5452(5) 
E 114(1) 180(1) 0.5105(5) 0.5486(5) 
F 117(2) 116(1) 0.5120(7) 0.5168(7) 
G 143(2) 136(1) 0.5284(4) 
H 134(2) 165(l)  0.5123(5) 

0.5258(6) 
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Table 3: Rockwell Hardness, before and after irradiation 

Material 15N Rockwell Hardness 
Non-irradiated lxl019 n.cm "2 8x1019 n.cm "2 

A 32 (1) 56 (3) 
B 44 (5) 53 (4) 
C 50 (4) 54 (1) 
D 53 (2) 64 (1) 
E 51 (1) 65 (1) 
F 49 (l) 62 (1) 
G 44 (3) 
H 46 (1) 

66 (2) 
62 (2) 

59 (1) 
64 (2) 

Successive Isochronal Anneals after Irradiation to lxl019 n.cm "2 

We present the results for samples A-F, measured after irradiation to 1 x 1019 
n.cm "2 at 270 ~ C, and after successive anneals for 30 minutes at the temperatures 
indicated. The high activity of  samples G and H precluded us from performing the post- 
annealing positron measurements in this first stage of  the study. 

Figure 1 shows the average positron lifetime and the relative change in S- 
parameter and in Rockwell Hardness for Material A (low levels o f  Cu, P and Ni) and B 
(high levels of  Cu, medium levels o f  P, and low levels of  Ni) after irradiation to lxl  019 
n.cm "2 at 270 ~ C and after successive anneals for 30 minutes at the temperatures 
indicated. The values of  these parameters measured after irradiation but before annealing 
correspond to the values shown at an annealing temperature of  0 ~ C. The non-irradiated 
values are also indicated. The error bars reported for average positron lifetime and S- 
parameter originate from the corresponding fitting process, and those associated with the 
Rockwell Hardness indicate the variability within the measurements conducted. As the 
annealing temperature increases from 200 to 350 ~ C, little change is observed in ~-. 
Between 350 and 450 ~ C, ~ decreases abruptly to values close to those for of  the non- 
irradiated material, and remains there up to 600 ~ C. Corresponding decreases in the S- 
parameter and in the Rockwell hardness values are observed in the temperature range of  
350-450 ~ C. This result suggests that the higher positron lifetime observed after 
irradiation (relative to the non-irradiated value) below 350 ~ C is caused by irradiation- 
induced open-volume defects; the annealing of  these defects between 350 and 450 ~ C 
causes the concurrent decrease in hardness observed in that temperature range. 

For sample B (low Ni content but higher contents of  Cu and P), the average 
positron lifetime starts to decrease at somewhat lower annealing temperatures; and, at 
450 ~ C the lifetime values are close to those observed at the same annealing temperature 
in sample A. The S-parameter also decreases, indicating the annealing of  defects in that 
temperature range. Interestingly, the hardness shows a marked increase, starting at 350 ~ 
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parameter and l 5N Rockwell hardness results are shown as the percent change from the 
as-fabricated (non-irradiated and non-annealed) state. The samples were successively 
annealed for 30-minutes at each temperature. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



2 5 4  EFFECTS OF RADIATION ON MATERIALS 

0 100 200 300 400 500 600 1 9 0 1  . . . . . . . . . .  
1801 ' ' ' Material C 

C u =  0 , 1 2  w %  

1701 P = 0.010 w% 
1601 Ni ~ 1.98 w% 

1301 ~ .... 
120-1 ~ ................................ ~...'~'"'~. 
110 i x.....r,. 

~ 2. 
1 

~ - 1  

& -2 
-3 
-4_ 
40-- 

i 30 ~ 

20 ~ 

o: 
~~ O 

~ -20 

190 
180; 
170J 
160~ 

~14o. 
~ 130. 

1202 
110 ~ 

4-- 

~ -  0 "  

~,---'o .1" 
x ~ - 2 -  .................. , ........... --,.~,..-.xat'r ',:...,.x 

.Z 

0 100 200 300 400 500 600 
Annealing Temperature (C) 

0 100 200 300 400 500 600 
, �9 , , , �9 , . f �9 , - .  f 

M a t e r i a l  D 

......................... ~ ........... " i . . . . ~  C u  = 0 . 1 2  w %  

P = 0.012 w% 
~Ni = 1 .10  W %  

N o n i r r a d i a t e d  

\ 

",,. , " ,  

i 
40-= 

,~ 30. 

~ 2 0 .  ~ ..... ~-_ 
z ~ ................ 4...~ I ..... 

-10 

-20 . . . . . . . . . . . . .  
0 100 200 300 400 500 600 

Annealing Temperature (C) 

Figure 2: The dependence of the average positron lifetimes, Doppler-broadening S- 
parameters, and 15N Rockwell superficial hardness values on annealing temperature for 
neutron-irradiated (lx1019 n.cm "2 at 270 ~ materials C and D. The S-parameter and 
15N Rockwell hardness results are shown as the percent change from the as-fabricated 
(non-irradiated and non-annealed) state. The samples were successively annealed for 
30-minutes at each temperature. 

Figure 2 shows the average positron lifetime, S-parameter, and Rockwell hardness 
for sample C, which has the highest Ni content of the annealed samples and medium 
values of  both Cu and P and for sample D, which contains medium levels ofNi,  Cu and 
P. For sample C, the average positron lifetime in the as-fabricated material decreases 
significantly after irradiation, and does not change appreciably with annealing. This 
behavior is mirrored by the S-parameter, which also decreases with irradiation and 
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remains constant after annealing. The hardness shows a modest increase after irradiation, 
and exhibits a gradual decrease with increasing annealing temperature. 
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Figure 3: The dependence of  the average positron lifetimes, Doppler-broadening S- 
parameters, and 15N Rockwell superficial hardness values on annealing temperature for 
neutron-irradiated (lx1019 n/cm 2 at 270 o C) materials E and F. The S-parameter and 
15N Rockwell hardness results are shown as the percent change from the as-fabricated 
(non-irradiated and non-annealed) state. The samples were successively annealed for 
30-minutes at each temperature. 

For sample D, the average positron lifetime for the as-irradiated sample is the 
highest among the samples that we examined, and it remains relatively unchanged after 
annealing up to 350 ~ C. In the same way as in the baseline sample A, the average 
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positron lifetime decreases abruptly between 350 and 450 ~ C, reacl~ing values close to the 
non-irradiated values at 450 ~ C, with no further evolution up to 600 ~ C. This behavior is 
also reflected in the S-parameter, which decreases in the same temperature range, and in 
the hardness, although the scatter in this case is much larger. 

Figure 3 shows similar results for samples E and F. Sample E contains the highest 
value of P for the annealed samples and medium values of Cu and Ni. The average 
positron lifetime for the as-irradiated sample E is similar to that for D. The same broad 
characteristics of the average positron lifetime as observed in sample D are seen, i.e., 
abrupt decreases of the average positron lifetime, the S-parameter, and a more gradual 
decrease for the Rockwell hardness, starting at around 350 ~ C. The average positron 
lifetime at 450 ~ C is again close to the non-irradiated value. 

Sample F has a high Cu concentration and medium (0.12%) Ni and P 
concentrations. The contrast of the measurements for this sample with those for sample B 
(0.01% Ni) should highlight the importance of Ni, as this is the only difference in 
composition between these two samples. The average positron lifetime measured after 
irradiation is 116 ps, (as compared to 134 ps in sample B). As the annealing temperature 
increases, the average positron lifetime remains essentially constant up to 600 ~ C. After 
irradiation, the S-parameter increases from the value measured on the as-fabricated 
material, and it decreases after the sample is annealed at 200 ~ C, remaining essentially 
constant thereafter. The hardness shows a significant increase after irradiation, and then 
exhibits a steady decrease with annealing temperature. 

Discussion 

In this work we have relied mostly on the average positron lifetime, as this 
parameter is not strongly influenced by the fitting procedure. It is possible to perform the 
deconvolution of the positron spectra to obtain individual lifetimes, and to attempt to 
compare those with the lifetimes of well-known defects. For the examinations mentioned 
above, the longest lifetime we have found after deconvolution was 200 ps. If taken at face 
value, a 200 ps lifetime would correspond to that of a di-vacancy in Fe, which would 
mean that in addition to dislocation loops, the matrix damage would consist of mono and 
di-vacancy defects. However, the actual clusters formed may interact with solute atoms 
such that their compositions could change, thereby affecting their positron lifetimes. 

We can propose an interpretation of the results that fits the observations. We 
emphasize that, because positrons do not provide a direct measure of some of these 
microstructural features, we need to combine and confirm these measurements by using 
other experimental techniques. In the baseline material A, no irradiation-induced 
precipitates are formed because of the low levels of alloying elements. We can attribute 
the increase in average positron lifetime in sample A, measured after irradiation, to the 
formation of matrix damage, such as vacancies, di-vacancies, or dislocation loops, which 
anneal between 350 and 450 ~ C. As the defects anneal, hardness decreases, and the 
average positron lifetime also decreases, because the fraction of annihilations in defects 
decreases. 
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In contrast with sample A, sample B has high Cu and P content. The smaller 
increase in average positron lifetime measured after irradiation can be attributed to the 
existence of some irradiation-induced precipitation, in addition to the matrix damage also 
present in sample A. Because of the greater positron affinity for Cu than for Fe [20], 
these precipitates tend to trap the positrons, increasing the number of annihilations having 
the lower characteristic lifetime. Because both of these irradiation features trap positrons, 
the measured value lies in between the characteristic lifetimes for these two traps. 
However, in the absence of Ni, it is likely that less irradiation-induced precipitation 
occurs than when Ni is present in significant quantities; thus some of the Cu remains in 
solution. As the annealing takes place, the matrix damage is annealed, and thermal aging 
causes more of the Cu to precipitate. This precipitation causes the average positron 
lifetime to decrease and the hardness to increase. Above 450 ~ C, the precipitation is 
complete and a ripening process starts to occur, which decreases the precipitate number 
density. This "Ostwald ripening" process causes the decrease in hardness, observed 
between 500 and 600 ~ C. This hardening under thermal aging was observed by others: a 
change in Hv20 hardness of 40 was observed in Fe-0.9 % Cu model alloy after 1 hour 
thermal aging at 550 ~ C [21]. 

By comparing the results for sample B (0.01% Ni) with those for sample F 
(1.19% Ni), we can assess the effect of Ni. The average lifetime in sample F measured 
after irradiation is about 120 ps (essentially the same as before irradiation), but we 
observe a significant increase in hardness, indicating that the microstructure evolution is 
taking place, although not affecting the average positron lifetime. 

For sample F, we can interpret this average positron lifetime as resulting from 
saturation trapping of positrons in irradiation-induced precipitates. I f a  combination of 
high amount of either Cu and a medium amount of Ni, or a high amount of Ni with a 
medium amount of Cu, would lead to a high number density of  irradiation-induced 
precipitates, then samples C and F would show more extensive irradiation-induced 
precipitation than samples B, D and E. We would expect an elementally-pure and 
coherent metal precipitate to show the annihilation lifetime and Doppler-broadening 
characteristics corresponding to those for the precipitated metal. For pure Cu, we 
measured a positron annihilation lifetime of 119• ps, which is close to the lifetime 
measured on Fe, 110 • ps. 

In this scenario, the matrix defects in sample F are completely obscured by very 
extensive precipitation that traps all the positrons, so that they annihilate with the 
lifetimes associated with the precipitates. It has been proposed that Ni acts as a Cu- 
dispersant, enhancing Cu precipitation and making it finer [8]. A fine distribution of 
irradiation-induced precipitates is more efficient at trapping positrons than is a coarse 
distribution. Because these precipitates are stable to higher temperatures, the annealing of 
matrix damage is not observed, and we have no way of assessing its extent in these 
samples. 

A similar scenario is operative for sample C. In that case, the as-fabricated 
microstructure contains a greater amount of matrix dislocation-type defects, so the as- 
fabricated average positron lifetime is 137 ps, which is reduced by irradiation to 120 ps. 
The aforementioned hypothesis would also explain this result. Extensive trapping of 
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positrons at irradiation-induced precipitates would obscure the matrix damage. By 
contrast, in samples E and D, and to a lesser extent in B, the matrix damage represents a 
greater percentage of the annihilations; and, thus, the average positron lifetime increases. 
Also, because a majority of the positrons annihilates in well-defined defects, the S- 
parameter is higher for samples B, D, E than for C and F. 

We note that radiation-induced copper-rich precipitates are not necessarily either 
pure or coherent. Using atom probe field ion microscopy, Miller et al. report that these 
precipitates consist a mixture of elements, consisting of Fe, Cu, Mn, and Si, with P 
segregating to the precipitate boundary [I 1]. Investigations of precipitates in irradiated 
reactor pressure-vessel steels using SANS show that these precipitates have a magnetic- 
to-nuclear scattering ratio that is not consistent with that for pure Cu [22] but instead is 
consistent with that for a mixture of Cu, Mn, and Ni [8]. Using high-resolution electron 
microscopy, Othen et al. show that pure Cu precipitates in ferritic steel maintain a b.c.c. 
structure until they reach a diameter of 5 nm, at which point they transform into a 9R 
structure [23]. This result suggests that, as long as the precipitate size remains around the 
typical diameter of 1-2 nm, the precipitates could remain coherent, but with some stresses 
that could cause misfit defects at the matrix-precipitate interface. Brauer et al. have 
estimated a positron lifetime in irradiation-induced precipitation of 124-145 ps at such a 
misfit defect located at the Cu-Fe interface [6]; the same value was estimated by Phythian 
et al. to be - 130 ps [21]. Such lifetimes in irradiation-induced precipitates depend on a 
variety of  characteristics of  these precipitates, including their degree of coherency, crystal 
structure, composition, and element distribution. Given the lifetimes observed of around 
120 ps, it is likely that these irradiation-induced precipitates are coherent with the matrix. 

We examine the effect of  P by comparing specimens D (0.012% P) and E (0.39% 
P). The results for the average positron lifetime, the S-parameter and the hardness are 
very similar, indicating that P does not play a significant role in the irradiation-induced 
microstructural evolution and in the post-irradiation annealing of these model alloys. It is 
interesting to compare the present results obtained in model alloys with previous results 
obtained in the examination of neutron-irradiated pressure-vessel steels. The same 
general irradiation and annealing behavior is observed in the pressure-vessel steels as is 

19 2 observed in the model alloys. After irradiation to 1.5 x 10 n . c m ,  the average positron 
lifetime in A533B steel (incorrectly reported as A508 in [24]) increases to - 150 ps. This 
average positron lifetime decreases between 300 and 450 ~ C, and increases again 
between 450 and 600 ~ C [24]. This behavior was also observed in VVER steels [2]. This 
suggests that a similar interpretation of the results is valid, i.e., that matrix damage (with 
a characteristic lifetime of about 165-175 ps) develops in parallel with irradiation- 
induced precipitates, which should be rich in Cu and Ni. 

Conclusions 

We have used positron annihilation spectroscopies to examine a series of model iron 
alloys in which we systematically varied the alloying concentrations of Cu, P and Ni. We 
measured the average positron lifetime, the S-parameter, and the Rockwell hardness, on 

19 2 19 2 model alloy samples irradiated to 1 x 10 n.cm- and 8 x 10 n . c m ,  and we measured 
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the same quantities after performing successive isochronal anneals of the samples that 
had been irradiated to 1 x 1019 n.cm "z. The main conclusions of this study are as follows: 

1. No evidence was observed for the long positron lifetimes (> 250 ps) normally 
associated with higher-order defect clusters or microvoids. This result is in agreement 
with the results obtained by several other researchers who did not observe microvoids in 
complex alloys after high temperature neutron irradiation. 

2. The effects of Cu and Ni, especially in combination, on microstructural 
evolution and on the inferred irradiation-induced precipitation, as measured by the 
average positron lifetime, S-parameter and hardness, were much more pronounced than 
the effects of P. 

3. In samples without a high concentration of either Cu or Ni, combined with a 
medium concentration of the other element, the average positron lifetime increases after 
irradiation to 1 x 1019 n .cm "2. The microstructural feature associated with this lifetime 
anneals between 350 ~ C and 450 ~ C. The S-parameter and the hardness in these samples 
exhibit similar annealing behavior. This behavior could be caused by the formation of 
defect clusters produced under irradiation. 

4. In samples having either high Cu and medium Ni or high Ni and medium Cu, 
we observe a low average positron lifetime after irradiation to 1 x 1019 n.cm "2, which 
occurs at the same time that the hardness increases. This behavior changes little with 
annealing temperature. This low average positron lifetime could result from saturation 
positron trapping in irradiation-induced precipitates. 

5. These results and interpretation are in general agreement with the current view 
that irradiation embrittlement of ferritic steels at high temperature is caused by fine-scale 
damage, which consists of a combination of irradiation-induced precipitates and defect 
clusters, but not microvoids. 

We emphasize that these observations need to be combined the observations 
performed with other complementary experimental techniques to obtain a more complete 
view ofmicrostructural evolution in pressure vessel steels under irradiation. 
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Abstract: The effect of  nickel on irradiation sensitivity in ferritic steels is 
substantial, complex, and not yet fully understood. In this study, the evolution of  
irradiation induced microstructures in high nickel submerged arc welds has been 
examined in a series of  small angle neutron scattering (SANS), field emission gun 
scanning transmission electron microscopy (FEGSTEM) and optical position 
sensitive atom probe (OPoSAP) experiments. For a low (~0.05%) copper content 
weld, SANS measurements showed that a high density of  small features had been 
formed during irradiation. It was expected that clustering would be evident from 
visual examination of  the OPoSAP elemental maps, but this was not the case. 
However, a statistical assessment of  the data revealed that the manganese atoms were 
non-randomly distributed. For a medium copper (0.15%) weld, clusters were again 
not visible in OPoSAP, but non-randomness of  both manganese and nickel could be 
detected at a low dose; at higher doses copper was non-random also. At high levels 
of  copper (0.24% and 0.56%), clusters microalloyed with nickel, manganese, copper, 
silicon and iron were visible. The SANS data showed that the feature size tended to 
increase with copper and dose, but the number density remained fairly constant. The 
paper discusses how the differences between the SANS and OPoSAP data might be 
reconciled, and the implications in relation to the mechanisms of  irradiation damage. 
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Introduction 

The characterization of the microstructural changes caused by irradiation damage is 
a key activity in the development of an understanding of the phenomenon sufficient to 
enable construction of accurate predictive models. Such models are essential if 
predictions are to be made for combinations of variables not adequately represented by 
empirical data. It is widely held that there are three main components of irradiation 
damage in reactor pressure vessel steels: matrix damage, precipitation damage, and non- 
hardening embrittlement. This paper focuses primarily on the second of these, the 
damage caused by clustering, or precipitation, of solute atoms. The third component is 
not significant in the steels discussed, and imaging techniques for the matrix damage 
have not yet been developed. 

It is unfortunate that the precise nature of matrix damage is not yet established and, 
until this is achieved, embrittlement modelling will remain incomplete. However, 
precipitation damage is the most significant contributor to irradiation embrittlement in 
steels with more than about 0.15% copper. Understanding it is a key to understanding 
irradiation dose rate (flux) effects, and to understanding the differences in behavior 
between high nickel (>1.5%) materials (discussed in this paper) and those with more 
typical (~ 0.7%) nickel contents. 

There are a number of techniques available to characterise the very fine scale 
damage caused by neutron irradiation. None, however, produce complete and 
unequivocal data. All require considerable care in application and interpretation, and all 
are costly relative to mechanical testing. The approach taken has been to use selected 
techniques in combination for a limited range of materials and irradiation conditions. 

Overview of Mierostructural Techniques Used 

Table 1 provides a summary of the techniques used. The FEGSTEM (field 
emission gun scanning transmission electron microscopy) was performed at AEA 
Technology Harwell using a Vacuum Generators HB501 instrument, fitted with an 
Oxford Instruments beryllium-windowed X-ray detector system for EDX analysis. The 
SANS (small angle neutron scattering) data were obtained using D11 at the Institute Laue 
Langevin at Grenoble France and using PAXY at Saclay France. The OPoSAP (Optical 
Position Sensitive Atom Probe) work was performed at the University of Oxford. Details 
of the techniques are given in [1, 2, 3]. Details of the data interpretation are given later. 

Materials 

The materials used have been previously described [4, 5, 6]; a summary is given 
here for convenience. Those used in this investigation are shown in Table 2. All of the 
materials are two metre long submerged-arc welds in 150mm thick ASTM A533B plate 
and were made specifically for irradiation test programmes. They were austenitized at 
920~ followed by water quenching, then stress relieved/tempered for 40 hours at 600~ 
then 6 hours at 650~ Chemical analysis was done using wet chemistry methods. The 
compositions given in Table 2 are averages of the approximately 10 to 20 measurements 
made at various locations within each weld. In subsequent tables best estimate values are 
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given depending on the location of the individual specimen within the weld. The high 
copper level in weld WV was achieved by doping the welding flux with copper 
carbonate, 

Table 1 - Summary of microstructural techniques employed 

Information on 
Information on 

Technique matrix damage? irradiation induced 
clusters? 

Information on non- 
hardening embrittlement? 

No (although Provides approximate 
FEGSTEM dislocation loops concentrations of 

may provide alloying elements 
contrast) (excluding Fe) 

No unless associated Direct analysis of 
OPoSAP with compositional clusters - size and 

fluctuations composition 

Limited - 
SANS interpretation Cluster size. A ratio is 

difficult linked to composition. 

Yes from analysis of grain 
boundaries. Profile across 

boundary provides 
estimate of coverage. 

Limited since the 
probability of analysing a 

grain boundary is low 

No 

Table 2 - Nominal material compositions (wt%). 

Material C Mn Si S P Cr Ni Mo Cu 

WF 0.038 1.41 0.53 0.007 0.009 0.095 1.72 0.35 0.023 
WG 0.037 1.21 0.60 0.007 0.008 0.094 1.72 0.35 0.240 
WK 0.051 1.45 0.48 0.005 0 . 0 1 1  0.043 1.64 0.38 0.147 
WL 0.046 1.34 0.40 0.008 0.013 0.055 1.64 0 . 4 1  0.034 
WV 0.046 1.34 0.40 0.010 0.010 0.055 1.66 0 . 4 1  0.560 

Test Matrix 

Although a large number of weld and plate materials have been used over a period 
of years for irradiation experiments, only a relatively small number of these have been 
utilized for damage characterization studies and, of these, only high nickel weld metals 
are included in this paper. 

Specimens have been selected to enable studies to be carried out on the effect of 
dose on low copper material and the effects of dose and dose rate on medium and high 
copper materials. The samples examined were cut from broken (at low energy) Charpy 
or hardness specimens that had been irradiated in the Herald reactor at Aldermaston in 
the United Kingdom or the Osiris reactor at Saclay in France over a range of irradiation 
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temperatures and doses. Details have been given elsewhere [4-6]. Table 3 summarizes 
the matrix of specimens examined and the techniques that have been applied to them. 

Table 3 - Specimen Exposure and Usage. 

- specimen Copper ~ Dose Dose Rate SANS FEGSTEM OPoSAP 
(wt%) (mdpa) (dpa/sec) 

WF073 0.023 0 0- ~ .... 
WF011 0.022 14.42 5.96E-9 ~ r 
4WL743 0.046 0 0 4" 
WLD330 0.034 0 0 ~g 
4WL769 0.038 1.56 9.34E- 11 4 '  
4WL772 0.038 32.12 5.80E-9 ~/ 
4WL773 0.052 32.18 5.81E-9 ,r r ~r 
WK086 0.184 0 0 
WK039 0.136 13.25 6.97E-9 ~/~2 ~/ 
WK087 0.184 37.85 6.74E-9 , /  ~r ~r 
WG117 0.240 0 0 
WG114 0.240 1 . 4 5  8.68E-11 ~ ~ ~/ 
WG010 0.240 14.05 6.52E-9 q/' ~/ ~r 
WGI02 0.240 55.19 8.19E-9 ~ J ~/ 
WV227 0.500 0 0 ~/ ,Y" 
WV216 0.500 1.46 5.07E-9 4' 
WVI26 0.550 1.48 8.86E-11 
WV127 0.550 3.52 6.59E-10 ,/" 
WV396 0.540 6.38 5.68E-9 - 
WV214 0.500 9.29 6.56E-9 q/ 
WV400 0.540 12.11 6.30E-I0 4'  
WV466 0.530 13.07 4.73E-9 - 4" r 
WV014 0.620 17.90 6.48E-9 
WV012 0.620 30.10 6.23E-9 ~r ,r , /  

] Best estimate copper content for the individual specimen. 
2 Duplicate specimens examined from the same block. 

Interpretation of Mierostructural Data 

In high dose, high Cu steels Cu-enriched clusters can be imaged using both 
FEGSTEM and OPoSAP techniques. At low doses and in low Cu steels, irradiation- 
induced clusters are much less well defined. Consequently, different approaches to 
characterise these features are required. 

Analysis of Steels in Which Clusters are Not Well Defined 

In the low Cu steels the formation of matrix damage is believed to dominate the 
irradiation response. In this case techniques such as FEGSTEM are not appropriate since 
they do not have the resolution required to image these defects. Similarly, the OPoSAP 
cannot detect the presence of vacancy or interstitial clusters in an irradiated steel. 
However, irradiation can also lead to the development of composition fluctuations, which 
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266 EFFECTS OF RADIATION ON MATERIALS 

may be associated with matrix damage. OPoSAP data can be analyzed using 
composition frequency distributions [ 7] and contingency table [8, 9, 10] analyses to 
determine if fluctuations exist and are statistically significant. These techniques involve 
dividing the three-dimensional (3D) reconstructed image of the atomic scale structure of 
the material into approximately cubic blocks such that each block contains exactly the 
same number of atoms. 

A composition frequency distribution analysis for a particular element A is 
performed counting the number of blocks with no A atoms, with 1 A atoms, with 2 A 
atoms etc. and comparing with the number expected from a random distribution. As 
usual, with the X 2 statistic, it is necessary to combine classes with small probabilities so 
that the expected number of observations is greater than 5. The X 2 test statistic can then 
be evaluated 

where O, are the experimental observations, E, the values expected from a binomial 
distribution and N is the number of categories (N-1 degrees of freedom). 

An example is shown below in Figure 1 for Mn in an irradiated low Cu high Ni 
weld (4WL773). In this case, a X 2 value of 162 with 3 degrees of freedom is significant 
at the 1% level, which implies that there is less than a 1% chance that the observed 
distribution of Mn is random. 
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5 6 

Number of Mn atoms in each block of 

Figure 1 - Composition frequency distribution for Mn atoms in 4WL773. 
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A contingency table analysis is designed to analyze the extent of co-segregation of 
various elements, for instance, to determine whether the non-random fluctuations in Mn 
are spatially associated with non-random fluctuations in, say, Cu or Ni. A two- 
dimensional (2D) table is then drawn up showing the number of experimental 
observations within each category (e.g. number of Mn atoms per block and number of Ni 
atoms per block). The null hypothesis is that the two categories are independent. To test 
the null hypothesis it is necessary to build a second table detailing the 'Estimated 
Values'. These are simply calculated from the row and column sums of the experimental 
values. For instance the estimated number of blocks containing 2Mn and 1Ni atom is 

Observed blocks with 2Mn atoms * Observed blocks with 1Ni atom 
E2Mn+I N,  

Total number of blocks 

The X-squared test statistic can then be evaluated 

I=1 j=l i I 

where r is the number of rows, c is the number of columns, N,j are the experimental 
observations and E, a the estimated values. If the two variables (categories) are 
independent, then X 2 will have a ;(2 distribution with (r-1)(c-1) degrees of freedom. The 
probability that the calculated X 2 value is consistent with the null hypothesis (i.e. that the 
categories are independent) can be determined by comparison with tabulated values of 
the ;(2 distribution for the appropriate number of degrees of freedom. 

SANS techniques now have the capability of determining the presence of features 
that exist in the material on the order of ~lnm in diameter. Furthermore, SANS provides 
a good average since the volume analyzed is large in comparison to the feature size. 
However, SANS only unambiguously provides information on feature size and size 
distribution. To determine absolute irradiation induced volume fraction and hence 
feature number density it is necessary to make assumptions concerning the composition 
and magnetic properties of the irradiation induced features. The simplest solution is to 
choose a representative mean feature composition. This can be based on the observed 
features in high Cu RPV steels or simply a prediction on the type of features expected in 
these steels. Provided that all of the SANS data is interpreted in a self consistent manner, 
then a comparative analysis of the relative irradiation induced volume fraction as a 
function of dose and dose rate in low Cu steels can be used to show trends explicitly. 

SANS data were obtained from both irradiated and equivalent unirradiated samples. 
For each unirradiated-irradiated pair of materials the differential cross sectional variation 
with Q obtained from the unirradiated sample was subtracted from the irradiated 
differential cross sectional variation with Q to determine the irradiation-induced 
response. A maximum entropy algorithm was used to fit the experimental irradiation- 
induced differential cross sectional variation with Q to obtain a volume weighted particle 
size distribution and hence the mean irradiation-induced feature diameter. To obtain 
absolute volume fractions and hence feature number densities the feature contrast factor 
was assumed to be the same as that observed in the high Cu welds (see Table 4 below). 
Plots have been generated to show the trends between the irradiation-induced volume 
fraction with both dose and copper content. 
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268 EFFECTS OF RADIATION ON MATERIALS 

The FEGSTEM technique can also be used to determine if irradiation induced 
clusters exist that are too small to generate the black-white strain contrast [1] normally 
associated with irradiation-induced clusters. This is achieved by taking a series of spot 
measurements where the electron beam is focused on very small regions (-2nm in 
diameter) of the foil that do not exhibit contrast. The copper associated with each spot 
measurement is then determined and presented in the form of a bar chart showing the 
number of spot measurements versus their copper content. A narrow distribution 
indicates that the copper is randomly distributed whereas a wide distribution indicates 
that some spot measurements sampled sub-visible irradiation-induced clusters. 

Analysis of Steels in Which Clusters are Well Defined 

In principle, interpretation of microstructural data is somewhat simpler since both 
the OPoSAP and FEGSTEM techniques can resolve the Cu-enriched irradiation induced 
clusters. The methodology is shown schematically in Figure 2. The composition of 
irradiation-induced clusters can be estimated directly from the OPoSAP data by sampling 
the atoms within each cluster and calculating their mean composition. The FEGSTEM 
can also provide information on the cluster composition provided that the features are 
sufficiently large to show strain contrast. The difference in EDX spectra obtained with 
an electron beam focused on a cluster and the neighbouring matrix can be used to 
confirm the relative concentrations of elements such as Cu, Mn, Ni and Si. However, the 
FEGSTEM has insufficient resolution to determine their Fe content. Relatively few 
clusters can be examined using these techniques, which limits the accuracy of the 
estimated mean composition. Furthermore, determining the precise extents of irradiation- 
induced clusters is difficult since they do not have well defined interfaces with the 
matrix. Consequently it is possible that the Fe content is slightly overestimated if the 
sampling volume sampled both cluster and matrix. 

As detailed for the low Cu steels, the irradiation-induced size distribution was 
calculated from the experimental irradiation-induced differential cross sectional variation 
with Q. The mean feature size can then be compared with the size of the clusters 
observed by atom probe microanalysis. The feature contrast depends on the cluster 
composition, the cluster vacancy content and also their magnetic properties. The atom 
probe and FEGSTEM data directly provide an estimate of  the mean cluster composition. 
However, not all of the specimens examined by SANS have also been examined using 
OPoSAP and FEGSTEM techniques and so it was necessary to make use of the available 
data. The mean cluster composition from all of the OPoSAP analyses of high Cu high, 
high Cu welds was chosen for the analysis of all of the high Cu, high Ni SANS data. The 
vacancy content and magnetic properties are not well known although studies have 
shown that the magnetic properties of binary Fe Cu alloys are less than predictions based 
simply on the Fe content [11]. Given these uncertainties and also the uncertainty 
associated with the precise Fe content of the clusters it was decided to analyze the SANS 
data using three different scenarios as detailed in Table 4. The feature density was used 
as a fitting parameter to ensure that the A-ratio of the assumed feature was consistent 
with the experimentally determined A-ratio (typically 2.4 or 2.5 for these steels). The 
mean density of bee Fe is -7.9g/cm s. A lower density implies the presence of vacancies 
associated with the features. 
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Table 4 - Assumptions of cluster composition used for the analysis of SANS scattering 
data. 

Scenario Cu Mn Ni Si Fe Magnetic Feature Feature 
(at.%) (at.%) (at.%) (at.%) (at.%) moment of Density A-ratio 

Fe in feature (g/cm 3) 

1 9.0 11.0 10.0 3.0 67 0.7 6.8 2.5 
2 18.0 22.0 21.0 6.0 33 0.7 7.6 2.5 
3 27.0 31.0 33.0 9.0 0 0 7.9 2.4 

For each of these scenarios, the irradiation-induced volume fraction was calculated. 
This, together with the mean feature size, was used to determine the feature number 
density. Self-consistency was determined in two ways: First, by comparing the 
calculated number density with the estimated number density from the OPoSAP data 
(where possible) and second, by calculating the reduction in matrix levels ofCu, Mn, Ni 
and Si and ensuring that they were consistent with the weld composition and matrix 
levels of these elements measured by both OPoSAP and FEGSTEM techniques. 

/ 
I FEGSTEM and ) 

OPoSAP provide | 
direct measurements] 
of precipitate/cluster{ 

composition / 

\ 

I SANS data gives 1 
feature size 

unambiguously 

Iterate to give a self- 
consistent solution 

Precipitate size, N d and 
composition have to be 

consistent with FEGSTEM 
and OPoSAP measurements 

of matrix Cu, Mn and Ni 

I .  SANS data gives different 1 
precipitate number density 
for possible compositions 

Figure 2 - Methodology for interpretation of microstruetural data. 
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270 EFFECTS OF RADIATION ON MATERIALS 

Results 

Results Obtained from Low~Intermediate Copper Welds (WF, 4WL, WK) 

Atom maps showing the distribution of Cu, Mn and Ni atoms in WF11, 4WL773, 
WK39 and WK87 are shown in Figure 3. Each dot represents an individual atom and so 
any regions that exhibit a higher density of  dots indicate the presence of  clustering. In 
fact, it is quite difficult to judge from a two-dimensional image whether the distributions 
are random or not. However, by rotating the volume in 3D, it is clear that Cu, Mn and Ni 
distributions in 4WL and both WK samples are not random. To investigate this further, 
composition frequency distribution analyses were performed on each data set using a 
block size of 27 atoms. The results are summarized in Table 5. The analysis showed that 
the Mn distributions in each material are not random. In the lowest Cu welds, there was 
less evidence for non-random Ni distributions than in the medium Cu weld (WK) and in 
the medium Cu weld, the Cu was found to become increasingly non-random with dose. 

Table 5 - Summary of composition frequency distribution analyses of low Cu welds. 

Cu - level of  Mn - level of  Ni - level of  Si - level of  
Material 

significance significance significance significance 
WF 11 Random 0.1% 1% Random 

4WL773 Random 0.1% 1% 0.1% 
WK39 Random 0.1% 0.1% 0.1% 
WK87 5% 0.1% 0.1% 5% 

Contingency table analyses were also performed to determine if those elements that 
were non-randomly distributed were co-segregated. The data (Table 6) show that for WK 
there is an increasing spatial correlation between Mn and Cu and also between Mn and Ni 
with increasing dose, which provides further evidence that the compositional fluctuations 
are becoming stronger. There was also strong evidence for co-segregation of  Mn and Ni 
in irradiated WF, which contains very low Cu. 

Table 6 - Summary of contingency table analyses of co-segregation of Mn with Cu, Ni 
and Si in the low Cu welds. 

Material Significance of  co-segregation 
Mn v Cu Mn v Ni Mn v Si 

WF11 Not significant 1% 5% 
at 10% level 

4WL773 Not significant 5% Not significant 
at 10% level at 10% level 

WK39 Not significant 5% Not significant 
at 10% level at 10% level 

WK87 10% 1% 1% 
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FEGSTEM analyzes were only performed on 4WL773. No evidence for 
irradiation-induced clusters was found. This is consistent with the atom probe data since 
the FEGSTEM does not have sufficient resolution to detect very fine scale composition 
fluctuations. 

Several SANS experiments were performed on the low and intermediate Cu welds. 
They confirmed that the irradiation induced features are all extremely small, with a mean 
diameter of-1.2nm (Table 7). Furthermore, the irradiation-induced volume fraction was 
found to increase with both the Cu content of the weld and dose. This is consistent with 
the atom probe observations which showed increasingly non-random distributions of Ni 
and Cu with dose and an increasing spatial association of both Ni and Cu with Mn with 
increasing dose and Cu content. 

Further interpretation of the SANS data to estimate the number density of  features 
requires knowledge of the irradiation induced feature compositions. This is discussed in 
the discussion section of this paper. 

Table 7 - Summary of SANS data obtained from low and intermediate Cu welds. 

Material Dose Dose rate Mean Feature Volume fraction 
(mdpa) (dpa/s) Diameter (nm) (nominal contrast 

factor) I 
WK39 13.32 6.97E-9 1.2 0.082 
WF 11 14.42 5.96E-9 1.1 0.026 

4WL772 32.12 5.80E-9 1.3 0.097 
4WL773 32.18 5.81E-9 1.2 0.087 
WK87 37.85 6.74E-9 1.3 0.166 

4WL769 1.56 9.34E-11 Too small to quantify 

Volume fractions calculations are based on the assumed nominal contrast for feature. The nominal 
contrast chosen was identical for all materials and conditions. 

Results Obtained from Medium Copper Weld WG 

OPoSAP analyses were performed on three irradiated samples of WG. A relatively 
small volume of material (-1400 nm 3) was obtained from the lowest dose/dose rate 
condition (WG 114), which prevented a detailed statistical analysis. However, within the 
analyzed volume the Cu, Mn and Ni atoms appeared to be randomly distributed. 
Significantly greater volumes of both WG010 (~3000 nm 3) and WG102 (-5500 nm 3) 
were analyzed before the specimens failed. The atom maps in Figure 4 show not only 
that the distributions ofCu, Mn and Ni in both welds are not random, but also that the 
features are much better defined in the higher dose condition. Qualitatively, the 
enrichments in Cu, Mn and Ni in WG010 look like fluctuations whereas the equivalent 
enrichments in WG 102 look like clusters. 
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The compositions of some of these features were examined by locating the regions 
most highly enriched in Cu+Mn+Ni within a sphere of diameter Into (Table 8). The 
analysis confirms that as the dose increases the copper content of the clusters increases. 

Table 8 - Comparison of Cu, Mn, and Ni enriched regions in WGOI O with those observed 
in WGI02. (Concentration, wt%, within sphere of diameter Inm). 

Sample Dose Si P Cr Mn Fe Ni Cu Mo Co O C 
(mdpa) 

WG010 14 1 0 0 I1 67 17 3.6 0.0 0 0 0 

WG 102 54 4.1 0 0 I 1 64 13 8.2 0 0 0 0 
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Figure 5 - Comparison of copper spot distributions in (a) WGl l 4, (b) WGOI O and (c) 
WGI02. 

FEGSTEM analyses were also performed on all three irradiated WG samples. The 
distribution of spot measurements, taken to avoid contrast features, demonstrated that the 
Cu distribution was becoming increasing non-random with increasing dose (Figure 5). 
However, individual contrast features were not sufficiently well defined to enable cluster 
composition estimates to be made in WG010. In WG102, it was possible to show that the 
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clusters were enriched in Cu, Mn and Ni and probably Si confirming the observations 
made using the OPoSAP. 

The SANS data confirmed that the features are extremely small (1.2-1.3nm) in the 
two lower dose conditions and slightly larger in the higher dose condition (1.5nm) and 
that the irradiation-induced volume fraction increases with increasing dose (Table 9). 

Table 9 - Summary of SANS data from analysis of WG. 

Material Dose Dose rate Mean Feature Volume fraction 
(mdpa) (dpa/s) Diameter (nm) (nominal contrast 

factor) l 

WG010 14.05 6.52E-9 1.2 0.110 
WG 102 55.19 8.19E-9 1.5 0.206 
WG114 1.45 8.68E- 11 1.3 0.047 

i Volume fractions calculations are based on the assumed nominal contrast for feature. The nominal 
contrast chosen was identical for all materials and conditions. 

Results Obtained from Weld WV 

OPoSAP experiments were performed on WV in three irradiated conditions (6.3, 13 
and 30mdpa). Atom maps showing the distributions ofCu, Mn, and Ni are shown in 
Figure 6. Even in the lowest dose condition, the atom maps clearly show the presence of 
irradiation-induced clusters. With increasing dose, the clusters become better defined. 
Figure 7 shows a magnified view of one of the clusters observed in the highest dose 
condition (WV012). The cluster is clearly ramified and contains a significant Fe content. 

The mean cluster composition in each material condition was estimated by locating 
the regions most highly enriched in Cu, Mn and Ni and calculating the composition 
within a sphere of diameter lnm (Table 10). 

Table 10 - Summary of mean composition (wt%) of irradiation-induced features observed 
in WV. 

Material Si P Mn Fe Ni Cu Mo 

WV396 2.5 0.1 5.9 73 5.3 12.5 0.1 
WV466 4.7 0.0 10.9 68 7.8 8.6 0.0 
WV012 5.4 0.3 11.2 66 9.7 7.1 0.2 

FEGSTEM analyses were also performed on WV466 and WV012. An analysis of 
contrast features and neighboring matrix confirmed that the irradiation-induced clusters 
contain Cu, Mn and Ni in approximately equal quantities and also a somewhat lower Si 
content. 

SANS experiments have been performed on samples of WV irradiated over a range 
of dose rates as well as different doses. The results are summarized in Table 11. 
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F i g u r e  6 - Atom maps showing distribution of  Cu, Mn and Ni in (a) WV396, (b) WV466 
and (c) WVOI2. 
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Figure 7 - Magnified view showing one cluster observed in WVO12 (extents of outline box 
6x6x6nm 3) showing distribution of Cu, Mn, Ni, Si, and P. 

Table 11 - Summary of SANS data obtained from irradiated WV samples. 

Material Dose (mdpa) Dose rate Mean Feature Volume fraction 
(dpa/s) Diameter (nm) (nominal contrast 

factor) l 

WV216 1.46 5.07E-9 1.1 0.110 
WV214 9.29 6.56E-9 1.6 0.219 
WV014 17.90 6.48E-9 1.7 0.261 
WV012 30.10 6.23E-9 1.9 0.359 
WV 127 3.52 6.59E- 10 1.7 0.208 
WV400 12.11 6.30E-10 2.0 0.341 
WV126 1.48 8.86E- 11 1.9 0.198 

I 
The volume fraction calculations are based on an assumed nominal contrast for feature. The nominal 

contrast chosen was identical for all materials and conditions. 

Discussion 

In this discussion we focus on two aspects, firstly, the self-consistency of  the data from 
the different techniques, and secondly, the trends in the data as a function of  Cu content, 
dose, and dose rate. 
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Self-Consistency of Results 

OPoSAP vs. FEGSTEM- Both FEGSTEM and OPoSAP techniques are capable of 
detecting irradiation induced clusters. If the clusters are sufficiently well defined the 
OPoSAP can provide good estimates of their compositions. Similarly, the FEGSTEM 
can provide good estimates of the ratios of all elements except Fe in the clusters. Where 
both the FEGSTEM and OPoSAP gave evidence for well-defined clusters the estimated 
compositions from the two techniques were reasonably consistent with each other. In 
addition, visible clustering was observed in WG010 (14 mdpa) in the OPoSAP, but the 
clusters were not well defined. These is in agreement with the FEGSTEM observations 
of this material where no contrast features were observed, but the breadth of the Cu 
matrix spot measurements provided evidence of a non-random distribution of Cu. 

A comparison of cluster compositional data from OPoSAP and FEGSTEM analyses 
is given in Table 12 below. The data from the OPoSAP have been converted to a ratio of 
elements ignoring iron in order to compare with FEGSTEM data. Both are presented in 
at. %. Both techniques showed that the clusters were found to be Mn, Ni and Cu en- 
riched, with the Mn and Ni contents exceeding the Cu content. It is possible that the 
higher estimated P and Mo contents observed using the FEGSTEM technique may have 
resulted from coherent Bremstrauhlung radiation [12]. The mean composition of the 
visible clusters observed in the OPoSAP was -67%Fe, 11%Mn, 10%Ni, 9%Cu and 
3%Si. 

Table 12 - Comparison of cluster compositions determined by 
FEGSTEM (at. %) and by atom probe (at. %) 

Specimen Technique Mn Ni Mo Cu Si P 

WV466 FEGSTEM 14 36 4 26 7 14 
Atom Probe 34 25 0 27 15 0 

WV012 FEGSTEM 20 27 4 20 15 14 
Atom Probe 33 29 1 21 16 1 

FEGSTEM 34 t7 0 14 32 2 
WG102 

Atom Probe 35 25 0 26 13 0 

OPoSAP vs. SANS - In the medium and high Cu welds WG and WV, clusters were 
detected by both techniques in all samples except the low dose sample o fWG (l.5mdpa). 
Here, no visible evidence of Cu clusters was detected in the OPoSAP. In the other cases, 
the diameters measured by the OPoSAP were broadly consistent with the SANS data. 

The contrast factor associated with the mean cluster composition observed from the 
OPoSAP analyses of the high Cu welds (WV) and high dose intermediate Cu weld 
(WG 102) was used to determine the absolute irradiation-induced volume fraction and 
hence approximate number density of irradiation-induced features. In addition, two 
further scenarios were also evaluated, as detailed in Table 4. The results for the three 
scenarios for the high dose WV and WG samples are summarized below in Table 13. 
For comparison, the number density of features observed in the OPoSAP data is also 
presented. As previously stated, it is difficult to identify clusters from a 2D image. 
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However the clusters, particularly if they exist at a very high number density, can be 
more easily identified when the data are rotated in 3D on a workstation. 

The analyses show that the estimated cluster number density is strongly dependent 
on the assumed feature composition. If it is assumed that the clusters do not contain Fe, 
then the estimated number density is lower than that observed by OPoSAP microanalysis. 
If it is assumed that the clusters contain -33at.% Fe in which the effective mean 
magnetisation of each Fe atom is 0.7, then the SANS and OPoSAP number density data 
correlate reasonably well. However, the atom probe indicated that the clusters contain 
-67%Fe. There are several possible explanations, which include the fact that analysis of 
OPoSAP data may lead to an overestimation of the Fe content of the clusters since the 
method used may, inadvertently, sample both cluster and a small amount of matrix. 
Furthermore, the effective magnetisation of Fe atoms within the clusters and the vacancy 
content of the clusters both strongly affect the scattering response, and neither parameter 
is known. Significantly, for the three scenarios examined, the resultant reduction in 
matrix levels is not strongly dependent on the precise details of the clusters. 

Table 13 - Comparison of estimated cluster number densities using the three scenarios 
detailed in Table 4for high dose WV and WG welds and comparison with OPoSAP 

estimates. 

Steel Scenario Assumed Cluster Cluster Nd Reduction in matrix levels 
(see Fe Vf (x 10 ~3 m -3) (at.%) 

Table 4) content Cu Mn Ni Si 
of 

clusters 

N~ from 
OPoSAP 

Data 
(x 1023 m "3) 

WV012 1 67 0.03026 84 0.24 0.29 0.26 0.08 -50 
2 33 0.01703 47 0.30 0.36 0.35 0.10 -50 
3 0 0.00971 27 0.26 0.30 0.32 0.09 -50 

WG102 1 67 0.01713 97 0.13 0.16 0.15 0.04 -60 
2 33 0.00967 55 0.17 0 . 2 1  0.20 0.06 -60 
3 0 0.00553 31 0.15 0.17 0.18 0.05 ~60 

All of the SANS data, interpreted using scenario one, are detailed in Table 14. The most 
important area of disagreement with the OPoSAP data is that the SANS data provided 
strong evidence for strong scattering centers in cases where FEGSTEM and OPoSAP 
provided no evidence for visible clusters, but where the OPoSAP provided strong 
evidence for non-random distributions of solute elements. The result was particularly 
surprising since the OPoSAP has sufficient resolution to detect clusters that are ~1.2 nm 
in diameter as proven by the examination of irradiation induced clusters in low Ni welds 
[13]. 

This is clearly an area requiring further research. In this paper we tentatively 
suggest that SANS is sensitive to the fluctuations observed in the OPoSAP. Although, 
speculation, this may be because point defects are associated with the fluctuations. In the 
discussion below we interpret these features in the low Cu high nickel welds as solute 
fluctuations rather than clusters. 
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Table 14 - Estimated cluster number density (Na) from SANS analysis of high Ni welds 
and comparison with OPoSAP estimates. 

Assumed cluster composition - 67Fe- 11Mn- 10Ni-9Cu-3Si (at.%) (Scenario 1) 

Reduction in matrix levels (at.%) 

Steel Cluster Cluster Nd Cu Mn Ni Si Estimated 
Vf (x 1023 m 3) Cluster Nd from 

OPoSAP Data 
(x 1023 m 3) 

WF11 0.00217 31.2 0.017 0 .021  0.019 0.006 Fluctuations 
4WL772 0.00828 81.0 0.064 0.079 0.072 0.021 NoData 
4WL773 0.00743 72.6 0.058 0.071 0.064 0.019 Fluctuations 

WK39 0.00686 75.9 0.053 0.065 0.059 0.018 Fluctuations 
WK87 0.01389 96.7 0.108 0.132 0.120 0.036 Fluctuations 

WG114 0.00391 34.0 0.030 0.037 0.034 0.010 Fluctuations 
WG010 0.00915 100 0.071 0.087 0.079 0.024 Not determined 
WG102 0.01713 96.9 0.133 0.163 0.148 0.044 60 
WV012 0.03026 84.3 0.236 0.288 0.262 0.079 50 
WV014 0,02200 82.6 0.171 0.209 0.190 0.057 No Data 
WV126 0.01669 45.8 0.130 0.159 0.144 0.043 No Data 
WV127 0.01754 71.9 0.137 0.167 0.152 0.046 No Data 
WV214 0.01846 91.1 0.144 0.176 0.160 0.048 No Data 
WV216 0.00927 149 0.072 0.088 0.080 0.024 No Data 
WV400 0.02875 68.6 0.224 0.274 0.249 0.075 No Data 

Data Trends 

The data trends are plotted in Figures 8, 9 and 10 and are discussed for low and 
meditm~qaigh copper welds in the next two sections. The curves drawn in the figures are 
intended to indicate the possible data trends; clearly they are entirely speculative in the 
case of the medium and low dose rate data. The number density curves are derived 
mathematically from the other two. As described earlier, the volume fractions and 
number densities depend on the assumptions made. 

Low Cu welds - A summary is given of the main trends in Table 15. The main 
feature is that solute fluctuations are observed in all these welds and there is no evidence 
from the OPoSAP or FEGSTEM of visible clusters. In the very low Cu welds WF and 
WL (<0.04 Cu wt.%) there is strong evidence for Mn and Ni being both non-random and 
spatially correlated. In both alloys there was no evidence of a non-random distribution of 
Cu, this may either reflect that Mn and Ni associate before Cu or alternatively, the low 
level of Cu makes a statistical detection of a non-random distribution difficult. In WF, Si 
was found to be non-random, in contrast to the random distribution observed in WL. The 
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data on WK demonstrates that with increasing fluence the 'degree' of  non-randomness 
increases. At both doses the Mn, Ni and Si are non-random. At the higher dose Cu is 
observed to be non- random, and the spatial correlations of  the non-random elements 
become more pronounced. This suggests that the degree of  non-randomness increases as 
the dose increases. 

Table 15 - Summary of low Cu data from the FEGSTEM, OPoSAP and SANS. 

Technique FEGSTEM OPoSAP 

SANS 
(Volume fraction, 

Vf, using scenario 1, 
D is feature 

diameter) 

WF low Cu N/A 

No evidence of  
4WL 

clusters 

No evidence of  
WK low dose clusters 

No evidence of  
WKhigh dose 

clusters 

Mn, Ni non random, Cu Si 
random 

Mn and Ni spatially correlated 

Mn, Ni and Si non-random Cu 
random 

Mn and Ni correlated 

Mn, Ni and Si non random 
No significant co-segregation 

Mn, Ni, Si and Cu non random 
Mn Cu, Mn Ni, and Mn Si 

correlated 

Scattering centers 
detected 

D =  1.1 nm 
Vf = 0.0022 

Scattering centers 
detected 

D = 1.2-1.3 nm 
Vf-- 0.007-0.008 

Scattering centers 
detected 

D =  1.2nm 
Vf = 0.007 

Scattering centers 
detected 

D =  1.3 nm 
Vf-- 0.014 

As discussed above it is not possible to unambiguously identify the features giving 
rise to the SANS response in the low Cu welds. The assumption is that the fluctuations 
are responsible as discussed above. It is interesting to note that the diameter only 
increases slowly with dose (Table 15), whilst the volume fraction increases rapidly. Note 
however, that this analysis is based on the assumption that the features are the same in all 
material conditions. Since they develop with dose, their scattering contrast will also 
increase and it is therefore likely that the analysis overestimates the rate of  increase in 
volume fraction. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



284 EFFECTS OF RADIATION ON MATERIALS 

Table 16 - Summary of medium and high Cu data from the FEGSTEM, OPoSAP, and 
SANS. 

Technique 

WG low dose 
1.5 mdpa 

WG medium 
dose 14 mdpa 

WG high dose 
54 mdpa 

WV 6.3 and 
9.3 mdpa 

WV 13 and 
17.9 mdpa 

WV 30 mdpa 

FEGSTEM 

No evidence for clusters. 

Matrix Cu distributions 
broader - consistent with 

increased clustering of 
Cu. No visible contrast 

features detected 
Cu enriched regions 

detected by direct 
observation. 

Matrix Cu distributions 
in broad agreement with 
this. Irradiation reduced 
matrix Cu by O.07wt% 

N/A 

13 mpda sample - Cu 
enriched regions detected 

by direct observation. 
Matrix Cu distributions 
in agreement with this. 

Irradiation reduced 
matrix Cu by O. 13wt% 

Cu enriched regions 
detected by direct 

observation 
Matrix Cu distributions 
broad in agreement with 
this. Irradiation reduced 

matrix Cu by O. I wt% 

OPoSAP 

Small volume 
analyzed Mn, Ni, 

and Cu all random 

Cu enriched regions 
detected. 

Irradiation reduced 
matrix Cu by 

<O.08wt% 

Cu, Mn, Ni enriched 
regions detected 

D -1.5nm. 
Irradiation reduced 

matrix Cu by 
0 .  I wt% 

In 6.3 mdpa sample, 
Cu enriched clusters 

detected. 
D -  1-2nm 

13 mpda sample - Cu 
enriched clusters 

detected. 
Irradiation reduced 

matrix Cu by 
0.14wt% 

D ~ t.5-2nm 

Cu enriched clusters 
detected. 
D - 2nm. 

SANS 
(Volume fraction, 

Vf, using scenario 1, 
D is feature 
diameter) 

Scattering centers 
detected 

D= 1.3 nm 
Vf = 0.0039 

Scattering centers 
detected 

D= 1.2nm 
Vf = 0.009 

Scattering centers 
detected 

D =  1.5nm 
Vf = 0.017 

In 9.3 mdpa sample, 
scattering centers 

detected 
D =  1.6nm 
Vf = 0.018 

17.9 mdpa sample - 
Scattering centers 

detected 
D= 1.7nm 
Vf= 0.022 

Scattering centers 
detected. 

D =  1.9nm 
Vr = 0.030 
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Medium to High Cu Welds - The observations are summarized in Table 16. Well- 
defined clusters form once Cu has increased to 0.25wt%. These clusters evolve as the 
dose increases. On increasing the Cu concentration there is enhanced precipitation and 
loss of matrix Cu. In this composition range (intermediate to high Cu), at a sufficiently 
high dose the Mn/Ni/Cu/Si clusters have a composition that is relatively insensitive to 
bulk Cu. Most importantly, both the analysis of the SANS data and the FEGSTEM and 
OPoSAP data indicate that there is still significant Cu to precipitate out. For instance in 
WG, the matrix copper prior to irradiation is -0.25wt.%. Following irradiation to 
30mdpa only ~0.1% Cu had precipitated out. 

The effect of irradiation dose on the scattering center diameter (directly determined 
from the SANS analysis) is shown in Figure 8. Three dose rates are represented as 
indicated in the key to the figures. As noted earlier, the lines through the points are 
speculative. The mean diameter of scattering centers changes only slowly with 
irradiation dose beyond a few mdpa. The data indicate that the diameters in the high Cu 
weld are higher than in the medium Cu weld. In addition, both plots show an effect of 
dose rate, i.e., the scattering center diameter increases more rapidly (in terms of dose) 
with decreasing dose rate, but may ultimately reach the same maximum value. 

The volume fraction of scattering centers is shown in Figure 9. Within the dose 
range plotted, the volume fractions show no evidence of reaching a plateau. Unlike the 
plot of diameter versus dose for the medium and low copper materials, the volume 
fraction is sensitive to the copper levels within this range. For high copper material and 
for material with 0.24 wt% copper, a dose rate effect is indicated as for diameter. The 
number of scattering centers remains fairly constant beyond a relatively low dose (around 
5 to 10 mdpa). 

Overall Data Trends 

There appears to be strong dependence on the Cu level in the observed behavior, 
which is summarized in Table 17 below and shown diagrammatically in Figure 11. With 
increasing Cu content and dose, the irradiation-induced clustering becomes better 
defined. At low doses and low copper contents only compositional fluctuations were 
observed. At high doses and high copper contents well-defined clusters were observed 
and could be analyzed to determine their size, number density and composition. Between 
these two categories, a third category, 'cloud' has been identified. Here, solute clustering 
was clearly visible by eye, but not sufficiently well-defined to be able to assign them a 
diameter or describe them as real clusters. All data points represent specimens irradiated 
at high dose rate (approx. 7E-9 dpa/sec) except for the point at 1.45 mdpa for which the 
dose rate was approximately 8E-11 dpa/sec. 

Mechanistic Interpretation 

Odette has pointed out the importance of Mn and Ni rich clusters in high Ni alloys 
[14]. He argued that the existence ofMn Ni rich clusters was consistent with the results 
of thermodynamic calculations, which demonstrated that at relatively low temperatures a 
new phase field opens in the Mn Ni rich corner of the Fe-Cu-Mn-Ni rich quaternary. 
Interestingly, the thermodynamic models predict that Mn Ni rich precipitates containing 
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little Cu can contain appreciable levels of Fe, in agreement with the OPoSAP data. 
Odette also argued that Cu was essential for the formation of Mn Ni rich clusters, and 

Table 17. Summary of microstructural results on high Ni welds. 

Very Low Cu 
(WF and 

WE) 

Mn and Ni are the first elements to become non-random. In the WL 
specimens examined the dose is too low for Mn/Ni rich 

clusters/precipitates to develop. 

Low Cu 
(WK) 

Intermediate 
and high Cu 

(WG and 
WV) 

As the Cu increases both the Mn and Ni become non-random and, as the 
dose increases, the Cu becomes non-random as well i.e. the data on WL 

and WK are consistent with Mn, Ni and Cu fluctuations developing. 

Well-defined clusters form once Cu has increased to 0.25wt%. These 
clusters evolve as the dose increases. On increasing the Cu concentration 
there is enhanced precipitation and loss of matrix Cu. In this composition 

range (intermediate to high Cu), at a sufficiently high dose the 
MnfNi/Cu/Si precipitates have a composition that is relatively insensitive 

to bulk Cu. 
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Figure 11 - Summary of specimens examined by atom probe showing conditions under 
which visible clusters form 
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that cluster formation would occur more readily in alloys containing Cu. This is in 
agreement with the present observations. 

In cases where clustering is not apparent, there is nevertheless significant 
hardening. In Figure 11 the four specimens with doses between 10 and 20 mdpa are, in 
ascending order of Cu, WF 11, WK39, WG 10 and WV466. The irradiation-induced 
hardness changes for these were 32, 32, 45, and 93 VPN respectively. Clearly, "matrix 
damage" is substantial. However, it remains to be seen whether matrix damage is related 
to the fluctuations. 

Conclusions 

A key conclusion from the studies of the medium to high Cu welds is that there is 
no evidence for saturation in the precipitation behavior in the dose range examined. In 
particular in the medium to high Cu steels relatively small amounts of Cu precipitated out 
by 50-60mdpa. In low Cu alloys, clusters were not observed in the OPoSAP or 
FEGSTEM, but there was strong evidence of composition fluctuations in Mn and Ni, and 
also Cu at high fluences. It is most likely that these are a precursor to the clustering 
observed in the medium to high Cu materials. Overall Cu still appears to have a 
controlling effect, and it is interesting to note that the clusters observed at high doses in 
the medium and high Cu welds had similar compositions. Furthermore, there is evidence 
of flux effects with an increased volume fraction of clusters at the lower dose rates in the 
high Cu welds. 

A number of important technique issues emerged. Firstly, statistical analysis of 
OPoSAP elemental distributions is potentially very important in giving information in the 
early stages of cluster formation. Secondly, the analysis of SANS data needs greater 
refinement, when solute fluctuations are observed in the OPoSAP. It is particularly 
important to establish a model that is self-consistent with both OPoSAP and SANS 
observations. 
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Abstract: The B&W Owners Group (B&WOG) developed the Master Integrated Reactor 
Vessel Surveillance Program (MIRVP) to encompass all domestic operating pressurized 
water reactors (PWRs) with reactor vessels that contain Linde 80 submerged-arc welds. 
These PWRs include the reactor vessels fabricated by Babcock & Wilcox (B&W) that 
include B&W-designed 177-Fuel Assembly (FA) plants and Westinghouse-designed 
plants. The B&WOG Reactor Vessel Working Group has sponsored studies over the past 
several years to develop an understanding of the mechanisms and trends of radiation 
embrittlement for reactor vessel submerged-arc welds fabricated using Linde 80 weld 
flux. As part of the MIRVP, a Westinghouse-designed capsule was included to provide a 
comparison of irradiation data in the Westinghouse neutronic environment with the B&W 
177-FA enviromnent. This paper presents the effect of irradiation environment on the 
embrittlement trends of Linde 80 submerged-arc welds based on mechanical test data 
available through the B&WOG and the literature, and existing trend curves. 

Keywords: submerged-arc welds, reactor vessel, radiation embrittlement, irradiation 
temperature 

Introduction 

The Master Integrated Reactor Vessel Surveillance Program (MIRVP) was developed 
to encompass all domestic operating pressurized water reactors (PWRs) with reactor 
vessels that contain Linde 80 submerged-arc welds [1,2,3]. These PWRs are the reactor 
vessels fabricated by Babcock & Wilcox (B&W) that include B&W-designed 177-Fuel 
Assembly (FA) plants and several designs of Westinghouse plants. The operating 
environments of the Westinghouse-designed and B&W-designed reactors are similar, but 
not exactly the same. It was not clear if the small environmental differences would cause 
measurable differences in embrittlement response of the reactor vessels, An evaluation 
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was presented in BAW-1543, Revision 3 indicating that these small differences would 
not significantly affect embrittlement response [1]. The implication is that data derived 
from materials irradiated in B&W-designed and Westinghouse-designed reactors could 
be used interchangeably in reactor vessel integrity analyses. The U.S. Nuclear 
Regulatory Commission (NRC) Staff approved the MIRVP concluding: "The 
surveillance programs documented in report BA W-1543, Revision 3, should be capable 
of monitoring the effect of neutron irradiation and thermal environment on the fracture 
toughness of the ferritic reactor vessel beltline materials in the plants that are 
participating in the material surveillance program" [4]. As part of  the MIRVP, a capsule 
(designated as "WI")  was specifically fabricated, irradiated, and tested to benchmark 
potential differences in environmental effects between B&W-designed and 
Westinghouse-designed reactors. 

The W1 Capsule was inserted and irradiated in the Surry Unit No. 2 reactor vessel to 
provide a comparison between the effects of  the irradiation environments on mechanical 
test data between Westinghouse-designed reactor vessels and B&W-designed 177-FA 
reactor vessels. The W1 Capsule contained compact fracture and Charpy V-notch 
specimens that were fabricated from three Linde 80 submerged-arc weld metals: SA- 
1526 (weld wire heat 299L44/flux lot 8596), SA-1585 (weld wire heat 72445/flux lot 
8597), and WF-70 (weld wire heat 72105/flux lot 8669). The materials in the W1 
Capsule are from the same archive sources as the weld metals included in the MIRVP 
capsules TMI2-LG1, CR3-LG1, CR3-LG2, and DB1-LG1 that were previously irradiated 
in B&W 177-FA host reactors (i.e., Three Mile Island Unit 2, Crystal River Unit 3, and 
Davis-Besse). The chemical compositions of  these weld metals are given in Table 1. 
This test matrix was designed to isolate the radiation environmental effects and to allow 
direct evaluation of  these effects. 

Table 1 - Chemical Composition of  Linde 80 Weld Metals Irradiated in MIR VP 
Capsules W1, TMI2-LG1, CR3-LG1, CR3-LG2, and DB1-LG1 

Chemical Composition, wt% 
Weld Metal C Mn P S Si Cr Ni Mo Cu 

SA-1526 0.09 1.53 0.013 0.017 0.53 0.08 0.70 0.42 0.37 
SA-1585 0.08 1.45 0 . 0 1 6  0.016 0.51 0.09 0.59 0.38 0.22 
WF-70 0.09 1.63 0 . 0 1 8  0.009 0.54 0.11 0.58 0.40 0.39 

Evaluat ion  o f  the W1 Capsu le  Results  

The parameters that are known to affect radiation embrittlement are neutron flux, 
neutron energy spectrum, gamma heating, and irradiation temperature. The neutron flux 
values for the capsules in this evaluation are within one order of  magnitude [1], and the 
flux effects are expected to be minimal within this range. It has been demonstrated that 
radiation temperature has a slight effect on embrittlement and gamma heating may affect 
the embrittlement of  capsule specimens [5, 6]. The potential effect of  gamma heating has 
been previously evaluated [ 7]; and it was demonstrated that the maximum increase in 
irradiation temperature caused by gamma heating is approximately 4~ (6~ Therefore, 
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the W1 Capsule results are evaluated considering the effect of  irradiation temperature and 
the expected data scatter that is inherent in ferritic steels. Irradiation temperatures are 
defined as the reactor vessel inlet temperature of  the respective reactor vessel where the 
reactor vessel surveillance capsule was irradiated. This paper is based on the results of  
the W1 Capsule mechanical test data and the data from weld metals fabricated with the 
same weld wire heats. 

Review of Wl Capsule Results 

Direct comparison of  mechanical test data of  the three Linde 80 welds (SA-1526, SA- 
1585, WF-70) indicate that the upper-shelf fracture toughness and the decrease in upper- 
shelf Charpy energy are similar for each weld regardless of  the irradiation location. 
However, the 41 J (30 ft-lb) shifts for welds SA-1526 and WF-70 that were irradiated in 
Surry Unit No. 2 appear to be much larger than those from identical welds irradiated in 
the B&W-designed reactors. Table 2 shows the comparison of  the Charpy 41 J (30 ft-lb) 
shifts and upper-shelf energy (USE) decreases from the W1 Capsule compared with other 
MIRVP capsule data. Comparison of  the USE data for all three Linde 80 submerged-arc 
weld metals indicate the decreases are similar regardless of  where the material was 
irradiated. The 41 J (30 ft-lb) shifts are equivalent for weld metal SA-1585 regardless of  
the irradiation location. However, the disparity in the 41 J (30 ft-lb) shift data for weld 
metals SA-1526 and WF-70 must be evaluated to determine the factors that affect the 
disparity. 

Table 2 - Summary of 41 J (30 fi-lb) Shift and Upper-Shelf Energy Decrease Data 
for the Linde 80 Weld Metals SA-1526, SA-1585, and WF-70 

Fluence, Irradiation Upper-Shelf 
n/cm z Temperature, 41 J (30 ft-lb) Energy Decrease, 

Material Capsule x 10 .9 ~ (~ Shift, ~ (~ J (ft-lb) 

SA-1526 TMI2-LG1 0.830 291 (556) 120.0 (216) 42.7 (31.5) 
SA-1526 W1 0.669 284 (543) 145.6 (262) 49.5 (36.5) 
SA-1585 CR3-LG1 0.510 291 (556) 77.2 (139) 31.9 (23.5) 
SA-1585 W1 0.660 284 (543) 76.7 (138) 38.0 (28.0) 
SA-1585 CR3-LG2 1.670 291 (556) 91.l (164) 35.3 (26.0) 
WF-70 TMI2-LGI 0.585 291 (556) 67.8 (122) 14.9 (11.0) 
WF-70 WI 0.644 284 (543) 103.3 (186) 19.7 (14.5) 
WF-70 DBI-LGI 0.663 291 (556) 76.1 (137) 20.3 (15.0) 
WF-70 CR3-LG2 1.190 291 (556) 70.6 (127) 21.7 (16.0) 

Evaluation of 41 J (30 ft-lb) Shift Data 

There are two possible explanations for the disparities in the 41 J (30 ft-lb) shift data 
for the SA-1526 and WF-70 weld metals: 
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1. There is a significant difference in the irradiation environments between B&W- 
designed and Westinghouse-designed reactors causing the observed behavior. The only 
known parameter that could cause the difference in behavior is the different irradiation 
temperatures of Surry Unit No. 2 reactor and B&W-designed reactors. However, if 
irradiation temperature is causing the apparent anomalous shift behavior, it is inconsistent 
that the 41 J (30 ft-lb) shift behavior of weld metal SA-1585 is uniform regardless of 
irradiation environment? Neutron spectral and flux differences can be ruled out as a 
source of the difference because a) neutron spectra are similar between B&W-designed 
and Westinghouse-designed reactors and b) neutron flux values are within one order of 
magnitude; therefore no significant flux effect will be seen within this range of neutron 
flux. 

2. The data variation is within the expected scatter of the transition region. Previous 
work sponsored by the B&W Owners Group (B&WOG) and work performed at the Oak 
Ridge National Laboratory (ORNL) has shown large variations in 41 J (30 ft-lb) shifts, as 
high as _+I 8~ (_32~ [8] (Figure 1). The anomalous shift values of weld metals SA- 
1526 and WF-70 are apparently within this scatter band. However, further analysis is 
necessary to verify the variations are within the expected scatter. 
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Figure 1 - Large Scatter of Unirradiated Charpy Data for Linde 80 
Weld Metal WF- 70 
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The Effect of lrradiation Temperature on Embrittlement 

Previous work sponsored by the B&WOG indicated that there is a small irradiation 
temperature effect on embrittlement. This conclusion is based on a theoretical model of  
radiation embrittlement and a slight improvement in statistical parameters that results 
when 41 J (30 ft-lb) shift data are adjusted l-degree for each 1-degree of  irradiation 
temperature difference. These findings are similar to other evaluations by Odette, et al 
and Stoller [5, 6]. Eason, et al [9] found a small improvement in standard error when an 
irradiation temperature parameter was added to the correlation of  all complete 41 J (30 ft- 
lb) shift data sets. This parameter effectively adjusts the shift prediction approximately 
1-degree for each 1-degree decrease in irradiation temperature. This correlation is based 
on a large number of  41 J (30 ft-lb) shift data sets (609 total) from all reactor vessel 
surveillance programs of  domestic nuclear power plants. Although it is recognized that 
there is a small irradiation temperature effect, it is not large enough to account for the 
apparent disparities observed for the W1 Capsule 41 J (30 ft-lb) shift values when 
compared with those data from B&WOG supplemental capsules. There is only a 7~ 
(13~ difference in irradiation temperature between Surry Unit No. 2 and the B&W- 
designed 177-FA host reactor vessels, whereas the disparities for weld metals SA-1526 
and WF-70 are approximately 26~ (50~ Therefore, the source of  the disparity can not 
be fully attributed to irradiation temperature difference. 

Evaluation of the W1 Capsule 41 J (30 fi-lb) Shift Results 

The 41 J (30 ft-lb) shift data are highly scattered which are evident from the Wl 
Capsule results. Therefore, it must be determined if the observed scatter is expected or is 
caused by environmental differences between Surry Unit No. 2 and the B&W 177-FA 
host plants (Three Mile Island Unit 2, Crystal River Unit 3, and Davis-Besse). This is 
accomplished by comparing the surveillance data with the predictions of  trend curves 
such as that of  Regulatory Guide 1.99, Revision 2 [10] or those of  NUREG/CR-6551 [9]. 
This comparison will assure the scatter is within an expected embrittlement response if 
the trend curve adequately tracks the data. For a single measurement, there is a 95% 
probability that the error in prediction will be less than two standard deviations (26) of  
the applicable trend curve. For multiple measurements the data scatter around the mean 
curve and the average error should decrease as the number of  measurements increases. 
For "n" individual measurements of  41 J (30 ft-lb) shift there is a 95% probability that the 
average prediction error within 26/'~/n [11,12,13]. 

where 

-20" ( A L , , , - A L , p )  2tr 
< - -  (1) < E  . 

AT41m = the measured 41 J (30 fi-lb) shift 
AT41p = the predicted 41 J (30 ft-lb) shift 
n = the number of  AT41m data 
6 = the standard deviation of  the applicable trend curve 
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I f  the previous inequality is satisfied for the SA-!  526, SA-1585, and WF-70 weld 
metal 41 J (30 ft-lb) shift data with the same archive sources, then there is reasonable 
assurance that the observed scatter in these data is expected and not caused by the 
difference in irradiation temperature provided that the trend curve tracks the data. The 
inequality was applied using the Regulatory Guide 1.99, Revision 2, Position 1.1 shift 
prediction and the transition temperature shift model  presented in NUREG/CR-6551 .  
The NUREG/CR-6551 equation inputs, in addition to fluence and copper and nickel 
contents, are phosphorous content, irradiation temperature and irradiation time. The 
results are presented in Table 3. 

Table 3 - Evaluation of Residuals for Weld Metals WF-70, SA-1585, and SA-1526 

Residual 
Fluence, Predicted Measured (Irradiation 

n/cm 2 Shift, Shift, Temperature 
Material Capsule xlO 19 ~ (~ ~ (~ Residual corrected) 

Regulatory Guide 1.99, Revision 2, Position 1.1 
WF-70 TMI2-LG1 0.585 88.3 (190.9) 67.8 (122) -68.89 -68.89 
WF-70 WI 0.644 91.6 (196.9) 103.3 (186) -10.90 -23.90 
WF-70 DBI-LG1 0.663 92.6 (198.7) 76.1 (137) -61.72 -61.72 
WF-70 CR3-LG2 1.190 113.1 (235.5) 70.6 (127) -108.50 -108.50 
SA-1585 CR3-LGI 0.510 56.9 (134.4) 77.2 (139) 4.61 4.61 
SA-1585 W1 0.660 63.4(146.2) 76.7(138) -8.22 -21.22 
SA-1585 CR3-LG2 1.670 87.2 (188.9) 91.1 (164) -24.89 -24.89 
SA-1526 TMI2-LG 1 0.830 105.4 (221.8) 120.0 (216) -5.77 -5.77 
SA-1526 W1 0.669 97.6 (207.6) 145.6 (262) 54.37 41.37 

Average -25.55 -29.88 
Residual 

2o%]n 18.67 18.67 

NUREG/CR-6551 
WF-70 TMI2-LG1 0.585 75.4 (167.8) 67.8 (122) -45.82 
WF-70 Wl 0.644 81.7 (179.1) 103.3 (186) 6.88 
WF-70 DB1-LG1 0.663 78.1 (172.5) 76.1 (137) -35.49 
WF-70 CR3-LG2 1.190 89.7 (193.4) 70.6 (127) -66.38 
SA-1585 CR3-LGI 0.510 52.3 (126.1) 77.2 (139) 12.86 
SA-1585 W1 0.660 61.1 (142.5) 76.7 (138) -4.45 
SA-1585 CR3-LG2 1.670 71.7 (161.0) 91.1 (164) 2.99 
SA-1526 TMI2-LG1 0.830 94.3 (201.7) 120.0(216) 14.32 
SA-1526 W1 0.669 93.1 (199.5) 145.6 (262) 62.49 

- . ~  

Average -5.84 
Residual 

2o/~]n 15.67 
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It is observed that the average residual is well within the bounds of the inequality 
when comparison of the data with the NUREG/CR-6551 trend curve is made. However, 
the inequality is not satisfied when comparison of the data is made with the prediction of 
Regulatory Guide 1.99, Revision 2, Position 1.1 with and without a correction for the 
different irradiation temperatures. The reason for the lack of satisfaction of the inequality 
is that the Regulatory Guide 1.99, Revision 2, Position 1.1 correlation consistently over 
predicts 41 J (30 ft-lb) shifts for Linde 80 weld metals. The resultant residuals in Table 3 
for the Regulatory Guide 1.99, Revision 2, Position 1.1 predictions are large and negative 
as expected. The results using the NUREG/CR-6551 trend curves are more valid because 
it was developed using a) a data set of 609 measurements instead of 202 (151 base metal 
and 51 weld metal) for Regulatory Guide 1.99, Revision 2, b) an improved understanding 
of radiation embrittlement and c) physically-based functional forms. This evaluation 
indicates that the scatter of the data is expected and that the difference in the two 
environments is not causing unexpected results. 

Evaluation of  W1 Capsule Results Based on Wire Heat Data 

The W1 Capsule results were compared with all other reactor vessel surveillance 
program 41 J (30 ft-lb) shift data with the same weld wire heats (i.e., wire heats 299L44, 
72445, and 72105) to determine any environmental effects. The available data for the 
three different weld wire heats are shown in Table 4. 

All 41 J (30 ft-lb) shift data were adjusted by 1-degree for each l-degree difference in 
irradiation temperature from 291~ (556~ so that the scatter in the data could be 
isolated from irradiation temperature effects. Figures 2 through 4 present the surveillance 
data for the weld wire heats 299L44, 72445, and 72105 respectively with respect to the 
transition temperature shift trends calculated in accordance with Regulatory Guide 1.99, 
Revision 2, Position 2.1. Observation of these plots indicate that the 41 J (30 ft-lb) shift 
data for the three weld wire heats are within the 2t~ bounds for the individual heats 
including the 41 J (30 ft-lb) shift data from the W1 Capsule. The 41 J (30 ft-lb) shift data 
from the W1 Capsule are therefore within the scatter expected for the individual heats of 
material and environmental effects are not responsible for the apparent discrepancies 
between data from specimens irradiated in B&W-designed and Westinghouse-designed 
reactors. 

Conclusions 

Based on the analysis in this paper, it is concluded that the environmental differences 
in B&W-designed reactors and Westinghouse-designed reactors did not significantly 
affect the mechanical test data results of the W1 Capsule as compared to other 
mechanical test data of the MIRVP. The upper-shelf energy data all indicate no 
environmental effect. There are apparent differences in 41 J (30 ft-lb) transition 
temperature shift data arising from irradiation in different environments for the weld 
metals WF-70 and SA-1526. However, these differences were determined to be within 
the scatter expected for Charpy 41 J (30 ft-lb) transition temperature shift data. 
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T a b l e  4 - 41 J (30 fi-lb) Shift Data (AT4z) for Weld Wire Heats 72105, 
299L44, and 72445 Fabricated with Linde 80 Flux 

Weld 
Wire Heat Capsule 

Irradiation 
Fluence Irradiation AT4~, ~ (~ Temperature 
X 1019, Temperature, (Determined Adjusted AT41, 
n/cm ~ ~ (~ by TANH Fits) ~ (~ 

72105 

72105 

72105 

72105 

72105 

72105 

72105 

72105 

72105 
72105 

72105 

72105 

72105 

72105 
72105 

72105 

72105 

299L44 

299L44 

299L44 

299L44 

299L44 

299L44 

299L44 

299L44 

299L44 

72445 

72445 

72445 

72445 
72445 

72445 

72445 

OC2-C 

OC2-A 

OC2~ 

OC3 -A 

OC3-B 

OC3-D 

TMI I-LG 1 

DB I-LG1 

CR3-LG2 
Z1-T 

Z1-U 

Z1-X 

ZI-Y 

Z2-U 
Z2-T 

Z2-Y 

W1 

TMI I-E 

TMI1-C 

TMI1-LGI 

TMI1-LG1 

CR3-LG 1 

SU 1-T 

SU 1-V 

SU1-X 

W1 

CR3-LG1 

CR3-LG2 

PB1-V 

PB 1-S 

PB1-R 

PB 1 -T 

W1 

0.102 291 (556) 25.6 (46) 25.6 (46) 

0.337 291 (556) 59.4 (107) 59.4 (107) 

1.210 291 (556) 96.7 (174) 96.7 (174) 

0.081 291 (556) 8.3 (15) 8.3 (15) 

0.312 291 (556) 38.9 (70) 38.9 (70) 

1.450 291 (556) 78.9 (142) 78.9 (142) 

0.585 291 (556) 67.8 (122) 67.8 (122) 

0.663 291 (556) 76.1 (137) 76.1 (137) 

1.190 291 (556) 70.6 (127) 70.6 (127) 

0.310 276 (529) 60.0 (108) 45 0 (81) 

1.020 276 (529) 105.6 (190) 90,6 (163) 

1 260 276 (529) 106.7 (192) 91.7 (165) 

1.560 276 (529) 112.2 (202) 97.2 (175) 

0.270 276 (529) 76.7 (138) 61.7 (111) 
0.779 276 (529) 99.4 (179) 84.4 (152) 

1.460 276 (529) 123.9 (223) 108.9 (196) 

0.644 284 (543) 103.3 (186) 96.3 (173) 

0.107 291 (556) 41.1 (74) 41.1 (74) 

0.866 291 (556) 92.2 (166) 92.2 (166) 

0.968 291 (556) 125.6 (226) 125.6 (226) 

0.830 291 (556) 120.0 (216) 120,0 (216) 

0.779 291 (556) 112.2 (202) 112.2 (202) 

0.281 281 (538) 95.0 (171) 85.0 (153) 

1.940 281 (538) 138.9 (250) 128.9 (232) 

1.599 281 (538) 130.0 (234) 120.0 (216) 

0.669 284 (543) 145.6 (262) 138.6 (249) 

0.510 291 (556) 77.2 (139) 77.2 (139) 

1.670 291 (556) 91.1 (164) 91.1 (164) 

0.634 283 (542) 59.4 (107) 51.4 (93) 

0.829 283 (542) 91.7 (165) 83.7 (151) 
2.190 283 (542) 76.1 (155) 78.1 (141) 

2.230 278 (533) 100.6 (181) 87.6 (158) 

0.660 284 (543) 76.7 (138) 69.7 (125) 
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Reirradiation Response Rate of a High-Copper Reactor Pressure Vessel Weld 
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M. L. Grossbeck, T. R. Allen, and A. S. Kumar, Eds., American Society for Testing and Materials, 
West Conshohocken, PA, 2001. 

Abstract: The Charpy impact response of reirradiated Heavy-Section Steel Irradiation 
(HSSI) Program Weld 73W has been determined at three fluence levels. The Charpy 
specimens had previously been irradiated at 288~ to 1.8 x 1019 c m  "2 (E > 1 MeV) and 
annealed at 454~ for 168 h. The results show that the change in the 41-J Charpy energy 
level transition temperature (ATT4~.j) of the reirradiated specimens is slightly higher than 
predicted by the vertical shift method, but significantly less than predicted by the lateral 
shift method. Previous results have also shown that the upper-shelf energy (USE) over- 
recovers as a consequence of annealing, which may explain why the USE value after a 
significant amount of reirradiation is approximately equal to the USE value in the 
unirradiated condition. 

Keywords: annealing, reactor pressure vessel, Charpy V-notch, irradiation, neutron, weld 
metal, copper 

Introduction 

A consideration in the decision to anneal a reactor pressure vessel (RPV) is the 
reembrittlement rate after annealing. This response is important in order to assess the 
cost-to-benefits ratio of restoring fracture toughness properties of RPVs that have been 
degraded by neutron irradiation. There is a dearth of fracture toughness data on 
reembrittlement rates, and the use of Charpy data may be a useful indicator of such rates. 

1Metals and Ceramics Division, Oak Ridge National Laboratory, P.O. Box 2008, 
Oak Ridge, TN 37831 

2Engineering Technology Division, Oak Ridge National Laboratory, P.O. Box 2009, 
Oak Ridge, TN 37831 

3Computational Physics and Engineering Division, Oak Ridge National Laboratory, 
P.O. Box 2008, Oak Ridge, TN 37831 
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It is assumed that the rate of toughness degradation upon reirradiation may be assessed by 
means of the 41-J temperature shift (ATT41.j) and the USE drop (AUSE) of the Charpy 
impact energy curve. 

A few years ago, there was much research on the topic of thermally annealing 
RPVs [1],[2],[3],[4],[5]. About a dozen RPVs were annealed in Eastern Europe [6], a 
process which was followed with much interest in the United States, and the principal 
author of this paper participated in one of the delegations composed of U.S. Nuclear 
Regulatory Commission (NRC) staff, industry, and research groups that visited the site of 
the Novovorenzh Nuclear Power Plant, Unit 3, and its annealing [7]. During this period 
an amendment was made to 10CFR50.66, "Thermal Annealing Rule," NRC Regulatory 
Guide 1.162 on Annealing [8] was issued, and American Society of Mechanical 
Engineers (ASME) Code Case N-557 on dry annealing of a nuclear RPV was 
published [9]. Models for the recovery of the transition temperature and USE were 
published [10] with the help of a database assembled at Oak Ridge National Laboratory 
(ORNL) [11]. The American Society for Testing and Materials (ASTM) Standard Guide 
for In-Service Annealing of Light-Water Cooled Nuclear Reactor Vessels, ASTM 509-97 
was revised to address annealing recovery and reembrittlement. Recently this activity has 
subsided, in part because of economic issues. However, since research with irradiated 
material takes many years, it would be prudent to continue research on developing an 
understanding of reembrittlement rates. A major revision of NRC Regulatory 
Guide 1.99, Rev. 2 [12] is being considered that would effect the pressurized thermal 
shock (PTS) screening criteria (RTrrs). Moreover, the methodology for determining 
RTrrs is being evaluated, and these events could have an impact on whether any plants 
would ever be candidates for annealing. 

Material Used in this Study 

High-copper HSSI Weld 73W has been very extensively characterized in the 
unirradiated and irradiated conditions [13]. A relatively large number of specimens were 
tested in the unirradiated and irradiated conditions such that statistical data on the effects 
of neutron irradiation on Charpy, tensile, initiation and crack-arrest fracture toughness 
have been published. These results have established a correlation between the 
irradiation-induced shifts in fracture toughness and Charpy ATr41.J, and it is assumed that 
such a correlation continues in the reirradiated case. 

For reference, the chemical composition and mechanical properties of Weld 73W 
are shown in Tables 1 and 2, respectively. 

Table 1 - Chemical composition and the standard deviation 
of the various elements of HSSI Weld 73W 

Composition, wt %, and standard deviation 

C Mn P S Si Cr Ni Mo Cu V 

Mean 0.098 ! 56 0.005 0.005 0.45 0.25 0.60 0.58 0.31 0.003 

Standard 0.007 0.026 0.0004 0.0006 0.028 0.006 0.006 0.009 0.010 0.0001 
Deviation 
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Material 

Table 2 - Mechanical properties of HSSI Weld 73W 

Room temperature 
CVN impact CVN 41-J tensile strength 

USE transition (MPa) 
(j) temperature 

(~ Yield Ultimate 

HSSI weld 73W 118 -38 495 603 
(undersize specimens) 

HSSI weld 73W 135 --40 495 603 
(full size specimens) 

There were a number of slightly undersize Charpy specimens used in the 
irradiation, annealing, and reirradiation studies. As may be seen from Table 2, there is 
very little difference between the 41-J transition temperatures TT41. J of the full-size and 
undersize specimens and thus in reference to the TT41. J no  distinction will be made 
regarding specimen size. The results of testing unirradiated, irradiated and annealed 
Charpy specimens are shown in Fig. 1. An interesting observation is that the USE has 
over-recovered to levels higher than the original unirradiated value. Unirradiated 
specimens were aged at 454~ for 168 h and increases in the USE were also observed for 
these specimens. This has been frequently reported in the literature, but is nonetheless 
unexpected since HSSI Weld 73W had been stress relieved at 607~ (1125~ for 40 h, 
which is typical for welds in commercial RPVs. This has also been confirmed by plotting 
the percent recovery of the USE versus percent recovery of TT41.j as shown in Fig. 2, 
which was prepared from data in Ref. [11]. The reason for this over-recovery is still 
unknown. The relationship shown in Fig. 2 between recovery of the TI'41. J and 
over-recovery of the USE implies that if the TT41. J recovers, then the USE will also 
recover percentage-wise at least as much. 

Reirradiation, Dosimetry and Testing of the Charpy Specimens 

Three containers, each with ten Charpy specimens, and 0.5-mm-diam (0.020-in.) 
Fe and 0.1%Co/A1 wire dosimeters in the V-notch grooves of the specimens were 
encapsulated in three containers, as shown in Fig. 3. The three containers were 
electrodischarge machined from solid aluminum stock. The tolerances on the inside and 
outside dimensions of the containers were required to be very small. The specimens had 
previously been irradiated to an average fluence of 1.8 x 1019 c m  "2 (E > 1 MeV) and then 
annealed at 454~ for 168 h. The packaging of the irradiated specimens and the 
dosimeters, using manipulators in the hot cell, required high dexterity of the ORNL 
operators. The three containers were then loaded with three fission radiometric 
dosimetric sets (FRDS), in the HSSI Program/University of California, Santa Barbara 
(UCSB) capsule located at the University of Michigan Ford Nuclear Reactor (FNR) and 
reirradiated to 0.4, 0.8, and 2.95 x 1019 c m  -2 ('E > 1 MeV) at 288~ The specimens 
irradiated to these fluences will be referred to as the low-, medium-, and high-flux Charpy 
specimens (see Fig. 4). 
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Figure  3 - Charpy specimens were encapsulated in three containers with 0.5-mm-diam 
(O.020-in,) Fe O. 1%ColA1 wire dosimeters in the V-notch grooves of  the specimens. 
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F i g u r e  4 - Arrangement of the three Charpy specimen containers in the University of 
Michigan Ford Nuclear Reactor. 
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The FRDS were retrieved after about 20 days of irradiation and used to estimate 
the flux. The duration of irradiation exposure required was then estimated, the irradiation 
completed and the containers retrieved, and the activity of the wire dosimeters counted. 
The low-flux containers were located at a higher elevation than the reactor core, and it 
was necessary to perform three-dimensional dosimetric calculations because preliminary 
calculations of flux made using an approximate three-dimensional analysis (with an 
estimated error of less than 10%) showed that the calculated flux was 20% lower than the 
initial three-dimensional estimates. 

The results of testing the Charpy specimens are shown in Fig. 5, which is 
composed of four plots, labeled (a) Charpy energy, (b) percent shear, (c) lateral expansion 
as a function of temperature, and (d) Charpy energy as a function of lateral expansion. 
The lateral expansion is difficult to measure in the hot cell, so plots (c) and (d) helped 
identify potential error to be corrected by remeasurement. The USE of the reirradiated 
material is still as high or higher than the unirradiated value. 

The shifts in TT41. J, ATT41.j. for the irradiated, annealed, and reirradiated (IAR) 
specimens have been plotted as functions of the total fluence in Fig. 6, in which the 
coordinates of the experimental points have been given between parentheses [shifts in K 
and total fluence in 1019 c m  "2 (E > 1 MeV)]. The initially irradiated ATT41. J data are 
labeled I, the irradiated and annealed results are labeled IA, and the three reirradiated 
values are labeled IAR. Two methods of estimating the reirradiation rates are described 
in ASTM E 509. The vertical shift method assumes that the change in embrittlement due 
to reirradiation follows the same function of total fluenee as if irradiation continued with 
no annealing, and is shown as the dotted curve in Fig. 6. The lateral shift method 
assumes that embrittlement due to reirradiation continues follows the same function of 
increase in fluence as the unirradiated material and is shown as the dashed curve. It may 
be seen that the measured values of ATl'41.j are well below the values predicted by the 
lateral shift method, but are somewhat higher than the values predicted by the vertical 
shift procedure. 

To estimate the rate of reembrittlement beyond the largest fluence, the rate 
predicted by the fluence factor given in Regulatory Guide 1.99, Rev. 2, was used with the 
chemistry factor adjusted until the curve, shown as a dash-dot in Fig. 7, passed through 
the ATr4~. ~ at the accumulated fluence of 4.8 x 1019 c m  -2 (E > 1 MeV). The chemistry 
factor obtained implies an effective copper content of about ~3.02%, for the 0.6% Ni of 
HSSI Weld 73. It may be recalled that the actual total copper content of this weld is 
0.31%. 

A curve of the ATT41. I v s  AO Was regression fit through the four data values 
associated with IA, and IAR; this has also been plotted in Fig. 7 as a dash-dot-dot curve. 
This curve can be used to predict the ATT41. J for a set of ten specimens now being 
reirradiated at the FNR to an accumulated total fluence of about 6 x 1019 c m  "2 

(E > 1 MeV). 
The Kurchatov Institute in Moscow, Russia, has performed similar experiments, 

and their results have also been plotted in Fig. 6 [14]. The lack of agreement between the 
Kurchatov and ORNL results at approximately the same fluence is obvious, but the 
reasons for this difference are not known. 
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Research in progress at ORNL has given indications copper precipitates out of the 
matrix and is unavailable to cause further radiation embrittlement [15],[16]. Table 3 
compares the amounts of copper under various conditions. The 0.12% at. wt Cu in the 
ferrite matrix that contributed to the embrittlement has been further reduced by 
precipitation to 0.06% at. wt. A small decrease in copper was also observed after the 
168-h anneal at 454~ No change in the matrix copper level was observed after 
reirradiation. The 0.04 % at. wt. agrees reasonably in order of magnitude with the 
amount 0.02 inferred by curve fitting discussed above. The matrix composition was 
determined with a combination of an energy-compensated atom probe and an energy- 
compensated three-dimensional atom probe [17]. 

Table 3 - Comparison of bulk copper in HSSI Weld 73Win various conditions 

Condition Atomic % 

Bulk copper, at end of weld fabrication, postweld heat treatment 
(PWHT) or stress relief at 607~ (1125~ for 40 h 

Matrix Copper, PWHT 
Irradiated (I), 2 x 1019 c m  -2 ( E > 1 MeV) 
Irradiated and annealed (IA), 454~ (850~ 
Reirradiation (IAR), 1 x 1019 c m  "2 ( E > I MeV) 

0.27 

0.12 
0.06 
0.04 
0.04 

Summary and Conclusions 

The Charpy impact response of reirradiated HSSI Weld 73W has been determined 
at three fluence levels. The Charpy specimens had previously been irradiated and 
annealed at 454 ~ for 168 h, and the results have shown that the ATr41. j of the 
reirradiated specimens is slightly higher than predicted by the vertical shift method, but 
significantly less than predicted by the lateral shift method. Previous results have also 
shown that the USE over-recovers as a consequence of annealing, which may explain 
why the USE value after reirradiation is still approximately equal to the values of the 
unirradiated condition. One explanation of the relatively low rate of reembrittlement of 
HSSI Weld 73W compared to the initial rate may be the decreased availability of 
radiation sensitive elements such as copper to cause embrittlement. If the 
reembrittlement rate of an RPV can be shown to be significantly less than the initial one, 
then annealing may be a technically attractive consideration even before it becomes 
absolutely necessary. 
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Abstract: The relation between resistivity and mechanical properties, such as hardness 
and the ductile-brittle transition temperature (DBTF), in heat-affected zone (HAZ) of 
welded A533B pressure vessel steel (PVS) has been investigated by means of a small 
specimen test technique before and after neutron irradiation. A submerged arc welded 
thick plate of A533B for plant use was supplied by Japan Steel Works, Ltd. Neutron 
irradiation was performed in the Japanese Materials Test Reactor (JMTR) at 290~ up to 
1.3 x 1024 n/m 2. Resistivity measurements with a pair of potential probes, 1 mm distance 
apart, were performed on the surface of specimens at different locations across the fusion 
boundary. Before the irradiation, the resistivity of the weld was higher than that of the 
base metal and the resistivity in the HAZ gradually reduced with increasing distance from 
the fusion boundary. After the neutron irradiation, the resistivities at all the locations were 
reduced. Post-irradiation annealing experiments revealed that resistivities of base metal 
and HAZ almost recovered after annealing to 500~ while only a part of the recovery 
was observed for the resistivity of the weld. On the contrary, the recovery of irradiation 
hardening was faster in the weld than in the base metal. It is considered that the reduction 
of resistivity is due to precipitation of solute elements, such as manganese, nickel and 
copper. The correlation between resistivity change and irradiation hardening is also 
discussed. 
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316 EFFECTS OF RADIATION ON MATERIALS 

Introduction 

For nuclear plant lifetime extension, the evaluation and prediction of the neutron 
irradiation-induced deterioration of the reactor pressure vessel (RPV) are critical issues. 
It has been considered that the evaluation of mechanical properties of welded joints of 
pressure vessel steel (PVS) is rather difficult because of the complex metallurgical 
structure depending on the location in the heat-affected zone (HAZ). Recently, the 
Charpy V-notch (CVN) impact test utilizing sub-sized specimens has been developed as 
one of the options for resolving the shortage of surveillance test specimens for plant 
lifetime extension of light water reactors [1-5]. In previous studies [4, 5], we investigated 
the dependence of ductile-brittle transition (DBT) behavior on the location of V-notch in 
HAZ of the welded A533B PVS, using the small specimen test technique (SSTF). 

In addition to the SST1 ~, nondestructive evaluation (NDE) techniques have been 
developed to survey irradiation embrittlement of structural materials using electric and 
magnetic property changes such as, electric resistance, Barkhausen noise (BHN), 
superconducting quantum interference device (SQUID), and positron annihilation 
spectrometry (PAS)[6-8]. It is suggested that such NDE techniques might be used to 
evaluate the lifetime of PVS, as well as the current destructive evaluation methods. 
Among these, the electric resistivity measurement was reported to be effective in 
detecting the irradiation embrittlement of PVS [6], where a good correlation between 
ADBT'I" and neutron irradiation-induced resistivity change has been shown. 

In the present study, the electrical resistivity method was applied for the HAZ 
specimens of welded A533B PVS in order to develop an NDE method to evaluate the 
irradiation embrittlement of welded steel. 

Experimental Procedure 

The material used in this study was A533B PVS, for nuclear reactor pressure 
vessel, which was produced by Japan Steel Works, Ltd. The chemical compositions of 
base metal and deposit are shown in Table 1 with the heat treatment conditions. The 
welding conditions for this steel were as follows: 1) 32V of arc voltage, 2) 630A of beam 
current, and 3) 650mm/min of traveling speed, with pre-heat. Post-welding heat 
treatment was done at 625~ for 15 hr. All the procedures followed the actual pressure 
vessel fabrication procedures. Charpy V-notch (CVN) specimens were cut out of the 
welded joint into 3.3 mm and 1.5 mm size of miniaturized specimens. The detail of this 
procedure was shown in refs. 4, 5. The specimen location is identified by the symbols 
Mx for base metal, Dx for deposit and B for fusion boundary, where x denotes the 
distance from the fusion boundary in mm. For the resistivity measurement, the 1.5 mm 
size of CVN specimen that had a V-notch at the M1 position was used. Neutron 
irradiation was carried out in the Japan Materials Test Reactor (JMTR) at 290~ up to 1.3 
• 1024 n/m 2 (E>I MeV) or 0.20 dpa. The irradiation period was 540 hr. Post-irradiation 
experiments were performed for the 1.5 mm size of CVN specimens, compared with 
as-received and thermal controlled 3.3 mm size specimens. Micro-Vickers hardness test 
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was carried out with a load of 0.2 kg at room temperature. Resistivity measurement was 
conducted at room temperature, using conventional four probe with a direct current of 
623.8 mA. The resistivity was measured for both directions of the current ten times and 
the average values were obtained. The measurements were also carried out foRowing 
isochronal annealing from 325~ to 525~ for 0.5 hr in a vacuum of 1.0 • 10 -5 Pa. 

Table 1- Chemical compositions and heat treatments of A533B cl.1 steel and deposit. 

Chemical composition / wt. % 

C Si Mn P S Ni Cr Cu Mo V AI N 

Base 0.17 0.16 1.42 <0.003 <0.003 0.63 0.13 0.03 0.51 <0.01 0.026 0.0093 
Weld 0.10 0.07 1.27 0.008 <0.003 0.82 0.03 0.08 0.44 <0.01 0.006 0.0047 

Heat treatments 
Quenching : 890~ 4 hr, water quench. �9 "gempering: 660~ 4hr, air cooled. 

Results 

Irradiation Effects 

After the neutron irradiation, Vickers hardness of the HAZ specimen increased at 
all positions of the welded joints of the steel, as shown in Fig. 1 where the hardness was 
plotted against the position across the fusion boundary. In order to clarify the thermal 
effect under the irradiation at 290~ up to 540 hr on the irradiation hardening, hardness 
test was also carded out for the thermal controlled specimen. There was no significant 
effect of the aging on the hardness of welded joint. 

Resistivity measurements were carded out for as-received, thermal controlled and 
as-irradiated welded specimens. Fig. 2 shows the dependence of the resistivity on the 
location in the HAZ of the welded steel. A small increase in the resistivity was observed 
after the thermal aging at 290~ up to 540 hr, while a significant reduction of the 
resistivity was induced by the irradiation at 290~ at all the locations from M9 to D7. 

The irradiation-induced change in the hardness and resistivity is shown in Fig. 3. 
There is no apparent correlation between them. 
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Isochronal Annealing Experiment 

Post-irradiation isochronal annealing behavior of the resistivity is shown in Fig. 4 
for several locations in the HAZ of the steel. The irradiation-induced reduction of the 
resistivity was recovered by the annealing. Among the HAZ locations, the M1 location 
showed the smallest reduction of the resistivity and the D4 location showed the largest 
one. At the M1 location, annealing at 400~ resulted in almost all the recovery of the 
resistivity change, and tile other locations, except for the D4 location, recovered after 
annealing to 500~ while the D4 recovered only a half of the irradiation-induced 
resistivity change. The resistivities of thermal-controlled specimens show no significant 
change during annealing, as shown in Fig. 5. 

Discussion 

Difference in Resistivity between Base Metal and Deposit 

As shown in Fig. 2, the resistivity of deposit was larger than that of the base metal 
in the as-received condition. This may be explained by the difference in the 
microstructure between them, which depends on the chemical compositions and heat 
treatment conditions. The A533B steel consists of bainitic structure that contains high 
density of dislocations and precipitates. As shown in the ref. 9, there was no significant 
difference in the resistivity between the quenched Fe-Cu alloy and the cold-worked one. 
Therefore, the difference in the resistivity between the base metal and deposit is 
considered to be due to a change in the distribution of solute atoms and precipitates. In 
general, solute atoms increase the resistivity of the lattice, while precipitation of the 
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solute atoms results in a decrease in the resistivity through the reduction of the solute 
atoms. In the present study, the deposit had a higher concentration of alloying elements 
such as copper and nickel, as shown in Table 1, which may be the cause of the higher 
resistivity of the deposit. 
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between the isochronally annealed and as-irradiated specimen. 
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Fig. 5- Resistivity change of the thermal controlled specimen 
with isochronal annealing. 

Factor Controlling Irradiation-Induced Resistivity Change 

In pure iron, irradiation generally results in an increase in the resistivity, due to 
irradiation-induced point defects (vacancies and interstitial atoms) and their clusters [10, 
11]. However, the present study showed an irradiation-induced decrease in the resistivity. 
Such a case was also observed in Fe-Cu alloys irradiated at 140~ and Fe-Ni alloys 
irradiated at 50~ followed by annealing up to 275~ [11]. The reduction of resistivity 
has been explained by the redistribution of alloying elements during irradiation, that is, 
the decrease in the concentration of solid-solution atoms through their precipitation. 
However, it is difficult to identify the contribution of each element to the resistivity 
change, because the A533B commercial steel contains many alloying elements. In the 
following discussion, it was assumed that each alloying element contributed 
independently to the resistivity of the steel. 

The steel used in this study contains 0.17 wt. % (0.79 at. %) of carbon atoms in the 
base metal and 0.10 wt. % (0.46 at. %) in the deposit, respectively. According to the work 
by Takaki et al.[10], the contribution of solute carbon to the resistivity change in iron, 
Ape, was given by the following: 

z/pc = 1.5 x 4.9 XdCc [ l~ -cm/a t .  %] (1) 

where the first coefficient, 1.5, is a form factor caused by the difference in specimen 
between this experiment and the reference, and zlCc is a change in the concentration of 
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solute carbon atoms. Since the final heat treatment was carried out at 625~ it is 
expected that all the carbon atoms in the steel are in solution before the tests [12]. When 
all the solute carbon atoms precipitated during the irradiation, the resistivity change 
caused by precipitation of carbon was estimated about -0.37 ~ - c m ,  which was much 
smaller than the total change in the resistivity (-5.0 p~-cm) observed in the base metal. 
Thus, solute carbon atoms and carbides were not thought to be the main factor 
responsible to the reduction in resistivity of the steel. This was well supported by the 
results of thermal control experiments, which indicated no significant effect of aging on 
resistivity at temperatures where carbon atom was mobile. 

The contribution of each alloying element to the resistivity change has not yet been 
revealed. However, the effects of copper, nickel and manganese on the resistivity have 
been investigated, and are associated with hardening and embrittlement behavior [9, 11]. 
In ref. 9, the contribution of the solute copper atom to resistivity change, Apc,, in Fe-Cu 
binary alloy was given by the equation, 

Apc" z 1.5 x 3.9 (_+0.4) xACc, [p.O-cm / at. %] (2) 

where zlCcu was a change in the concentration of solute copper atoms. When all of the 
0.08 wt. % of copper atoms in the deposit were in solid solution before irradiation and 
precipitated during the irradiation, Zlpc, was estimated to be -0.41 ~')-cm. This value 
was also small compared with the total change. After post-irradiation annealing up to 
400~ the resistivity was not recovered but further decreased. It indicated that copper 
precipitates were thermally stable up to 450~ This is in agreement with the results 
that the deposit in this study was not recovered by post-irradiation annealing up to 525~ 
as shown in Fig. 4. 

A similar effect can be observed in Fe-Ni and Fe-Mn alloy [11] and can be 
explained as in the case of copper, while the resistivity change was larger than that 
observed in Fe-Cu alloy because of the larger content than copper in the used steel. 
Assuming that the contribution of nickel atom to resistivity change in this steel is similar 
to that of copper, the change in resistivity caused by decreasing in solid solution nickel 
for the deposit is estimated to be -4.2ps which is a reasonable value to explain the 
irradiation-induced reduction in the resistivity of deposit. In ref. 11, the resistivity in 
Fe-Ni and Fe-Mn was completely recovered by annealing up to 450~ It was suggested 
that the resistivity of base metal recovered up to 525~ was corresponding to the 
resolution of those alloying elements, since both the solubility limit of nickel and 
manganese are several wt.% at 600~ Although the precipitation particle is known to 
contribute to the increase in resistivity, the contribution is thought to be small, because 
the reduction increases with increasing copper concentration [11]. 

Irradiation-induced point defects and clusters increase the resistivity. Frenkel 
defects induce the resistivity increase, Apn), which was given by the equation, 

.4pr o = 1.5 x 0.3 x,dCFo bt.Q-cm / at. %] (3) 
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where lXCvo was change in the density of Frenkel defect [10]. Again, the contribution of 
irradiation induced-defects to the resistivity is considered to be smaller than that of 
carbon atoms. 

Irradiation-induced resistivity change is given by the equation 

,dPtot~l = T_dp~ + F_.zlpl, + ZlpFO (4~ 

where Apt and APv are the resistivity changes caused by each solute atom and precipitate, 
respectively. For the irradiation condition in this study, precipitation was thought to be 
under the early stage of growth and EApp and Apvo were thought to be negligible. 

Correlation between Resistivity and Mechanical Properties 

In ref. 12, the increase in hardness, AHv, in the as-irradiated specimens was 
assumed to consist of two components: 

AHv = AHvpoc + AHvvrr (5) 

where AHVpDc and AHvvrr, was the hardening induced by the accumulation of 
irradiation-induced point defect clusters (PDC) and radiation-enhanced precipitation, 
respectively. The latter component of Eq. (5), which is proportional to square root of the 
number density of precipitates, is described by the following equation: 

AHvppT = k (Nu.,~r - Nas,rr) 1/2 (6) 

w h e r e  Nunirr and Nasirr w a s  the number density of alloying atoms in solid solution in 
unirradiated and as-irradiated specimen, respectively, and k is a constant. On the other 
hand, the resistivity change of dR is written by the following equation as discussed in the 
previous section: 

AR = m (Nasirr - Nu,trr) (7) 

where m is a constant. From Eqs. (5), (6) and (7), the increase in hardness of as-irradiated 
specimen is described by the following equation: 

AHv = AHVpD c + ct (-AR) 1/2 (8) 

where tt is a constant. 
The relation between resistivity change and hardness change is shown in Fig. 6, for 

each location of the as-irradiated specimens. The fitting curves calculated by applying 
the Eq. (8) to the results are also shown, where AHVpDC is assumed to be 0, 40, 80 and 
100. The irradiation hardening observed in this study was thought to be mainly due to 
PDC, because the present steel contained less copper and other elements, such as nickel 
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and manganese, are considered to be less hardener at present irradiation conditions. Thus, 
the assumption that zlHvpuc is from 80 to 100 was thought to be corresponding to the 
steel. This also indicates that there is a difficulty to monitor the total hardness change by 
resistivity measurement in HAZ of welded steel. However, this method is thought to be 
useful for the estimation of hardness in PVS containing higher concentration of copper 
where copper precipitates mainly govern the hardening. 120  

100 
> 
"1- 

>- 80 
"1- 

.=_ ~ 40 
6 0  

AHvpo c = 0 40 

20 

0 , , , I i i j J , , , I i i i I , , , 

0 +8 -6 -4 -2 0 
Increase in Resistivity, AR / laK2-cm 

Fig. 6- Relation between hardness change and resistivity change 
after neutron irradiation. 

The relation between resistivity change and /IDBT1 ~ that was reported in the 
previous study [5], at each location of weld joint, is shown in Fig. 7. Because the zJDBTT 
in the A533B steels can be assumed to be proportional to the irradiation hardening, the 
relation between resistivity change and ADBq"F can be fitted in the same way as 
irradiation hardening. The result also indicates that AHvpDc corresponds to a large portion 
of the total hardening. 

C o n c l u s i o n s  

The electrical resistivity change induced by neutron irradiation was investigated 
for the HAZ of welded A533B. The irradiation at 290~ decreased the resistivity at all 
locations around the fusion boundary. It was considered that the decrease in the 
resistivity was attributed to the reduction of solid solution atoms, such as copper, nickel 
and manganese. It appears that the resistivity method is not adequate to evaluate the 
irradiation embrittlement in HAZ of welded A533B steel having a low copper content. 
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However, the method will be useful for the estimation of hardness in PVS having higher 
copper contents where mainly copper precipitates govern the hardening. 

40 [ i - -  , i I i i , I ' ' I I i , I I ' ' i I ' ' ' 

O I-i. D7 AHVpDc ~ k'. 
"- I- ~ M4 dominant 

"20 I- D1 M 8 ~ . ~ " " - - . . , ~  " "~ 

e- f AHVpDc = 0 

-12 -10 -8 -6 -4 -2 0 
Increase in Resistivity, ZxR / p..Q-cm 

Fig. 7- Relation between resistivity change and ADBTT in 
as-irradiated specimen. 
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Fracture Toughness and Tensile Properties of  Irradiated Reactor Pressure Vessel 
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Abstract: A comprehensive testing programme was undertaken to evaluate the effects 
of irradiation, thermal ageing, specimen orientation, and test temperature on the fracture 
toughness and tensile behaviour of a Type 309IJ308L stainless steel strip clad deposit. 
Specimens were irradiated in the high flux reactor (HFR) Petten to nominal neutron 
doses of 0.05 dpa and 0.1 dpa at 295~ Testing was performed at room temperature, 
100, 200 and 295~ The fracture resistance properties of the clad material were 
unaffected by irradiation to 0.1 dpa, which is approximately twice the predicted end-of- 
life dose. The same neutron dose resulted in an increase in 0.2% yield stress (15-20 
MPa) and a small loss of ductility (3%). Thermal ageing to the simulated pressurised 
water reactor (PWR) end-of-life thermal condition (1000 hrs at 400~ had no 
significant effect on the fracture resistance behaviour or tensile properties of clad 
material in either irradiated or unirradiated condition. Clad fracture resistance 
properties were unaffected by orientation in the plane of the clad layer and were only 
dependent on test temperature. 

Keywords: pressure vessel cladding, fracture resistance, neutron irradiation, tensile, 
thermal ageing, orientation, temperature 

Introduction 

The inside surface of PWR reactor pressure vessels (RPVs) is covered with a 
corrosion resistant austenitic stainless steel cladding layer to prevent general corrosion 
of the low alloy RPV steel and minimise contamination of the coolant with activated 
corrosion products. In modern RPVs, such as British Energy's Sizewell B PWR, the 
cladding is applied to the ferritic base material by a submerged-arc, strip clad process, 
which commonly utilises Type 309L stainless steel for the fhst layer and Type 308L for 
subsequent layers. 

"rMaterials scientist, NRG, PO Box 25, 1755 ZG Petten, Netherlands. 
2Metallurgist, British Energy Generation Ltd., Barnwood, Gloucester, UK. 
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The welding process and associated heat treatment parameters are carefully 
controlled to prevent underclad cracking. The structural integrity safety case for the 
Sizewell B PWR RPV includes fracture analysis to assess defect tolerance during both 
normal service and accident conditions. The growth of defects, postulated to be present 
at start-of-life, and limiting defect depths are evaluated for surface breaking base metal 
defects in an unclad vessel. The assumption of surface breaking defects gives a more 
pessimistic assessment than assuming that the defects are covered by the cladding, 
provided that the clad layer remains intact. Additional analysis was therefore performed 
to confirm that, for postulated underclad (buried) defects, the cladding ligament at end- 
of-life remained intact under the most severe accident conditions. This additional 
analysis uses the analytical defect model shown in Figure 1. 

Cladding 

2a I 

J 
Forging 

Ligament shown to be Start-of-life defect 
stable at end-of-life buried beneath clad 

End-of-life defect grows both into clad and 
forging but remains buried 

Figure 1 - Defect assumptions for cladding ligament analysis. 

Fracture toughness properties of irradiated austenitic stainless steel cladding, 
which were utilised in this analysis for Sizewell B, were a conservative lower bound to 
the limited data available at the time [1-7]. These data suggested little deleterious effect 
from thermal ageing at PWR operating temperatures, but a marked degradation in start- 
of-life fracture toughness was expected due to irradiation. The scarcity of  the data, 
particularly from modem strip clad material, however, made definition of realistic 
fractur e toughness properties uncertain. In order to confirm the fracture toughness data 
assumed in the fracture analysis, a comprehensive testing programme was undertaken 
to evaluate the effects of irradiation, thermal ageing, and test temperature on the 
fracture toughness and tensile behaviour of austenitic stainless steel cladding. This 
paper presents the results of tensile tests and fracture mechanics experiments with small 
compact (C(T)) specimens on Type 309IJ308L strip clad material, representative of the 
Sizewell B RPV cladding, after irradiation to target dose levels of  0.05 dpa and 0.1 dpa 
at 295~ 
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Materials and Specimens 

Materials 

The programme cladding material was produced using consumables, weld 
procedures, and heat treatments representative of the Sizewell B RPV core shell 
manufacture, as detailed in Table 1. 

Table 1 - Details of cladding consumables and heat treatment. 

First layer: 

Second layer: 

Strip clad weldin~ consumables 
strip SANDVIK 24-13L (ER 309L) 
flux Soudometal 9V 309T1 
strip SANDVIK 19-9L (ER 308L) 
flux Soudometal 8B 308T2 

Heat treatment 
Preheating: 
Inter-pass temperature: 
Post clad heating: 
Final heat treatment: 

150~ min. 
250~ max. 
250-300~ hours 
595-620~ hours; 40~ max. heating rate from 
350~ 30~ max. cooling rate to 350~ air cool. 

The two layer cladding, having a total thickness of about 10 mm, was deposited 
on to an 18MND5 low alloy ferritic substrate, the first layer comprising Type 309L and 
the second Type 308L weld metal. Microstructural, microhardness and compositional 
variations across the austenitic/ferritic interface were examined and found to be similar 
to those for the Sizewell B cladding [8]. Only the 5 mm thick top layer, consisting 
mainly of Type 308L material, was utilised in the programme. The chemical 
composition of the top layer of cladding is given in Table 2. 

Table 2 - Chemical composition of the top layer of cladding Type 308L material. 

Element C Si Mn Cr Ni Mo N2 Fe 
Contents(wt-%) 0.028 0.85 1.10 19.33 10.51 0.06 418ppm balance 

Specimens 

Reduced thickness C(T) specimens with a thickness of 5 mm and tensile test specimens 
with a 20 mm gauge length and of 4 mm diameter were machined in the plane of the 
cladding, see Figure 2. 
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T 

Figure 2 - C(T) and tensile specimens machined in the plane of the cladding. 

The dimensions of the C(T) and tensile specimens are given in Figure 3. All 
specimens were taken from the top layer of the cladding to minimise material 
variability effects. 

(a) 

30 i13  @ 
(b) 

�9 4 5  = 

�9 , 23 .5 - - - - - "  1 

Dimensions in mm. 

Figure 3 -C(T) (a) and tensile (b) specimen used in the experimental study. 

Further details of the specimen machining plan and their relative position within 
the clad block are given in [9]. A total of 75 C(T) and 45 tensile specimens were 
machined from the cladding. 

Orientation 

The planned orientation of test specimens was L-T for C(T) specimens and L for 
tensile specimens to represent the orientation of postulated underclad defects, namely 
perpendicular to the direction of welding (L). Following manufacture, however, 
microstructural examination of the heat-affected zone in the base metal and the weld 
bead geometry in the cladding layer [10] showed that the actual direction of welding 
was perpendicular to that marked on the clad block by the manufacturer. Due to this 
reference marking error, the majority of the C(T) and tensile specimens had the T-L and 
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T orientations, respectively. Additional C(T) and tensile specimens were therefore 
machined with the originally planned L-T and L orientations, respectively, to determine 
any possible effect of orientation on the mechanical behaviour of the cladding. 

Thermal Ageing 

Based on a previous British Energy programme that investigated the thermal 
ageing kinetics of austenitic stainless steel weld metal and castings [l 1, 12], several 
cladding test specimens were heat treated for 1000 hours at 400~ to simulate the RPV 
end-of-life thermally aged condition. Specimen blanks were aged in an inert gas 
environment prior to machining. 

Specimen Irradiations 

Specimens were irradiated in the High Flux Reactor at Petten as part of the 
SINEXT (R312) experiment. Sample holders, containing specimens stacked on top of 
each other, were positioned within a threefold thimble device. Irradiation temperature 
was controlled to within +15~ of the 295~ target by an inert gas mixture, with C(T) 
specimen temperatures monitored via thermocouples located in load-pin hole inserts. 
The target irradiation doses were 0.05 dpa for SINEXT-2, to represent the RPV 
cladding end-of-life irradiated condition, and 0.1 dpa for SINEXT-1. The neutron 
exposure times were 17 and 24 days, respectively. Results from the neutron dosimetry 
monitors contained in each sample holder, which include assessment of the neutron 
metrology uncertainties, have been reported [ 13]. The accumulated fluence and 
resulting displacement damage results, which are summarised in Table 3, indicate 
average doses of 0.049 dpa and 0.080 dpa achieved for SINEXT-2 and SINEXT-1, 
respectively. 

Table 3 - Neutron dosimetry results. 

Irradiation Displacement Thermal fluence ~0 Fluence E >1 MeV 
experiment damage (dpa) (1023 m 2) (1023 m 2) 

SINEXT-2 Min. 0.037 2.88 2.42 
target: Max. 0.061 4.73 4.06 
0.05 dpa Average 0.049 3.78 3.25 _ 
SINEXT- 1 Min. 0.067 7.64 4.31 
target: Max. 0.093 11.0 6.02 
<0.1 dpa Average 0.080 9.78 5.20 

Fluence monitor data have been used to estimate the individual damage dose for each 
specimen. These values have been utilised in assessing the data. 
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Testing 

All testing was performed in the hot cell laboratory at Petten. The test matrix for 
C(T) and tensile specimens in the unirradiated, irradiated, and thermally aged and 
irradiated conditions is given in Table 4. Testing was performed at room temperature 
(RT), 100~ 200~ and 295~ Irradiated tensile specimens were tested, only at 100~ 
and 295~ 

Table 4 - Test matrix for cladding experiments. 

Test temperature, ~ 
Specimen condition RT 100 200 295 

C(T) l T 2 C(T) 1 T 2 C(T) 1 T 2 C(T) l T 2 

Unirr. control 
As-received 3+[2] 2 3+[2] 3 6+[2] 3 5+[5] 4+[3] 
Thermally abed 2 1 3 2 2 2 
Irradiated 
SINEXT-2 3 3 2 3 3+[1] 3+[1] 
SINEXT-I 3 3 2 3 3+[1] 3+[1] 
Thermally aged 3 and irradiated 
SINEXT-2 2 2 2 2 
SINEXT- 1 2 2 2 2 

l C(T) specimen orientation is T-L, except [ ], which have L-T orientation. 
2 Tensile specimen orientation is T, except [ ], which have L orientation. 
3 1000 hours at 400~ to simulate the end-of-life thermally aged condition. 

Tensile 

Both unirradiated and irradiated tensile specimens were tested at a strain rate of 
5x10-4s ~ in the same electro-mechanical test machine. The test procedure was 
consistent with ASTM Standard for Tension Testing of Metallic Materials (E8) and 
ASTM Standard for Elevated Temperature Tension Testing Tests of Metallic Materials 
(E21). Test temperatures were controlled to an accuracy of +__2~ Values of 0.2% yield 
stress (0.2%YS), ultimate tensile strength COTS) and uniform elongation (UE) were 
calculated from the engineering stress-strain curve, and total elongation (TE) from the 
broken specimen halves. 

Fracture Resistance 

Fatigue precracking of the C(T) specimens was performed with an R-ratio of 0.1 
at 10 Hz frequency. The AK range was decreased with increasing crack extension. 
Single specimen fracture resistance testing used the direct current potential drop 
(DCPD) method for measuring crack extension. The rate of increase in stress intensity 
factor was in the range of 0.8-1.0 MPa~/m-s 4 in the elastic regime. Load and DCPD 
were recorded as a function of load-line displacement. Post-test measurements of 
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334 EFFECTS OF RADIATION ON MATERIALS 

fatigue crack length and crack extension (Aa) were used to correlate the measured 
DCPD signal with actual crack growth, from which Aa values were obtained and 
plotted against corresponding J data. Fracture parameters J0.2, J0.2bl, J0.5 and dJ/da0.5 
were determined and initiation fracture toughness, Ko.2b~, was calculated. Testing and 
analysis procedures were based on ESlS P2-92 [14]. 

Tensile Test Results 

Tensile properties of clad material in the unirradiated condition are shown in 
Figures 4(a) and 4(b) as a function of  test temperature for the two specimen orientations 
L and T and both thermally aged and unaged conditions. 
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OTE-T 
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~ , x .  T/aged TE 

+UE-L  

i 
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Test temperature (~ 

Figure 4 - Temperature trehd curve of(a) 0.2%YS and UTS and (b) tensile ductility of 
unirradiated material. 

There is no marked influence of  ageing for 1000 hours at 400~ on either 
0.2%YS, UTS or tensile ductility (TE and UE). Furthermore, although the L and T 
oriented specimens, tested at 295~ suggest marginaUy lower strength values in the L 
orientation, these differences are not considered to be experimentally significant. No 
clear evidence of orientation on ductility is evident. 
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Figure 5 - Irradiation response of cladding material at lO0~ test temperature: (a) 
hardening and (b) loss of ductility. 

Tensile properties following irradiation suggested a trend of increasing 0.2%YS 
and decreasing ductility with neutron dose, but in each case, the effect was small. 
Figures 5(a) and 5(b) indicate these trends at a test temperature of 100~ At the 
maximum neutron dose (~0.1 dpa), the irradiation hardening effect was of the order 15- 
20 MPa at both 100~ and 295~ while UE values were approximately 3% lower. 

Fracture Resistance Test Results 

In order to assess the influence of thermal ageing, orientation, and irradiation on 
cladding fracture resistance, individual J-Aa curves at a particular test temperature were 
combined. 

lnfluence of Thermal Ageing 

J-Aa curves at 100~ from thermally aged specimens are compared with non-aged 
specimens (all T-L orientation) in Figures 6(a) and 6(b), for the unirradiated and --0.05 
dpa irradiated conditions, respectively. The fracture resistance behaviour is seen to be 
independent of thermal ageing. 
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Figure 6 - Fracture resistance curves of (a) unirradiated, and (b) .-0.05 dpa irradiated 
material tested at 100 ~ C. 

Within the bounds of normally expected scatter, this pattern was repeated for all 
test temperatures in each condition and leads to the conclusion that cladding fracture 
resistance is not significantly affected by thermal ageing to the end-of-life condition. 

Influence of Specimen Orientation 

The fracture resistance of T-L and L-T orientated specimens at 295~ is shown in 
Figures 7(a) and 7(b) for the unirradiated and 4).05 dpa irradiated conditions, 
respectively. Within typical experimental scatter, the J-Aa curves are essentially 
unaffected by orientation differences. 
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Figure 7 - Fracture resistance curves of(a) unirradiated and (b) .-0.05 dpa irradiated 
o material tested at 295 C. 
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Again, this behaviour was observed at all other test temperatures in the 
unirradiated and NO.1 dpa irradiated materials, resulting in the conclusion that the 
fracture resistance of  the cladding can be considered to be orientation independent. 

Influence of Neutron Irradiation 

On the basis that no clear effect of  thermal ageing or specimen orientation on 
fracture resistance had been observed in any of  the specimens, irradiated or not, the J- 
Aa data from T-L, T-L aged, and L-T specimens were combined for each combination 
of irradiation condition and test temperature. 

ta~lB 

see Tested at R T  
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e 4BO 

~ 2 l i e  
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O.O ,5  I .O  1,5  2.61 

60  (mm]  

Figure 8 - Fracture resistance of unirradiated and .49.1 dpa irradiated material at RT. 

Results indicated that the curves for the irradiated material were within the 90% 
prediction intervals for the unirradiated material. In other words, there was no evidence 
of any irradiation effect up to the maximum neutron dose, Figures 8 and 9. Similar 
observations have been reported previously on modem strip cladding material [15]. 
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Figure 9 - Fracture resistance of unirradiated and irradiated material at 295~ 
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338  EFFECTS OF RADIATION ON MATERIALS 

The absence of any effect from either thermal ageing, noted previously, or 
neutron irradiation on fracture resistance behaviour makes it unlikely that any 
synergistic effect will occur under the combined influence of irradiation and thermal 
ageing in the RPV cladding, during service. It is however not possible to fully exclude a 
synergistic effect based on this evidence alone. 

Influence of Test Temperature 

The mean J-Aa curves for the 4).05 dpa irradiated material at the four distinct test 
temperatures RT, 100, 200 and 295~ are shown in Figure 10. 
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Figure 10 - Fracture resistance temperature dependence of irradiated material. 

Increasing temperature can be seen to reduce the fracture resistance of the 
irradiated clad material. A similar fall off in fracture resistance with increasing 
temperature was observed in unirradiated and -4). 1 dpa irradiated materials. Minor 
differences are expected to result from material variability. 

On the basis that there is no clear effect of thermal ageing, specimen orientation 
or irradiation on cladding fracture resistance, all the J-Aa data from unirradiated and 
irradiated specimens were combined for each test temperature to give four mean 
fracture resistance curves with 90% prediction intervals. The fracture parameters Jo.2, 
J0.2b|, J0.5 and the slope of the resistance curve at 0.5 mm crack growth, dJ/da0.5, were 
obtained from these mean and lower bound curves, as given in Table 5. The decrease in 
fracture resistance with increasing temperature is clearly evident. 
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Table 5 - Fracture parameters from mean and lower bound fitted curves. 

Ttest Jo.2 (kJ/m 2) Jo.2bl (kJ/m2) Jo.5 (kJ/m 2) dJ/dao.5 (kJ/m 3) 
(~ mean lower mean lower mean lower mean lower 
RT 256 232 309 276 350 318 241 218 
100 219 202 270 246 312 288 241 223 
200 185 163 229 196 266 234 209 184 
295 152 135 187 162 224 198 188 166 

Engineering Fracture Initiation 

Since the fracture resistance data obtained from the 5mm thick C(T) specimens did not 
meet current J-validity requirements for size-independent fracture behaviour [ 14], the 
fracture parameters in Table 5 cannot be considered strictly applicable to larger 
cladding thicknesses. Nevertheless, the results do characterise the fracture resistance 
behaviour of the 5 mm top layer of cladding and are relevant to analyses which consider 
failure in this specific region. In view of the above conclusions on the absence of 
irradiation, thermal ageing and specimen orientation effects, individual J0.2bl data from 
all tests have been combined in Figure 11. 
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Figure 11 - The temperature dependence Of Jo.2bl data. 

This figure can be used to describe the trend with temperature of engineering 
fracture toughness. The fitted correlation is a simple linear temperature relationship, 
with the inherent variability, characteristic of weld material inhomogeneity, defined by 
the 90% prediction interval. 
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Fractography 

Fracture surfaces of C(T) test specimens were examined systematically by 
scanning electron microscopy to investigate any differences in fracture mechanism. In 
all cases, fracture was by ductile microvoid coalescence, with no evidence for any 
change in fracture mechanism due to differences in ageing condition, specimen 
orientation, irradiation condition or test temperature [10]. 

Comparison with Fracture Analysis Assumptions 

The initiation fracture resistance values, Jlc, for RPV cladding, which were 
utilised in the Sizewell B RPV fracture analysis are compared in Figure 12 with the 
lower bound Jo.2u values from the present programme. 

350 
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300 -- -  Fracture analysis lower bound 
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0 - - T  f T 1" T -  
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Figure 12 - Lower bound initiation fiacture resistance of cladding used in fracture 
analysis compared with current programme data. 

Over neutron irradiations of up to twice the predicted end-of-life dose for the 
Sizewell B RPV, the data assumed in fracture analysis of the cladding ligament (see 
Figure 1) are seen to be conservative. Results from this programme therefore provide 
strong support for the Sizewell B RPV safety case. 

Conclusions 

The following conclusions can be drawn from the experiments on the simulated 
Sizewell B RPV cladding material. 

�9 The fracture resistance properties of the clad material are unaffected by irradiation 
to approximately 0.1 dpa at 295~ which is twice the predicted end-of-life dose. 

�9 Irradiation to approximately 0.1 dpa at 295~ results in an increase in 0.2% yield 
stress (15-20 MPa) and a small loss of ductility (3%). 
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�9 Thermal ageing to the simulated end-of-life thermal condition (1000 hours at 
400~ has no significant effect on the fracture resistance behaviour or tensile 
properties of the cladding material in either the irradiated (thermal ageing prior to 
irradiation) or unirradiated condition. 

�9 The cladding fracture resistance properties are unaffected by orientatior~in the 
plane of the clad layer. 

�9 The cladding material fracture resistance properties are dependent only upon test 
temperature. 

�9 Fracture resistance properties used in fracture analysis of the Sizewell B PWR 
RPV cladding are conservative. 
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Abstract: The results of comparative investigations of variations in engineering and true 
characteristics of strength and ductility for austenitic stainless steel 12Crl8Nil0Ti, high- 
nickel alloy 03Cr20Ni45Mo4, and commercially pure molybdefium irradiated by neutrons 
in the WWR-K reactor core at a temperature lower than 370 K and the fluences ranging 
from 5.1022 to 2.1024 n/m 2 (E>0.1MeV) are presented. 

In tensile experiments at 293 K at the constant strain rate ~10 "4 c "1 the curve showing 
variations in geometrical dimensions of specimens was recorded together with the 
strengthening diagram. This revealed regularities in deformation-induced change of 
specimen diameters measured at various cross-sections over the specimen operating 
length, and allowed us to determine true values of the yield strength and the failure stress, 
and to find the value of narrowing related to the start of the localized plastic deformation. 

For steel specimens, true values of strains and stresses (with the specimen diameter 
and length variations taken in account), corresponding to onset of recording the 
martensite ferromagnetic phase, are determined. It has been shown that, under the present 
test conditions, true stresses of ~x'-phase formation in deformed steel are found to 
decrease as the neutron fluence increases. 

Keywords: true characteristics of strength, ductility, irradiation, necking, martensite 
transformation, austenitic stainless alloys, molybdenum 
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Introduction 

Investigation of regularities in radiation strengthening and embrittlement of reactor 
structural materials will be more correct if it is possible, in the course of mechanical tests, 
to provide reliable and accurate determination of "true" values of stresses and strains. In 
order to find these parameters, one must know current values of cross-section areas in 
every moment of test (that means the measured values of diameters, thickness and width) 
and calculated length of a specimen. However, in practice it is extremely difficult to 
determine continuously varying geometrical sizes of a radioactive specimen directly in a 
tensile test because the safety-related time of contact with the specimen is very limited. 
Due to this situation, theoretical calculations persist as a predominant way to define 

�9 section areas needed for determining the "true" yield stresses in radiation mechanical tests 
[ 1 ]. Numerical inaccuracies seem to be inevitable in such an approach. Besides, 
considerable troubles occur when determining regularities and character in formation of 
the neck shape under deformation. In view of solution of the problems like this, we have 
developed contact-free the remote-controlled optical-electron extensometer (OEE). It is 
useful in works with thin, fragile and irradiated materials, the contact with those is 
unwanted in tests. 

In this work the results of experiments on determination of true mechanical 
characteristics by means of the specially developed OEE, the effect of localization of 
deformation in various materials before and after irradiation are analyzed. 

Experimental Technique 

As investigation objects, metal materials, applied as the reactor structural materials, 
have been chosen, such as austenitic stainless steel 12Crl 8Nil 0Ti, high-nickel alloy 
03Cr20Ni45Mo4 and technically pure molybdenum. From these materials the cylindrical 
specimens have been prepared; their sizes are given in Figure 1 a. A part of specimens 
prior subjected to thermal treatment have been irradiated in the WWR-K reactor core at 
the temperature not higher than 370 K to the following neutron fluences, as 5.1022, 2.1023, 
7.1023 and 2.1024 n/m 2 (E>0.1MeV). Mechanical tests on unirradiated and irradiated 
materials have been performed at room temperature using the universal testing machine 
"Instron 1195", provided by the optical electron extensometer and the scanning 
ferroprobe. Strength and ductility characteristics of investigated materials and fluences of 
neutrons are given in Table 1. 

As special experiments show, the data on variation in geometrical sizes, obtained by 
means of OEE, coincide, with an accuracy to 1%, with the results of control 
measurements of the diameter and the length of a specimen, carried out at the measuring 
microscope. 

In view of investigation of the deformation-induced martensitic T--->a (7--~e--->c~) 
transition in steel 12Crl 8Nil0Ti, we have developed a device that allows to judge on 
formation and distribution of the ferromagnetic phase basing on the length of a deformed 
irradiated specimen. Its measuring element is the ferroprobe (Ferster 1.053, Germany), 
and one can determine with it the presence of the magnetic phase of the content from 0.05 
to 50% (relatively to a standard specimen) within a local region (1 mm 3) where a test 
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probe contacts with a specimen surface. The probe is mounted in a cramp, normally with 
respect to a specimen, pressed to it in the course of tensile strain and moves strictly along 
its axis. The probe motion is carded out by means of a reverse engine providing the 
velocity within the range from 10 .3 to 10 mm/s. 

A signal generated by the ferroprobe is registered in the recorder; also opportunity for 
automate collection and processing of the data is provided by means of computer at the 
on-line/off-line regimes. Capabilities of the developed measuring system are illustrated by 
typical extensograms (Figure lc), recorded at various moments of time h, t2 .... t,, 
corresponding to the points l, 2 ..... i on the tensile diagram, and by typical 
magnetograms for steel 12Cr 18Nil 0Ti (Figure 1 b). 
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Figure 1-(a) Configuration and sizes (in ram) of  the strained specimen; (b) Tensile 
diagram (1) and the curve of  variation in the amount of the ferromagnetic phase (2); (c) 
extensograms in the coordinates "the specimen diameter - the length", describing the 

specimen profile in the moment of  deformation 1, 2, 3, 4, 5, i. 

The obtained primary diagrams have been used for determination of characteristics of 
the strength (yield stress <to.2,, ultimate stress- cry) and the plasticity (o~ whereas the 
extensograms have served as a base for determination of the diameter d in any section of 
the specimen operational length, allowing to determine "true" values of the yield stress 
(crtr.e), and such types of deformation as the [ongitudinal (~) and the transverse (V) ones. 
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In view of determining peculiarities in a real pattern of strain localization, the tensile 
strain is being stopped periodically, a specimen is turned about its axis, and appropriate 
tensograms, corresponding to various images of the specimen profile, are recorded. 
Analysis oftensograms has shown that the transverse section of a deformed specimen 
represents the geometrical figure differing from a circle, obtained as a result of 
intersection between a cylinder (operational segment of the specimen) and a cone (the 
yield band). Nevertheless, in subsequent calculations it has been assumed that the 
specimen's section is a circle of a diameter calculated from the extensogram. The value of 
the transverse deformation is calculated by the formula ~u=2 In d0/d,. 

It has been assumed that the process of localisation is of step-like nature, and as the 
criterion for step identification, the following condition has been adopted: 
d ln(d0/d0: d ln(lflo) =const, where indices 0 and i refer, respectively, to the initial values 
and to the current ones. In this case the relation ~0'=2 In do/d,=f(~), in log coordinates, is 
represented by a set of rectilinear sections having various slope angles a,. with respect to 
the deformation axis. The combination tg(x,=n, is used as a parameter for identification of 
a given stage of localization of deformation. 

Experimental Results and Discussion 

Steel 12Crl8NilOTi - The specimens, subject to thermal treatment, austenization 
(1423K, 30 rain.) and irradiation by neutrons (to maximum fluence 1024 him 2, 
E>0.1MeV), have been deformed at room temperature at the tensile rate 0.16-10 -4 s l with 
on-line recording of the geometrical dimensions of specimen and the distribution of the 
ct'-phase over its length. Analysis of obtained extensograms has shown that already at the 
early steps of tension (far before achieving the tensile strength) deformation is 
heterogeneous, and a microneck occurs in a specimen. In some cases, on achieving 
maximum load value, several micronecks, developing at the same time and competing, 
are observed. At further strain one of the necks occupies a dominating position, it 
develops extensively, and destruction occurs in it. 

By outcomes of the measurements performed with the extensometer, graphs have been 
constructed depicting variations in the specimen diameter, marked in several sections 
(including, in a place of future breakdown) versus the extent of the longitudinal 
deformation. Figure 2 demonstrates that at early stages of tensile strain values of 
diameters for every specimen section vary following a certain falling step-like curve. It 
should be noted that already at early stages of the deformation process variation in 
specimen transverse size is observed not in all points of the specimen simultaneously, and 
its rate isn't constant. Under further tensile strain, the section is getting prominent where 
the rate of variation in the specimen diameter increases gradually, and, on achieving the 
maximum load, variation in transverse size of the specimen comes about but in this 
localized region, where the rate of diameter reduction continuously increases. 

In the curve of the deformation dependence of necking ~z=f(6), corresponding to a 
place of future breakdown in the unirradiated steel specimen, one can separate three 
segments of different angles of slope (see Figure 3). The first segment is characterized by 
the fact that its experimental points, within measurement inaccuracy corridor, at lesser 
extents of deformation, lie strictly on a straight line, and at larger amounts of 
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348 EFFECTS OF RADIATION ON MATERIALS 

deformation, the straight line transforms into a curvilinear step-like curve. The slope 
angle of the averaged curve for this area, practically, corresponds to the value of the slope 
angle of the graph g/=f(e) at the rectilinear segment. On extensograms corresponding to 
the step-like curve, local narrowing (micronecks) are observed. 

The second segment of the curve ~r=f(e) corresponds to development of the 
dominating neck and gradual reduction of deformation beyond it. The third segment of 
evenly marked localization of deformation is characterized by catastrophically fast growth 
of the neck. Here it should be noted that the coordinates of the point of inflection between 
the second and third segments corresponds to stop of uniform elongation and maximum 
load in the engineering tensile diagram. 

-6 

1,5 

\lqi ~, 
1.3 ~t~ 1 

0.9 I I I I 

lO 20 30 40 ~ , %  

Figure 2- Variation in a diameter(d) of  the specimen made of  steel 12Cr18Ni10Ti, 
measured I - in place of  future breakdown; 2 - near the localization band; 3-outside the 

localization band versus the extent of strain. 

As it was mentioned earlier, analysis of extensograms shows that presence of 
heterogeneous deformation over the entire length of the specimen from steel 
12Crl8Nil0Ti is revealed already in the first segment of the curve ~g=f(e). It has been 
established that of the so-called martensite of deformation of the ct'-phase is revealed in 
the region of transition between the rectilinear section and the step-like one in this curve. 
Combined analysis of extensograms and the appropriate data concerning distribution of 
the ot'-phase over the specimen length has shown that maximum contents of martensite 
are observed in micronecks [2-4]. As it is known that martensite has higher strength than 
austenite, then, probably, in the course of deformation local narrowing in a specimen are 
strengthened by the cd-phase exactly to an extent sufficient for slow evolution of the 
neck, i.e., strengthening at the expense ofmartensite compensates geometrical loss of 
strength. As deforming continues, development of several necks is observed, 
correspondent to the second segment in the curve ~r=f(e). Combined analysis of 
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extensograms for the curves of  the distribution of  the c(-phase over the specimen length 
has shown that in competing necks the rates ofmartensite formation are, practically, the 
same, whereas in other specimen segments accumulation of  martensite gradually 
disappears. In the neck, where geometrical loss of  strength will exceed martensitic 
strengthening, deformation will continue, and specimen destruction will come. 

�9 -:{? /, ." 1 
�9 :q / 3  ~J'~ 

80 ~ :  /:-, 

i : ( "  
,o / " ~  

i'A. 

20 . . ~  2/ 
A 

0 ~ L i i , 
10 20 30 40 ~ ,% 

Figure 3 -  Variation in the neck of  the specimen from the unirradiated steel 
12Crl8NilOTi (1) and from the same steel irradiated by neutrons ( 2 -  5.102 2, 3 - 

2.1 0 24 n/m 2) versus the extent o f  strain. 

For illustration, in Figure 4(a) two kinetic curves (2 and 3) are given: one of  them 
reflects the martensite phase occurrence and its accumulation in the neck (2), and another 
is related to the place remote significantly from the neck (3). One can see that kinetics of  
martensite accumulation is different in two cases: in the developing neck the a ' -phase 
content continuously (exponentially) increases, whereas far from the neck the process of  
martensite formation comes about with saturation at the final stages of  the deforming 
process. 

With the minimal current values of  the specimen diameter determined from the 
extensograms, the machine tensile diagrams were transformed into the yield curves: "true 
stress (~) - logarithmic strain (~)", approximated by the Bolfinger-Hollomon equation 
~=C-e n where n is the hardening work exponent of  the deformation strengthening, and C 
is the constant. Then the linear anamorphoses of  this function was constructed, and in the 
log or-log ~ graphs the salient points and its coordinates (Figure 4(b)), as well as the 
angles of  the slopes of  the appropriate rectilinear sections were found. It has been 
established that the strain 8or corresponding to the onset of  the c(-phase production 
coincides with the coordinate of  one of  the salient points in the In ~true - In e graph, where 
no peculiarities have been observed, similar to the lnceng.-lns graph. 
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Figure 4-  (a)The experimental curves o f  tensioning(I) and a'--phase accumulation (2, 3) 
in the 12X18H10T steel: 1-without irradiation, 11-with irradiation at the fluence 

2.10 24 n/m 2. Arrows show to a moment o f  a'--martensite phase arising. (b)The linear 
anamorphoses o f  the steel yield curves: 1 - the engineering tensions, 2 - the true ones. 1 

- without irradiation, 11 - with irradiation at thefluence 2. 102 4 n/m 2. The dots on the 
curve correspond to the time instants o f  extensogram record Arrows show to ct'-- 

martensite phase transformation. 
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Figure  5 - Stress-strain curves for  specimens o f  steel 12Crl 8Nil OTi: true curves are 
depicted by filled symbols, engineering curves- by hollow symbols (1-  without 

irradiation, 2,3- after irradiation to the fluences 5.10 22 (2), 2.102 4 (3) rdm2 ). 
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It is of special interest that the experimentally determined values of crC,~g are close for 

unirradiated (545MPa) and irradiated (540MPa) steels, whereas the values of crt~e, 
calculated by means of the extensograms, are substantially different (700 and 560MPa 
respectively), the difference increasing with the irradiation dose. 

The graphs of the true stresses, calculated for the section of future breakdown, versus 
deformation in Figure 5. are presented; for comparison, the graphs for conventional 
stresses are presented here too. One can observe that before destruction the true stresses 
exceed substantially (~twice) the conventional ones. 

High-Nickel Alloy 03Cr20Ni45Mo4 - The specimens were subject to thermal 
treatment at 1423 K for 30 minutes and cooling in water. The rate of test comprises 
0.16.10 -3 s "~. Analysis of extensograms for the deformed specimens of the alloy 
03Cr20Ni45Mo4 in the unirradiated/irradiated state, it follows that before the moment of 
identification of the localized region, variation in a shape of the entire specimen comes 
about comparatively uniformly. The curves of variation in the diameter over the length of 
the deformed specimen coincide up to the point correspondent to observation of a neck on 
the extensograms. After that, variation in the specimen diameter is marked only within 
the localised region. 

In the curve ~r=f(6) two clear rectilinear segments are identified, observed both in the 
irradiated state and in the unirradiated one (Figure 6). The first segment, judging by 
analysis of the extensogram, corresponds to uniform deformation, the second one is 
associated with localisation of deformation of necking, and the slope angle for the second 
segment is larger than for the first one. The curves of necking versus deformation for the 
primary specimen of alloy and a similar specimen irradiated by fluence 5.1022 n/m 2 , 
practically coincide. As a result of irradiation by fluence 2.1024 n/m 2, the second segment 
of the curve has been shifted toward lesser deformation values. 

Compared to steel 12Crl 8Nil 0Ti, structure of high-nickel alloy 03Cr20Ni45Mo4 is 
more stable; and, seemingly, owing to this, in the course of deformation any noticeable 
effects aren't observed. A neck in a specimen occurs in the region corresponding to a 
maximum load and has evenly observed borders. In-reactor irradiation (fluence 
2.1024 n/m 2) has weakly influenced on the necks in specimens of alloy 03 Cr20Ni45Mo4 
whereas localizing starts earlier, and the extent of transverse deformation slightly 
increases. 

The values of the stresses, calculated for a section in a place of future breakdown, are 
presented in Figure 7, demonstrating that at initial stages of strain (up to ~=20%) the 
stresses in the section of the irradiated (5.1022 n/m 2) specimen are somewhat higher than 
for the primary one. Under further deforming the values of stress, practically, coincide, 
whereas irradiation with the fluence 2.1024 n/m 2 has led to a more considerable increase 
in the stresses at the same extents of deformation. It is of interest that in irradiated 
specimens of alloy 03Cr20Ni45Mo4 before destruction sharp decrease of values of the 
true stresses is observed, associated, rather, with inaccurate determination of a section 
area, related to neglect of cavities in the band of deformation localization. 
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Figure 6 -Necking in the specimen form the alloy 03Cr20Ni45Mo4, unirradiated (1) and 
irradiated by neutrons (2- 5.1022 , 3 -2.1024 n/m 2) versus the extent of strain. 

o ' , M P a  

1200 

900 

600 

300 

a*-1 
o �9 - 2  h 

o . - ~  .,el 
f 

. . . ! . .4 ! _ j "  .~e.~ ~" ! 
:.%--- . . .  

m, m m' n = , w  oD oomm m~m D~. h 

n ~ j l ~  ~ '~ J -~"  . . . . . .  0 ?~176176176 ~ ~  

. , ,~o_o/  .o..%7n.~-,~ = ~ *0 
. . . .  �9 , ' ~ ' 7 j o / O : o .  ~ 

~- b 

~ D 

0 i I i 
10 80 30 ~ ,% 

Figure 7 - Stress-strain curves for specimens of the alloy 03Cr20Ni45Mo4 true curves 
are depicted by filled symbols, engineering curves- by hollow symbols (1- without 

irradiation, 2,3- after irradiation to the fluences 5.102 2 (2), 2.102 4 (3) n/m2 ). 
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Molybdenum - Thermal treatment at 1423 K for two hours, cooling with a furnace, the 
strain rate is 0,45.10 -3 c "~. Extensograms obtained at tests of the molybdenum specimens 
in unirradiated state witness that strain is almost uniform over the entire length of a 
specimen to a certain strain level (e=l 5 %), when local necking is revealed in a specimen, 
resulting in its destruction. In irradiated molybdenum a visible neck is recorded much 
earlier than in unirradiated. The curves of variation in a diameter determined for various 
places in a deformed specimen, calculated from extensograms, have shown to rather 
uniform strain up to the moment of localization, corresponding to maximum load. Further 
variation in a diameter is observed only in a single localised region of a specimen: in its 
neck. 

On the curve g)'=f(e) built for unirradiated molybdenum four rectilinear segments 
(stages) are observed (see Figure 8). Every subsequent stage differs from a previous one 
by a larger value of the tangent of slope angle. The first segment is characterized by 
uniform strain over the entire specimen. Coordinates of the inflection point between the 
first and second rectilinear segments correspond to the point on the tensile diagram, 
characterised by the maximum load. In the second segment necking comes about. In the 
extensograms related to this segment, local narrowing is observed. Tangent of the slope 
angle for the graph gr=f(c) in the second segment is higher by a factor of~l .5 than in the 
first one. The third segment is characterized by considerable development and deepening 
the neck and, respectively, by increase in the tangent of the slope angle of the straight line 
g/=f(e) by a factor of-5.5. In the fourth segment (pre-destruction) catastrophically fast 
development of the neck to the specimen mass is observed. The slope angle of the 
segment increases, compared to the previous one, by a factor of three. It should be noted 
that the last three stages correspond to deformation occurring only in a localized volume. 

120 3 ~ I  
\ , 1 

~ / . 

; . . z  . . . . . . . . .  

o ~ ' - ? 2  . . . . . . . . . . . . . . .  
0 7 14 21 28 ~.% 

Figure 8 - Variation in necking the molybdenum specimen, unirradiated (1) and subject 
to neutron irradiation (2- 2.1023, 3- 7.1023 n/m 2) as the extent of  strain increases. 
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In the curve ~r=f(e), built for the specimen irradiated at the fluence 2.1023 n/m 2, one 
can separate four segments. The first segment corresponds to deformation over the entire 
mass of the specimen and synchronous formation of a neck seen in the appropriate 
extensograms. Due to this, the slope angle for this segment of  the curve is greater than for 
the unirradiated specimen. The next three segments correspond to deformation in a 
localised volume. And the slope angles for segments are nearly equal to those for the 
appropriate segments of the curve ~t=f(e) for unirradiated specimen. 

On the curve ~=f(c), built for the specimen irradiated at the fluence 7.10 23 n/m 2, the 
first (uniform) step is absent: extensograms record local narrowing right after elastic 
strain. 

in Figure 9 the graphs of the conventional stresses, calculated over the initial area of 
the section, and the true stresses, calculated over varied areas of  the section in the place of  
future breakdown, versus the longitudinal strain are presented. The values of  true stresses 
differ from the conventional ones, and the greater the extent of  irradiation, more 
substantial is the difference. 
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Figure 9 - Stress-strain curves for the molybdenum specimen." �9 true curves are depicted 
by filled symbols, engineering curves- by hollow symbols (1- without irradiation, 2, 3- 

after irradiation to the fluences 2.1023 (2), 7.1023 (3) n/me). 

Conclusion 

The new experimental complex for mechanical tests including the "Instron" testing 
machine has been developed. It enables to obtain a simultaneous remote-controlled 
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measuring of variation in the specimen geometrical sizes, magnetization value, and its 
gradients over the specimen working length. 

The true values for both the yield stress and the tensile strain have been determined for 
unirradiated and neutron-irradiated austenitic stainless steel 12Crl8Nil0Ti, high-nickel 
alloy 03Cr20Ni45Mo4 and commercially pure molybdenttm. 

For austenitic steel 12CrlSNil0Ti the critical values of true stresses have been obtained 
corresponding to the formation of the deformation-induced cr 
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Abstract: The Heavy-Section Steel Irradiation Program at Oak Ridge National 
Laboratory includes a task to investigate the propensity for temper embrittlement in 
coarse grain regions of heat-affected zones in prototypic reactor pressure vessel (RPV) 
steel weldments as a consequence of irradiation and thermal annealing. For the present 
studies, five prototypic RPV steels with specifications of A302 grade B, A302 grade B 
(modified), A533 grade B class 1, and A508 class 2 were given two different 
austenitization treatments and various thermal aging treatments. Thermal aging 
treatments were conducted at 399, 425, 454 and 490~ for times of 168 and 2000 h. 
Charpy V-notch impact toughness vs temperature curves were developed for each 
condition with ductile-brittle transition temperatures used as the basis for comparing the 
effects of the various heat treatments. Very high austenitization heat treatment produced 
extremely large grains which exhibited a very high propensity for temper embrittlement 
following thermal aging. Intergranular fracture was the predominant mode of failure in 
many of the materials and Auger analysis confirmed significant segregation of 
phosphorus at the grain boundaries. Lower temperature austenitization treatment 
performed in a super Gleeble to simulate prototypic coarse grain microstructures in 
submerged-arc weldments produced the expected grain size with varying propensity for 
temper embrittlement dependent on the material as well as on the thermal aging 
temperature 5.lad time. Although the lower temperature treatment resulted in decreased 
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propensity for temper embrittlement, the results did provide motivation for the 
investigation of the potential for phosphorus segregation as a consequence of neutron 
irradiation and post-irradiation thermal annealing at 454~ One of the A 302 grade B 
(modified) steels was given the Gleeble treatment, irradiated at 288~ to about 
0.8 x 10~9n/cm (>1 MeV) and given a thermal annealing treatment at 454~ for 168 h. 
Charpy impact testing was conducted on the material in both the irradiated and 
irradiated/annealed conditions, as well as in the as-received condition. The results show 
that, although the material exhibited a relatively small Charp.y impact 41-J temperature 
shift, the heat-affected zone-simulated material did exhibit significant intergranular 
fracture in the post-irradiation annealed condition. 

Keywords: reactor pressure vessel, thermal aging, intergranular fracture base metal, 
temper embrittlement, thermal annealing 

Introduction 

In 1989, Combustion Engineering had proposed to the U.S. Nuclear Regulatory 
Commission (NRC) that consideration be given to replacing the fracture toughness based 
dynamic Km curve with the quasi-static K~c curve for setting allowable 
temperature/pressure limits during normal upset conditions: The idea was accepted for 
consideration pending the development of clear evidence that there can be no 
unanticipated trigger sources that would introduce running cleavage cracks. Such sources 
could be either crack pop-ins or possibly local brittle zones (LBZs) that reside along the 
fusion line of multipass weldments. The existence of LBZs was suggested as one of the 
possibilities for reactor pressure vessel (RPV) weldments. The U.S. Nuclear Regulatory 
Commission asked the Heavy-Section Steel Irradiation (HSSI) Program at Oak Ridge 
National Laboratory (ORNL) to review the available LBZ information and determine its 
applicability to nuclear vessel fabrication and service conditions and conduct experiments 
in support of the evaluations. A detailed discussion of the LBZ evaluation is presented by 
McCabe [1], from which the unirradiated temper embrittlement results reported here were 
taken. Part of the overall study was a consideration of the effects of radiation and thermal 
annealing on the coarse grain region of the heat-affected-zone (HAZ) in a submerged-arc 
weldment. Research projects designed to evaluate LBZ damage mechanisms generally 
use electric resistance heating of specimen blanks to simulate material that has been 
through a weld pass cycle [2,3,4]. Brittle zone microstructures are created in sufficient 
bulk to develop reliable Charpy transition curves that represent the various 
microstructures identified within the LBZ region. 

The thermal history and consequent morphology of HAZ welds are extremely 
complex. Each individual weld pass produces a four-zone microstructural gradient 
depicted in Fig. 1. The coarse grain HAZ (CGHAZ), schematic (D), immediately 

5R. K. Nanstad, notes from meeting with the U.S. Nuclear Regulatory Commission, 
January 9, 1990. 
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adjacent to the fusion line consists of enlarged prior austenite grains from the subsequent 
weld passes that grow rapidly due to being at a temperature close to the melting point. 
Upon cooling, the prior austenite can transform to martensite or a lower 
bainite/martensite mix, depending on the carbon equivalent (CE) of the base metal. At 
slow cooling rates, low CE steels will transform to a lower toughness microstructure, 
pearlite and/or upper bainite. With low CE, the cooling rate must be quite rapid to form 
martensite and lower bainite. Lower bainite and/or martensitic steel is more brittle as 
cooled, but these microstructures are converted to high toughness steel after PWHT. The 
second zone, fine grain HAZ (FGHAZ), schematic (C), from the fusion line in Fig. 1 is 
fine-grain prior austenite resulting from slower austenitic grain growth at lower 
temperatures. The third zone, intercritical coarse grain HAZ (ICCGHAZ), schematic (B), 
is material heated into the At3 and Ac~ (intercritical) transformation zone. A mixture of 
ferrite and austenite has precipitated along prior austenite grain boundaries which 
embrittles the material in this local region upon cooling to room temperature [2,3]. These 
small volumes of material, ICCG HAZ, have been identified as the LBZ trigger point 
locations. It is understood that LBZ material is created by the reheating of coarse grain 
prior austenite from the subsequent weld passes that are adjacent to the fusion line. It 
therefore follows that there can be an appreciable amount of coarse grain prior austenite 
along a fusion line that is not brittle crack initiation material. The fourth zone is the 
subcritical reheated coarse grain zone of the (CGHAZ), which undergoes very little 
changed property. An interesting outcome of the fundamental studies on microalloyed 
steels has been a demonstration that ICCG HAZ microstructures can cause about 15 to 
20~ transition temperature increase over unsensitized material [3]. When these same 
materials are postweld heat treated at 450~ (842~ the fracture toughness of ICCG 
HAZ material is restored and, in some cases, slightly improved over that of the 
unsensitized condition. 

RPV weldments are principally multi-pass submerged-arc welds (SAWs) with high 
heat input that can promote the development of coarse prior austenite grains. Carbon 
equivalent is important from the standpoint of the transformation products formed on 
cooldown. Several important alloying elements contribute to CE, as indicated from the 
following equation: 

C E =  ~Mn + ~ C u + N i  + M o +  V +  Cr 
6 15 5 

(1) 
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360 EFFECTS OF RADIATION ON MATERIALS 

The CE controls austenite stability and hence promotes transformation to 
low-temperature transformation constituents, such as lower bainite and martensite. The 
typical CE in low-carbon microalloyed steel is about 0.37, while the typical RPV steel has 
a CE of about 0.62. Increased CE generally decreases weldability due to increased 
propensity for cracking because the transformation products tend to become embrittled as 
cooled. However, postweld tempering converts the steel to one with excellent fracture 
toughness properties. 

If post-irradiation thermal annealing is to be used, the service temperature cycle 
could include a 168-h excursion to 482~ (900~ for a one-time cycle. Thus, the 
concern regarding coarse grain regions in RPV welds arises from the potential for 
metallurgical degradation by temper embrittlement. Only the HAZ is at issue because 
RPV steel plates and forgings usually have fine prior austenite grains and, as a 
consequence, the base materials are not considered to be vulnerable to temper 
embrittlement. 

Evaluation of RPV Steels 

The embrittlement susceptibility of grain-coarsened RPV steels was clearly 
demonstrated in work at AEA-Technology, Harwell, United Kingdom [5]. Eleven 
laboratory heats of steel with typical RPV chemical composition were made and three of 
these with varied copper and phosphorus contents were selected for temper embrittlement 
studies. The sensitivity to embrittlement was enhanced by heat treating to obtain huge 
prior austenite grain size (about 0 to 1, ASTM Standard E 112). The austenitization 
temperature was 1200~ (2200~ with a 30-min soak followed by an oil quench. All 
were given PWHT at 615~ (I 140~ with a 24-h soak and again followed by an oil 
quench. The AEA-Technology temper embrittlement aging was 450~ (840~ for 
2000 h for the fully aged condition and 475 ~ (890~ to simulate an end-of-life recovery 
anneal cycle. One other exposure was irradiation to 12.2 mdpa at 288~ (550~ 
Table 1 is a summary of their findings. It is important to keep in mind that the ATo values 
are extremely grain size dependent and with grain sizes of ASTM 0 to 1, the above results 
may not truly represent the coarse grain microstructure in RPV weld heat-affected zones. 

ORNL Temper Embrittlement Studies 

Five commercially produced RPV steels were selected for the present program; their 
reported chemical elements are shown in Table 2. These as-reported analyses served as 
the basis of selection for the materials to be evaluated. An objective was to include at 
least one material with the phosphorus level considered as high in the AEA-Technology 
experiment (Table 1). High copper, by the AEA-Technology definition, was almost 
automatic in the commercial steels that were available. The high phosphorus, on the 
other hand, was not as easily obtained because that level of phosphorus is quite high for 
U.S. RPV base metals, as shown in Fig. 2 [6]. 
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Table 1. Summary of AEA-Technology Temper Embrittlement Results 

361 

Chemistry variable 
(wt %) Aging 

(bJ~ 

Charpy impact 
To 
(~ 

Charpy 
impact 

AT~ 
(~ Cu P Initial Aged 

0.01 0.007 2000/450 -86 32 118 
0.01 0.017 2000/450 -55 119 174 
0.16 0.017 2000/450 -95 114 209 
0.16 0.017 a -95 -26 69 

ffrradiated 12.5 m dpa. 

Table 2. Commercial Materials Used for ORNL Temper Embrittlement Studies 

Material 

A 302 grade B 
A 508 class 2 
Modified A 302 

grade B 
Modified A 302 

grade B 
A 533 grade B 

Code 

Maine Yankee 
Midland 
GE (Z5) 

GE (Z7) 

HSST Plate 01 

0.015 
0.010 
0.016 

0.007 

0.018 

Content 
(wt %) 

Ni S 

0.2 0.017 
0.76 0.015 
0.62 0.015 

0.53 0.014 

0.75 0.013 

Cu 

0.14 
0.02 
0.17 

0.16 

0.18 

Confirmatory chemical analyses and tensile properties were obtained during the 
course of the present investigation, and these properties are reported along with the as- 
received values in Table 3. The initially reported chemical compositions were not 
entirely reliable, as can be seen. One material, A 302 grade B, received in the 
as-normalized condition, was not available in the heat-treated condition desired. 
Consequently, the normalized microstmcture was converted into a quenched-and- 
tempered product using a double austenitize, quench, and temper treatment [1]. This 
simulated the heat treatment reported on the low phosphorus modified A 302 grade B 
steel listed in Table 2. This particular modified A 302 grade B (Z7) came from a 
commercial reactor nozzle cutout. The end result was suitable from a mechanical 
properties standpoint but it was later determined that the quenched-and-tempered 
microstructure had prior austenite grain size of ASTM 5, which was large in comparison 
with the other commercially made steels (Table 4). 
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364  EFFECTS OF RADIATION ON MATERIALS 

Table 4. Grain Sizes o f  the Commercially Made Materials 
in the As-Received Condition 

Size by Average grain diameter 
Material 

E 112 (~tm) 

A302 grade B a 
A508 class 2 
A533 grade B 
Mod A302 grade B Z5 
Mod A302 grade B Z7 

5 
8 
8.5 

10 
9 

65 
22 
19 
11 
16 

aReprocessed from normalized to quenched and tempered. 

The general plan to evaluate temper embrittlement in the five RPV steels was 
structured to be in three phases, starting with the AEA-Technology heat treatment 
schedule discussed earlier, except that in this case commercially produced RPV steels are 
used. The three phases are defined as follows: 

Phase I - Simulate the AEA-Technology heat treatment. Austenitize at 1200~ 
(2200~ for 30 min., oil quench, postweld heat treat at 615~ (1140~ for 24 h, oil 
quench, followed by two different aging treatments: 
1. Age 2000 h at 450~ (840~ 
2. Age 168 h at 490~ (914~ 

Phase I I -  Use electric resistance heating (Gleeble) to simulate a typical 
submerged-arc weld cycle to develop the coarse grain microstructure. Austenitize at 
1260~ (2300~ for 10 s, postweld heat treat at 615~ (1140~ for 24 h, oil quench, 
followed by two different aging treatments: 
1. Age 2000 h at 450~ (840~ 
2. Age 168 h at 450~ (840~ 

Note: The rapid cool following PWHT should maximize the temper embrittlement 
susceptibility. 

Phase III - Perform the same heat treatment schedule as in Phase II followed by two 
different aging cycles, an irradiation cycle, and an irradiation/thermal annealing cycle: 
1. 168 h at 482~ (900~ 
2. 168 h at 399~ (750~ 
3. Irradiate to 1 • 1019 n/cm 2 (>1 MeV at 288~ 
4. Irradiate to 1 • 1019 n/cm 2 (1 MeV at 288~ then 168 h at 4500C. 

Additionally, baseline CVN data were generated to provide the unaged condition in 
each case to quantify transition temperature shifts and to supplement the metallurgical 
evaluations. In all cases, temper embrittlement is evaluated by CVN transition curve 
shifts. 
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NANSTAD ET AL ON TEMPER EMBRITTLEMENT 365 

Results of Temper Embrittlement Studies 

P h a s e  1 - All of the commercially produced steels that were given the 
AEA-Technology heat treatment cycle had martensite to lower bainite microstructures. 
Grain size by ASTM Standard Test Methods for Determining Average Grain Size (E 112) 
was generally between 0 and 00; meaning that the typical austenite grain diameter was on 
the order of 360 to 500 l~m. The microstructure after PWHT is shown in Fig. 3. 

The CVN energy, Ej, data were least-squares fitted to the following hyperbolic 
tangent equation: 

E j  = A + B tanh [(T - To) /C] ,  (2) 

where 
A = (USE + I.~E)/2, 
B = (USE - LSE)/2, 
C = width of the transition, and 

T O = mid-transition temperature. 
USE = upper-shelf energy 
LSE = lower-shelf energy 

Parameter, To, was selected to be the transition curve temperature level of reference. 
T O is a point halfway between the lower shelf and upper shelf Charpy energy. This point 
was selected because it tends to be a position that is least affected by changes in curve 
shape. The LSE used in fitting data to Eq. (2) was held constant at 2.7 J [7,8]. 

Table 5 lists the CVN T O temperatures of the five commercial RPV steels in the 
as-received condition both before and after embrittlement aging. As-received RPV steels 
with small grains on the order of ASTM 8 to 11 showed insignificant embrittlement. The 
A302 grade B exception was caused by larger grains on the order of 5. Aging of the 
materials following austenitization and PWHT to simulate the AEA-Technology heat 
treatment schedule showed aging-induced transition temperature shifts from 12 to 145~ 
with the aging at 450~ h causing greater embrittlement than those at 490~ h. 

In summary, the results from the Phase I study (to simulate the AEA-Technology 
experiments using commercially made steels) showed that only two of the five steels 
exhibited temper embrittlement similar to the level of the AEA-Technology experiments. 
The conversion to large prior austenite grains by the AEA-Technology austenitizing 
treatment by itself did not always cause significant change in toughness from the as- 
received toughness. For example, as a result of the AEA-Technology heat treatment, 
comparing rows 1 and 3 in Table 5, there were small increases in T O for two materials, 
while the other three changes in T O were negative, with two of these being substantial. 
The dependence of ATo on prior-austenite grain size was clearly demonstrated in four of 
the five materials tested and weakly demonstrated in the fifth. However, the grain sizes 
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NANSTAD ET AL. ON TEMPER EMBRITTLEMENT 367  

that resulted from the AEA-Technology austenitizing treatment are considerably larger 
than those expected in actual ICCGHAZ regions, suggesting that these Phase I results do 
not truly represent the coarse-grain situation of interest in commercial RPV welds. They 
do, however, demonstrate the susceptibility of these commercial steels to temper 
embrittlement, providing the motivation for further study with more prototypical 
microstructures. 

Phases  I I  and  III - The  electrical resistance method of heating and cooling with 
equipment (Gleeble, Inc.) that is designed specifically for simulation of weld cycles was 
applied to austenitization of the same five materials tested in Phase I. Because the 
intercritical reheating cycle, identified as the source of LBZ behavior in low-carbon 
microaUoyed steels, was determined to be of no relevance to RPV steels, only a single 
simulation cycle was needed in the present experiment to simply create the simulated 
coarse prior austenite grains in RPV HAZs. A report by Lundin and Mohammed [9] was 
used to decide upon the most appropriate thermal cycle. Peak temperature and time were 
selected to develop ASTM grain size in the range of 4 to 5. The peak temperature was 
limited to 1260~ (2300~ specifically to be below the burning temperature for steels of 
typical RPV chemistry [1]. The thermal cycle used is shown in Fig. 4. Specimen blanks 
prepared for the Gleeble were cylindrical rods about 76 mm long and 14.35 mm in 
diameter (3 by 0.564 in.). About 5 mm (0.2 in.) of material at the center of each rod was 
determined to be representative of the weld cycle material. An example photomicrograph 
of the resulting microstructure appears in Fig. 5, showing a mixture of martensite and 
lower bainite. 

Table 6 lists the Gieeble weld simulation and aging data developed to date. The 
PWHT cycle used was identical to that used in the AEA-Technology simulation, namely, 
a 24-h soak time at 615~ (1140~ followed by an oil quench. Note that the as-tempered 
toughness reflects a favorable microstructural condition that in all probability resulted 
from the fast cooling of the weld cycle simulation. Aging time at 168 h represents the 
expected hold time that would be used in an RPV annealing procedure. There are three 
aging temperatures, 399, 450, and 482~ that represent the lowest to highest practical 
annealing temperatures that have been under consideration. At 399~ (750~ there 
appears to be no evidence of temper embrittlement in four materials. This arguably could 
also be true for the high phosphorus modified A 302 grade B steel (Z5) that for a lack of 
sufficient material was not included in this aging exposure. At 450 and 482~ (842 and 
900OF), however, embrittlement develops and increases with increasing temperature. 
Hence, these two annealing conditions produce temper embrittlement damage, provided 
there is coarse grain HAZ material. However, Fig. 6 shows that none of the transition 
temperatures, after annealing for 168 h, exceeded room temperature. After 2000 h at 
4500C, only two of the five materials had T O temperatures that exceeded room 
temperature. Scanning electron fractography was performed on the modified low- 
phosphorous A302B steel in the Gleeble/PWHT condition after aging at 450~ for 168 
and 2000 h, and for the high-phosphorous steel after 2000-h aging only. After 168 h of 
aging, the Charpy impact fracture surface of the low-phosphorous steel exhibited mixed 
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Figure 4. Gleeble-generated weld thermal cycle to develop ASTM 4.5 
grain size. 

Figure 5. Photomicrograph of the microstructure of the high-phosphorus 
modified A302 grade B steel after Gleeble austenitize and postweld heat 
treatment, nital etch, l OOx. 
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NANSTAD ET AL. ON TEMPER EMBRfI-I-LEMENT 369 

Table 6. Charpy Impact Transition Temperatures for ORNL Materials 
Austenitized by Gleeble, PWHT, and Thermal Aging 

Austenitize 
method 

Gleeble 
Gleeble 
Gleeble 
Gleeble 
Gleeble 

Aging Aging 
temperature time 

(~ (h) 

Initial 0 
399 168 
450 168 
482 168 
450 2000 

Transition temperature, T O 
(oc) 

A508 Modified A302B 
A302B A533B 

class 2 High P Low P 

-87 -67.0 -102 -67 
-67.1 -98.6 -89.4 -71.1 

-44 -28 -80 -47 
7.4 -72.6 -47.4 -33.6 

43 66 -46 -14 -4 

cleavage and intergranular fracture. In this case, intergranular fracture was the 
predominant mode in the region near the notch tip, but cleavage fracture was the 
predominant mode for the bulk of the fracture surface away from the near-notch region. 
However, in the case of the material aged for 2000 h, the fracture surface exhibited 
predominantly intergranular fracture throughout, and this observation applied to both the 
low- and high-phosphorous steels. At higher test temperatures, where the Charpy energy 
is on the upper shelf, fractography showed only ductile void coalescence for both the low- 
and high-phosphorous steels after 2000 h. 

Six commercial welds were examined for maximum grain size along the fusion line 
(Table 7). The results of this small sampling of actual RPV welds suggested that the 
presumed coarse-grain size and uniform distribution characteristics do hot always exist. 
The coarse grains that could be found were much smaller than ASTM 4.5, and the 
percentage of coarse grains along all fusion lines was found to be very low. Example 
photomicrographs taken at selected large grain locations are provided in Ref. 1. 

Table 7. Largest Coarse-Grain Sizes Found in HAZs 
of Six Commercially Fabricated RPV Welds 

ASTM E 112 
Weld source 

grain size 

HSSI Fifth Irradiation Series, 72W 
HSSI Fifth Irradiation Series, 73W 
SNUPPS beltline 
SNUPPS longitudinal 
Midland beltline 
Midland nozzle course 

6.5 
9.0 
7.5 
7.5 
10 

6.5 
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NANSTAD ET AL. ON TEMPER EMBRITTLEMENT 371 

Measurement of Element Diffusion to Grain Boundaries 

Measurement of element diffusion to grain boundaries was conducted as part of a 
collaboration with AEA-Technology, Harwell, United Kingdom. The segregation of 
critical elements to grain boundaries on four selected specimens was measured by 
scanning transmission electron microscopy/energy dispersive X-ray analysis. These 
results were then compared with theoretical calculations using the McClean [10] model as 
well as the Murphy and Perks [11] model. Experimental results are shown in Table 8. 
The grain-boundary analyses also included Cu, Si, and Cr, with low levels of segregation 
being observed. Measurement replication was four times, and in some cases the 
variability was very large. Phosphorous segregation to grain boundaries was also 
calculated. The McClean equation reasonably predicted segregated concentrations of all 
the modified A302B specimens but overestimated the A533B segregation. The problem 
could be that the bulk phosphorous given in Table 2 was used in the calculation, instead 
of the more recent phosphorous determinations that appear in Table 3. 

Table 8. AEA-Technology Measurements of 
Grain Boundary Phosphorus Coverage 

Material 

Modified A 302 B 
(low phosphorous) 

Modified A 302 B 
(low phosphorous) 

Modified A 302 B 
(high phosphorous) 

A 533 grade B 
(high phosphorous) 

Treatments 

Gleeble austenitized and 
PWHT (unaged) 

Gleeble austenitized and 
PWHT (aged at 450~ 
2O00 h) 

Gleeble austenitized and 
PWHT (aged at 450~ 
2000 h) 

Gleeble austenitized and 
PWHT (aged at 450~ 
2000 h) 

Equivalent monolayer 
coverage 

(%) 

Mn Mo P Ni 

9 12 1 1 

19 16 10 1.5 

14 32 17 8 

19 15 5 10 

The same Gleeble-austenitized and 450~ aged A 533 grade B steel analyzed by 
AEA was also submitted to Auger analysis at ORNL. In this method, a fresh fracture 
surface is created under vacuum and analyzed. Part of the surface is intergranular, 
exposing the grain boundaries (GBs), as shown in Fig. 7, and the other part of the surface 
is transgranular (TG) cleavage. Bulk phosphorous was determined on cleavage surfaces 
and on grain boundaries after 10/~ were removed by sputtering (SP) (see Fig. 7). On 
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average, the difference between bulk and GB phosphorous is a factor of about 10. A 
number of other elements were also measured and Table 9 summarizes the observations 
in terms of the change from the levels measured within the grains. As observed in the 
AEA-Technology STEM/EDX measurements, molybdenum is a significant segregant 
primarily because it is strongly attracted to phosphorus. As further shown in Ref. 1, 
intergranular fracture vanishes at Charpy upper-shelf test temperatures. 

6 

5 

4 
8 
O 3 
== 

2 o. 
8 

ORNL 99-1295 EFG 

Grain Boundar ies  

Transgranular  ~ 10 A r e m o v e d  

A r e a  Number  and Type 

Figure 7. Auger analysis of phosphorus concentration in A533 grade B class 1 
following Gleeble austenitization and thermal aging at 450~ 2000 h. 

Table 9. Results of Auger Analysis on A533 Steel in the 
Gleeble/PWHT Condition Aged at 450~ at 2000 h 

Average intergranular 
Average grain boundaries 

Composition 
(at. %) 

P Mo C O Fe Ni Cu 

0.50 x x x x x x 
4.62 6.3x 2.0x 0.9x 0.Sx 1.8x 2.6x 
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NANSTAD ET AL ON TEMPER EMBRITTLEMENT 373 

Effects of Irradiation and Thermal Annealing 

The low phosphorus modifed A302B steel was selected for the first irradiation and 
annealing experiment. A total of 30 Charpy impact specimens (3 groups of 10 specimens 
each) were machined, one group from the as-received plate and two groups from the 
Gleeble austenitized/PWHT material. The specimens were irradiated in the HSSI 
Irradiation, Annealing, and Reirradiation (IAR) facility at the University of Michigan 
Ford Reactor at an irradiation temperature of 288~ _+ 4~ The specimens were exposed 
to a fluence of 1.0 x 1019 n/cm 2 (1 MeV) at a flux of about 4 x l0 n n/cm2/s. One group of 
the Gleeble treated specimens was subsequently annealed at 460~ _+ 2~ for 168 h in air 
in a hot cell at ORNL. The specimens were then tested at various temperatures and 
scanning electron fractography was performed on selected specimens from each group. 
Table 10 provides a summary of the CVN results for the three groups and, for 
comparison, for the Gleeble/PWHT material after thermal aging only. The material is not 
very radiation sensitive as shown by the relatively low transition temperature shift of 
22~ The unirradiated material was also aged at the irradiation temperature of 288~ for 
approximately the same time (119 days) as the irradiation exposure; as the results show, 
there was no effect of such low-temperature aging. The expected effect of post- 
irradiation thermal annealing at 460~ for 168 h would be nearly full recovery of the 
transition temperature. In this case, however, the transition temperature did not recover, 
perhaps indicative of another operative metallurgical mechanism in the material. 
Although hardness or tensile tests have not yet been performed, the upper-shelf energy 
increase after annealing to a level greater than that of the unirradiated condition is similar 
to other observations, at least implying that radiation hardening may have decreased as a 
consequence of the annealing treatment. Similarly, the material aged at 450~ for 168 h 
shows the same effect. This further supports the potential for another mechanism of 
embrittlement. 

Table 10. Summary of Irradiation, Annealing, and Thermal Aging Effects on 
Simulated HAZ in A302B (Modified) Steel 

USE 

Gleeble initial 
Irradiated 
Irradiated/Annealed 

Aged 288~ days 
Aged 450~ hours 
Aged 450~ hours 

Charpy impact 
mid-transition 

(~ 

To ATo 

-67 
-45 22 
-38 29 

-70 -3 
-47 20 

-4 63 

Charpy upper-shelf 

129 
121 
140 

117 
141 
129 

Condition 
energy 

(J) 

AUSE 

m 

-8 
11 

-12 
12 
0 
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374 EFFECTS OF RADIATION ON MATERIALS 

Scanning electron fractography was performed on an XL-30 Philips scanning 
electron microscope in an ORNL hot cell. Figure 8 shows the as-received plate after 
irradiation and that cleavage was the dominant fracture mechanism; no intergranular 
fracture was observed. Figure 9 shows the Gleeble/PWHT material after irradiation with 
cleavage fracture as the dominant mechanism; in this case, however, about t5% 
intergranular fracture was observed. Figures l0 and 11 show fractographs for two 
different specimens of the Gleeble/PWHT in the irradiated/annealed condition. Both 
specimens exhibit significant intergranular fracture, with the fraction of intergranular 
fracture appearing somewhat greater in the specimen which failed at higher energy. 
Figures 12(a) and (b) show higher magnification fractographs of the specimen in Fig. 11. 
It is apparent that intergranular fracture is the predominant mechanism of failure of this 
material, with the fraction of intergranular fracture being greater than 75%. 

Discussion 

Experiments at AEA-Technology have clearly demonstrated that steels with the 
typical RPV chemistry can be made to be highly sensitive to temper embrittlement 
provided the prior-austenite grain size is enlarged to more than 360 I~m in diameter. The 
SAW process used in RPV fabrication is a high-heat-input welding procedure, and grains 
of substantial enlargement would seem quite likely; more so than in offshore SMAW 
weldments. Hence, there was a need to pursue more information on temper 
embrittlement. The scope of interest was the temper-embrittlement properties of 
commercially made RPV steels, the influence of grain-size and thermal-cycle effects, and 
the effects of neutron irradiation and thermal annealing. 

The objective of Phase I was to confirm the AEA-Technology findings, except in this 
case commercially made steels were used. This work clearly showed that the temper 
embrittlement seen with the AEA-Technology laboratory-made steels did in fact apply to 
the five selected commercially made steels. However, the CVN ATo magnitude was 
somewhat less. 

Phase H introduced an anticipated more-representative weld HAZ coarse grain size, 
as well as the heating and cooling rates of a typical weld pass. Most RPV steels have CE 
of about twice that of microalloyed steels. Consequently, the transformation products 
formed with the high cooling rates of a weld pass are favorable for the development of 
high fracture toughness, provided postweld stress relief tempering is used. All of the 
commercial steels had exceptionally good (low-temperature) preaged transition 
temperatures after simulated weld cycles. Given a 168-h anneal at 450~ the fracture 
toughness was degraded, but not as much as the fracture toughness improved from the 
austenitization and PWHT cycle. The rapid cool following PWHT should maximize the 
temper embrittlement sensitivity. 

Phase HI expanded the study to look at other aging-condition variables. The 
austenitization, PWHT, and grain size were the same as in Phase 11. Aging time was fixed 
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at 168 h, but aging temperature was varied. Given the aging times used, a lower-bound 
aging temperature for temper embrittlement was observed. At 399~ (750~ there was 
no detectable temper embrittlement in any of the steels. At 450 and 482~ (842 and 
900~ significant transition-temperature shifts could be seen. However, there were no 
post-embrittlement (168 h) To temperatures observed above room temperature. 

Irradiation experiments were performed to determine whether an RPV steel with 
demonstrated temper-embrittlement insensitivity at temperatures below 400~ can suffer 
embrittlement at 288~ when the thermal exposure is combined with neutron irradiation 
or when irradiation is followed by post-irradiation annealing at about 454~ for 168 h ,  a 
process intended to recover fracture toughness. The results for one relatively low- 
phosphorus RPV steel, initially heat-treated to simulate the coarse grain microstructure in 
a RPV submerged-arc weldment, have indicated a surprising propensity for temper 
embrittlement following irradiation and thermal annealing. Calculations of irradiation- 
induced segregation of phosphorus using the Murphy-Perks model were made by 
AEA-Technology. It was concluded that irradiation appears to have a similar effect to a 
482~ thermal aging treatment, provided the initial segregation level is allowed to 
be representative of the PWHT condition. Although the results indicate that the 
monolayer coverage could be on the order of 10%, the post-irradiation annealing 
treatment would not be expected to deposit sufficient additional phosphorus to result in 
such a high fraction of intergranular fracture. Additional such calculations will be 
performed, but measurements of elemental segregation to the grain boundaries in that 
steel are highly desirable to confirm the nature of the segregation. The role of 
molybdenum in this case is implicated, as is the potential role of free carbon. 

Summary of Observations and Conclusions 

Local grain-coarsened regions in simulated RPV weld HAZs of five representative 
RPV materials have been studied. Two grain-coarsening schedules have been 
used: (1) the AEA-Technology cycle for prior austenite grain growth creates massive 
grains to determine if the extremely large ATT values observed in the AEA-Technology 
model alloys are representative of commercial RPV alloys; and (2) the Gleeble cycle for 
prior austenite grain growth creates coarse grain sizes representative of multipass weld 
LBZs. The thermal history is prototypic of submerged-arc weld cycles, except that a 
rapid cool following the PWHT was imposed. 

1. No examples of structural failures traced to LBZ in RPV welds were found in the 
literature. 

2. Thermal aging at 450~ for 2000 h of Gleeble simulated HAZs resulted in almost 
complete intergranular fracture of A533B (P = 0.18%) and modified A302B 
(P = 0.007%) steels and a factor of 10 higher grain boundary phosphorous content in 
A533B. 

3. The McClean model of phosphorus segregation reasonably predicted the measured 
results for 4 of the 5 steels. 
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4. Irradiation of a Gleeble simulated HAZ in modified A302B steel (P = 0.007%) to 
1.0 • 1019 n]cm 2 (>1 MeV) at 288~ showed: 
a. The irradiation-induced Charpy shift was 22~ 
b. Thermal annealing at 450~ for 168 h produced no recovery of transition 

toughness. 
c. Irradiated specimens exhibited about 10 to 20% intergranular fracture. 
d. After thermal annealing at 460 ~ for 168 h, specimens exhibited more than 75% 

intergranular fracture. 
5. Microscopical examination is required to explain the causes of such extensive 

intergranular fracture in this particular steel. Further experiments with the same steel 
given a prototypic cooling rate following the PWHT are recommended. 
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Abstract: The effects of  copper, phosphorus and nickel on radiation embrittlement were 
investigated using an irradiation experiment at surveillance positions in two Russian 
VVER-type reactors with 8 iron-base testing alloys. Chemical composition varied between 
0.015 to 0.42 % Cu, 0.002 to 0.039 % P, 0.01 to 1.98 % Ni, 0.09 to 0.37 % Si, and 0.35 to 
0.49 % Mn. Charpy-V impact tests and tensile tests were performed with specimens 
machined from these alloys. The specimen were tested in the as-received state, in the irradi- 
ated state (fluence: I x 10 ~9 and 8x1019 cm 2 lEa > 0.5 MeV]) and in the post-irradiation an- 
nealed state. 

Irradiation produces significant hardening and embrittlement. The effect increases 
with the Cu and P content. Ni causes an additional embrittlement. It does not depend on the 
Ni content within the range of 1.1 to 2 % Ni. The irradiation effect can be eliminated by an- 
nealing at 475 ~ / 100 h but not absolutely in the case of  high Cuor  P content. 

Small angle neutron scattering experiments of  these alloys show that not only the 
volume fraction but also the type of  the radiation defects vary in dependence on the compo- 
sition of the alloys. 

Keywords: radiation embrittlement, iron alloy, neutron scattering, Charpy impact testing, 
phosphorus, nickel, copper 
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Introduction 

The sensitivity of a reactor pressure vessel (RPV) steel against irradiation embritt- 
lement is, in large part, controlled by the material composition. One of the most important 
parameters which influence the level of embrittlement is the copper content as has been 
recognized for many years [1, 2]. Thus, the copper effect is already part of the legal guides 
for predicting the irradiation embrittlement [3]. Russian results gained on Cr-Mo-V alloyed 
RPV steels show a strong harmful effect of phosphorus [4-6]. A weak effect of phosphorus 
was established by Odette and Lucas [7] with a comprehensive statistical analysis on 
ASTM-related RPV steels irradiated at surveillance position in US-American NPPs and in 
material test reactors. For these types of RPV steels, it has been proven a clear influence of 
nickel [7-11]. The effect depends on the irradiation conditions. It is partly independent on 
the copper content but also partly enhancing the harmful role of copper in a synergistic 
manner. 

Since the VVER 1000 was set up, for the Russian RPV design, steels of higher 
nickel content have been used. Unfortunately, mistakes of the surveillance program have 
prevented up to now that the nickel effect can reliably be estimated from the results of the 
surveillance programs [12]. Nevertheless, there are serious indications that high nickel 
content of 1.5 to 2 % which is contained in welds of the first VVER 1000/320-type reactors 
is very detrimental [13]. The nickel content is not, however, considered in the Russian guide 
for predicting the irradiation embrittlement. 

Few data have been published about the composition effects on the annealing 
response. A study of Hawthorne (quoted in [14]) on weld and S .A-533-B-type RPV steel 
showed mainly the influence of copper. Systematic experiments were performed on Russian 
VVER 440-type RPV steels. Above all the phosphorus content defines the level of recovery 
[15]. However, the thermal stability of the irradiation damage seems to increase due to 
nickel [12]. Thus, nickel-containing steels require higher annealing temperatures. 

Results so far have mainly been determined by statistical correlation analyses of 
irradiation experiments and surveillance programs from nuclear power reactors. The large 
number of parameters of influence reveals the element-specific effect only uncertainly. 
Therefore, the Russian Research Center Kurchatov Institute Moscow designed a special 
irradiation program to investigate the effect of copper, phosphorus and nickel on the 
irradiation embrittlement under constant, VVER-typical irradiation conditions. Specimens 
made from 19 iron alloys with systematically varied content of copper, phosphorus and 
nickel were irradiated at surveillance position of VVER 440-type reactors and the 
mechanical properties were tested after irradiation and post-irradiation annealing. 
Additionally, microstructural investigations by small angle neutron scattering were planned. 
The following paper reports on the results of the first step of the irradiation experiment on 
8 selected alloys. The selection of the alloys aimed at maximum variation of the three 
mentioned elements. This work was carried out together with the Forschungszentrum 
Rossendorf e.V. (Germany). The alloys are carbon poor and, thus, do not correspond to 
RPV steels. They exhibit a ferritic microstructure that is not so complex and complicated as 
a real microstructure of a RPV steel. Consequently, the experiments provide a good basis 
for a physical understanding of composition effects and add to the manifold international 
efforts on this field [7,11,16,17] which partly use simple model alloys as well [18-20]. Of 
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course, special care has to be taken to transform the results gained on test alloys to the 
irradiation behavior of RPV steels. This will be subject of further investigations. 

Experimental 

Materials 

The composition of the 8 investigated iron-base test alloys is given in Table I. The 
alloys are carbon poor (C < 0.01%), free of vanadium and molybdenum and contain 
manganese in the range of 0.36 to 0.49 % and silicon in the range of 0.11 to 0.37 % without 
systematic variation. 4 alloys (designated A,B,G,H) are nickel poor (Ni ~ 0.12 %), 4 other 
alloys (designated C-F) have a nickel content of approx. 1.2 % or 2 % respectively. The 
content of copper varies between 0.015 % for the very pure alloy A to 0.42 % (alloy B, F) 
whereas the content of phosphorus ranges from 0.002 % for alloy A to maximally 0.039 % 
(alloy E, H). 

The alloys were fabricated under the same condition in an industrial small-scale 
production. The final heat treatment complies with the heat treatment of the VVER 1000- 
type RPV steel. The alloys exhibit a ferritic microstructure. Their grain size is different. 
Particularly the nickel-rich alloys have a fine homogeneous grain. Fig. 1 shows the micro- 
structure of alloy H as an example. From these alloys Charpy V-notch standard specimens 
and small tensile specimens (diameter: 3 mm, measuring length: 16 mm) were machined. 

Table 1 - Chemical composition of the test alloys (in wt-% Fe balance). 
Code C S Cu "P Ni Si Mn 

A 0.01 0.004 0.015 0.002 0.01 0.15 0.39 
B 0.01 0.005 0.42 0.012 0.01 0.24 0.49 
C 0.01 0.004 0.12 0.010 1.98 0.09 0.35 
D 0.01 0.004 0.12 0.012 1.10 0.12 0.41 
E 0.01 0.004 0.12 0.039 1.13 0.20 0.46 
F 0.01 0.004 0.42 0.012 1.19 0.21 0.47 
G 0.01 0.004 0.11 0.013 0.012 0.37 0.48 
H 0.01 0.004 0.11 0.039 0.010 0.24 0.49 

Irradiation 

Twelve or fifteen Charpy specimens respectively and six or four tensile specimens 
were positioned at surveillance positions of the VVER 440 reactors ROVNO 1 and KOLA 
3 over one reactor cycle. Both reactors differ in the core design and, thus, in the neutron flux 
(ROVNO 1:0.4• cm'2.s -1, KOLA 3:3.0x1012 cm2.s "l [E, > 0.5 MeV]). Fluences of 
10 x 10 TM cm "2 (-- F 1) or 80 • 10 ~s cm "2 (= F2) [E, > 0.5 MeV] respectively were reached. Meas- 
urements of the 54Mn-activity of every specimen after irradiation coincide within • 15 % for 
one specimen. The values between the different alloys show the same scatter. 

The irradiation temperature was about 270 ~ After irradiation a part of the 
specimens was annealed at 475 ~ h. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



386 EFFECTS OF RADIATION ON MATERIALS 

Figure 1 - Microstructure o f  alloy H. 

Testing 

The specimens were tested by Charpy-V impact tests and tensile tests in the 
unirradiated, irradiated and, partly, post-irradiation annealed state. For the Charpy impact 
tests a instrumented pendulum impact testing machine KMD-30 of  a nominal maximum 
impact energy of 300 J (highest absorbed energy=305.3 J) and an impact velocity of  5.64 
m/s and with an automatic temperature condition and specimen manipulation system was 
available, tn some cases the impact energy was not enough to completely break the 
specimen in the upper shelf energy range. These specimens simplistically obtained an upper 
shelf energy of 305 J. The ductile-brittle transition temperature TT was determined from the 
impact energy-temperature curves. The values of  TT were calculated from a nonlinear 
regression fit of a hyperbolic tangent equation to the Charpy. impact energy results. 
According to the Russian guide the transition temperature is related to consumed impact 
energy of 47 J. Furthermore, in the following other relations of  the Russian guides are used: 

3 
ATTir r = TTir r - TT 0 = Air r" ~ (1) 

TT o and TT,~ are the transition temperatures in the initial state and after irradiation 
to the fluence F in 10 ~s cm 2 (E. > 0.5 MeV). A,, characterizes the radiation sensitivity and 
depends on the content c (in wt %) of  copper and phosphorous 

Air r = 8 0 0 " ( C p  + 0.07.Ccu ) . (2) 

Eq. (2) is valid for weld materials of  VVER 440-type reactors and an irradiation 
temperature of 270 ~ 

As the results show, the number of the available specimens for one impact energy- 
temperature curves does not meet the requirements according to the German rule KTA 
3203. However, as the transition temperature range was very small, the determination of  TT 
could be estimated reliably. 

Tensile tests were performed at a constant crosshead speed of  1 mm/min and at room 
temperature and the load versus displacement was recorded. For every state and every alloy 
two or three specimens were available. 
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Small angle neutron scattering (SANS) experiments 

The SANS experiments were carried out at the BENSC V4 spectrometer of  HMI 
Berlin (Germany) [21] and the PAXE spectrometer ofLLB CEA Saclay (France) [22] under 
saturating magnetic field H -- 1.4 T perpendicular to the neutron beam direction. The 
performances of both facilities are similar. A 2-dimensional position-sensitive detector 
consisting of 64 • cells with a size of  1 • 1 cm 2 was used. The total width at half maximum 
of the wavelength distribution is 10% of  the nominal 0.6 nm wavelength. Two configu- 
rations were used for sample-detector distance (1 and 4 m) and collimation lengths, 
respectively covering a scattering vector Q range of  approx. 0.1 to 3 nm j. The data analyses 
were processed by software routine of  LLB and BENSC, respectively. A comprehensive 
description of the raw-data treatment formula, including transmission measurement, 
background and sensitivity corrections is given in [23]. Several methods were applied for 
the absolute calibration at the facilities. One was performed by measurement of  a water 
standard [23] and the other one by direct beam method [24]. A sample was measiared at both 
facilities for comparison and a significant difference was not obtained. 

Results 

Mechanical Testing 

In every case, irradiation clearly affects the mechanical properties. The strength 
parameters (ultimate tensile stress, yield stress) increase, the ductility (uniform elongation, 
total elongation, upper shelf energy) is reduced and the transition temperature is shifted to 
higher values. Generally, the effect on the transition temperature is the bigger the higher the 
content of copper (alloy B, F), phosphorous (alloy E, H) and nickel (alloy C-F) and the 
higher the fluence. 

alloy 
code 

A 
13 

C 
D 
E 
F 

G 
H 

unirradiated 

Table 2 - Results of  the 
irradiated ROVNO- 
1 FI= 10• -z 

n TT 0 USE 
[~ [J] 

n TT,. USE 
[~ [J] 

8 149 198 
8 49 238 

6 96 159 
8 117 190 
8 166 175 
6 176 160~ 

?harpy impact tests. 

annealed ROVNO- 1 

n TT A USE 
[~ [J] 

m 

7 26 291 
7 -42 ~05 

irradiated KOLA-3 
F2= 80• -2 
n TT,, USE 

[~ [J] 

12 174 141 
12 49 225 

12 -23 300 
12 137 156 

7 48 268 
7 -72 261 

6 -66 282 
6 -47 304 
7 -51 300 
5 -58 245 

6 -60 300 
7 -22 292 

9 -68 
7 -52 305i 
7 -29 305 
7 -14 285 

n - number of the tested specimen; USE - upper shelf energy; TT0 - transition temperature, 
unirradiated; TT,. - transition temperature, irradiated; TT a - transition temperature, post- 
irradiated annealed. 
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alloy 
code 

As expected, the alloys show already in the unirradiated initial state clear differences 
of the mechanical properties. Surprisingly, the pure alloy A has a considerably higher tran- 
sition temperature than the other alloys in the initial state. 

Tables 2 and 3 summarize the results of Charpy impact tests and the tensile tests. 
Fig. 2 shows typical sets of impact energy-temperature curves for the four states tested of 
alloy A. The dependence of the transition temperature shift ATT on the fluence is depicted 
in Fig. 3. Comparing the shift ATT,rr of the Ni-poor alloys (A, B, G, H) for the fluence F l 
and F2, it does not seem that ATT,, follows the relation as expected according to (1). This 
could result from a flux effect. A such effect is described for VVER 440-type weld metal on 
the base of surveillance results [25]. For comparable differences in the flux and similar level 
of fluence a constant shift of 40 ~ to higher temperature is observed if the flux is lower. To 
evaluate the composition effect the correction was used and all results are related to the 
fluence level F1 by means of Eq. (1). 

Rpo 2 

unirradiated 

Rp02 - ield stress 
- total elongation 

Rm Am A5 

Table 3 - Results c rthe tensile tests. 

irradiated ROVNO-'I 
FI= 10• 101s cm-2 

Rpo 2 Rm Ar. A5 
A 257 361 224 386 453 533 111 245 
B 293 384 180 351 505 584 122 252 

C 338 428 193 359 514 579 121 246 
D 317 423 211 376 519 589 119 247 
E 351 447 200 342 546 638 124 246 
F 388 475 161 296 489 581 124 250 

G 234 352 192 399 
H 260 363 216 404 

I I 

annealed ROVNO- 1 

Rpo2 Rm Am A5 

irradiated KOLA-3 
F2= 80x 10IS cm-2 

Rpo2 Rm Am A~ 
222 346 252 417 513 538 67 186 
348 436 129 306 482 535 118 239 

318 421 209 352 
306 421 198 345 
327 440 226 384 
431 526 154 306 

300 396 154 306 
455 546 127 258 

[ M P a ] ,  R m - ultimate tensile stress [ M P a ] ,  A ~ .  - uniform elongation [%], As 
[%]. 

300 

200 
O 

100 

I 

�9 A 

* annealed 
�9 unirradiated -- 
A fluence F~ 1- 

�9 f luenceF2._ I i  , 

, I ~ - - .  

-100 0 
0 , d  
-200 100 

A 
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Figure 2 - Charpy impact energy versus temperature for  alloyA in different states. 
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Figure 3 - Irradiation-induced shift A TTjr , o f  the transition temperature. 
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Figure 4 - Chemical composition effect on the irradiation-induced shift ATT,,., o f  the 
transition temperature. 

Fig. 4 shows the influence of  the composition on the transition temperature shift 
more clearly. Apart from the expected copper effect, phosphorus and nickel affect the 
transition temperature in the same way. For Ni-poor alloys the shift seems to follow the 
prediction of  the Russian guide for weld metals as Figs. 5 and 6 illustrate. 
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Figure 5 - Phosphorus effect on the irradiation sensitivity o f  the nickel-poor test alloys 
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Figure 6 - Copper effect on the irradiation sensitivity o f  the nickel-poor test alloys with 

low phosphorus content. 

The nickel-rich alloys show an additional shift of  the transition temperature that, 
however, hardly depends on the nickel content in the investigated range between 1.1 and 2 
%. It amounts to about 120~ at a fluence of  10xl0 ~8 cm 2 and at a flux of  0.4xl012 cma.s -1 
[E, > 0.5 MeV]. 

A surprisingly strong effect occurs at the very pure alloy A containing only 
manganese and silicon apart from marginal residues of  other elements. This is not 
understandable from the compositional point of  view and gives a hint that other irradiation 
barriers are formed in a pure a-iron matrix. 
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An influence of the composition on the annealing behavior can also be proven 
(Fig.7). For low copper or phosphorus content, annealing at 475 ~ h removes the 
irradiation-induced changes of the mechanical properties completely. If the content of these 
elements, however, is high, then a residue of 20 to 25 % of the changes survives. Nickel has 
no influence on that. The pure alloy A again drops out of the trend and exhibits an 
"overrecovery". 

4C 

3C 

2q 
o 

o 
| 

Figure 7 - Chemical composition effects on the residual shift ATTRe s of  the transition 
temperature (o high Ni, o low Ni). 

SANS Experiments 

Inhomogeneities of size R (radius) and a volume fraction Cv in the sample result in 
a course of the macroscopic scattering cross section dZ/dfl(Q) as follows 

dE . 
- ~ ( Q ,  ) = k ' f  cv(R ). R 3.(A~12 r + Arl2 g. sin2(a)).S(Q,R) dR (3) 

0 

In Eq. (3) Q=I Q 1=4wsin0/k is the magnitude of the scattering vector, 20 is the full 
scattering angle, k is the wavelength, k is a constant (in case of spherical particles = 4~/3), 
S(Q,R) is the so-called shape factor as the Fourier transform of the shape of the 
inhomogeneities, Arl is the difference of scattering length densities between the particles and 
matrix (scattering contrast A'q2), and a is the angle between the scattering vector and the 
magnetization of the sample. The product cv(R)-Arl 2 is established by a Fourier trans- 
formation method according to Glatter[26]. Under the assumption that the scattering 
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particles are non-ferromagnetic inhomogeneities, the magnitude Arlmag equals the magnetic 
scattering length of iron. Thus, the volume fraction of inhomogeneities and the size 
distribution, here defined as volume distribution function cv(R), can be estimated from the 
magnetic scattering cross section. 

Fig. 8 shows the measured dE/dO(Q) and the calculated size distribution function 
cv(R ) of different states of alloy A. The evidently high volume fraction of irradiation- 
induced defects correlates with the high susceptibility of this alloy to neutron embrittlement. 
An analysis of the A-ratio, ratio of dZ/dfl(Q) perpendicular and parallel to the magneti- 
zation, identifies these inhomogeneities as agglomerates of vacancies. 
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Figure 8 - a) Macroscopic scattering cross sections via magnitude of the scattering 
vector, b) volume distribution functions via radius of non-ferromagnetic inhomogeneities 

in different states of alloy A. 
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Fig. 9 shows dY4&Q(Q) and cv(R ) ofaUoy B. Irradiation produces a high fraction of 
nano-scale defects. However, the changes of the ultra-fine defects due to different fluence 
levels F1 and F 2 are irrelevant. 

Thermal annealing reduces irradiation defects. Particle growth was observed in the 
case of alloys with the highest copper-content (alloy B, F), especially shown in Fig. 9. 

A comparison of the volume distribution functions of inhomogeneities in nickel- 
poor and nickel-rich alloys after irradiation is illustrated in Figure 10. The volume fraction 
of irradiation-induced inhomogeneities strongly depends on the chemical composition. 
Copper-rich alloys provide the highest contribution, nickel-rich alloys show lower values 
than the nickel-poor alloys. 
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Figure 10 - Comparison o f  the volume distribution functions o f  inhomogeneities after 
irradiation o f  a) F 2 in Ni-poor alloys, b) F I in Ni-rich alloys. 

Table 4 - Volume fraction o f  non-ferromagnetic inhomogeneities c v with 0 < R < 12 nm; 
size o f  inh~ rnogeneities R,~  with the largest volume fraction; A-ratio. 

alloy unirradiated fluence F l fluence F 2 annealed 
c v A-ratio c v R,~ A-ratio Cv Rm~ A-ratio Cv Rm~ A-ratio 

[vol.%] [vol.%] [nm] [vol.%] [rim] [voI.%] [rim] 

0.028 1.6-1.8 0.1 1.0 1.6-1.8 0.26 1.0 1.6-1.8 0.027 A 1.6-1.8 
B 0.10 1.7 0.8 1.3 5 - 6  0.81 1.3 4.5 1.0 3.0 5.5-6.5 

C ]0.026 2.2 0.013 1.3 1.3-1.4 
D 10.029 2.0 0.048 1.3 2.0 
E 0.031 1.8 0.036 1.4 2.6 
F 0.031 3.2 0,089 1.4 5 0.69 >4 5 - 6  

G 0.080 1.7 0.16 1.3 2.6 0.068 
H 0.093 1.6 0.14 1.3 1.7 1.7 
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Generally, neutron irradiation produces inhomogeneities in the size range between 
0.5 and 6 nm. The size distribution function has a maximum at about 1.2+0.2 nm. The shape 
of the peak and the position of the maximum do not depend on the fluence. Analyses of the 
A-ratio show that the type of the irradiation-induced inhomogeneities is not identical for the 
different alloys. An A-ratio smaller 2 is typical for pure matrix defects whereas an A-ratio 
higher 3 is characteristic for Cu-containing irradiation defects. 

An overview of the estimated microstructure parameters by SANS is given in 
table 4. 

Discussion 

Both the results of mechanical testing and the microstructural analysis by SANS 
clearly characterize how the chemical composition affects the irradiation response. 
However, in detail there are traceable effects of antithetic nature: 

a) The variation of the irradiation hardening presented by the yield stress change due 
to irradiation with the irradiation embrittlement manifested by the irradiation-induced shift 
of the transition temperature provides a poor correlation (Fig. 11). Particularly the nickel- 
rich alloys show a little irradiation sensitivity related to the yield stress change in 
comparison to the sensitivity of the transition temperature shift. A very low irradiation 
hardening is evident for the copper-rich nickel-containing alloy F and for the nickel-poor 
alloy H with high phosphorus content. 

a, oy ' i ' ' / '  
200 ~B : A /  

I Q C  

~ ~ E  , _  I 7 0 : *  
{ I F  

100 

0 , I , I , 

100 200 A/~o.2[MPa] 300 

Figure 11 - Correlation between irradiation-induced shift o f  the transition temperature 
A TT, r , and yield stress change ARpo 2. 

b) The volume fraction of irradiation-induced microstructural defects is considerably 
lower for the nickel-rich alloys C-F than for the nickel-poor alloys A,B,G, and H (Fig.10) 
although the irradiation effect on the transition temperature is higher (Fig. 4). 
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c) Phosphorus leads to an irradiation-induced shift of transition temperature but does 
not have an increased SANS effect. As the alloys with high phosphorus content (E,H) are 
accompanied with relatively low irradiation hardening, a special non-hardening irradiation 
embrittlemcnt mechanism cannot be excluded. A such mechanism caused by grain boundary 
segregation has repeatedly been suggested for highly phosphorus-containing steels (e.g. 
[27,28] but was not confirmed in every case [29]. 

d) A surprisingly strong effect occurs at the very pure alloy A. Its dependence of the 
fluence and its A-ratio (but also the annealing behaviour) significantly differ from alloy B. 
A sophisticated analysis of SANS results [30] gives evidence that the microstructural 
irradiation defects are rather planar, contrary to the other alloys where the shape of defects 
can be dcscribed as spherical. 

e) The results of mechanical tests and SANS experiments are quite consistent. High 
content of coppcr does not only raise the irradiation embrittlement but also increases the 
volume fraction of microstructural irradiation defects. The A-ratio is approximately 5 and 
evidently higher than for the other alloys. Values of  about 5 are typical for copper-rich 
precipitates. For alloy B, the rise of  fluence from F~ to F 2 (factor of 8) does not change both 
thc transition temperature and the yield stress. This corresponds to the SANS curves which 
also does not show a clear fluence effect for these two fluence levels. 

Thc findings reveal the complicated and complex processes due to irradiation even 
tor the simply structurized iron-base alloys investigated. In the unirradiated initial state, 
strength and toughness are mainly controlled by the type and amount of  the elements in 
solid solution. Moreover the different grain size between the alloys also influences the 
mechanical behaviour and for the copper- and nickel-rich alloy F a pre-precipitation of 
copper cannot be excluded. 

In the consequence of primary defect production as a result of  neutron-lattice atom 
interaction, the steady state vacancy concentration is increased and a large population of 
small point defect clusters is produced. Non-equilibrium point defect concentration, 
radiation-enhanced diffusion and defect cluster-solute atom interactions lead to complicated 
microstructural evolution. Obviously, ultra-fine scale irradiation defects are formed in every 
case. However, their type, their effectivity to impede the dislocation movement, and, 
perhaps, their distribution can be very different for the different alloys. Apart from that the 
decrease of residual solute atoms reduces the original solid solution hardening. Thus, further 
work is required to understand the trends in more detail. 

Conclusion 

The study presents the first results of  an extensive irradiation program to char- 
acterize how the chemical composition affects the irradiation embrittlement. The harmful 
effect could be proven not only for copper but also for phosphorus and nickel. As the alloys 
exhibit a fcrritic microstructure, the effect can mainly result from the interaction between 
the solutc aloms and the primary irradiation defects in the iron matrix. The agreement 
between the rcsults obtained with the nickel-poor alloys of  this study and those achieved by 
the surveillance programs with weld metal indicates that the irradiation behavior of VVER 
440-type weld metals is not essentially influenced by the metallurgical state but by the 
chemical composition. The recently valid guide seems to provide a useful assessment of  the 
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embrittleme,lt tbr high flux levels. Nickel has a clearly negative effect and must be 
considered for VVER 1000-type material. However, the results do not suggest an increase 
of irradiation sensitivity with the nickel content within the range of 1.1. to 2.0 % as often 
assumed. In this stage of investigation synergistic effects have not yet been proven. The 
program is to be continued and completed. This is in preparation. 
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The Determination of Bias Factor Stress Dependence from Experimental Data on 
Irradiation Creep and Stress-Affected Swelling in Austenitic Stainless Steels 
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Abstract: The measured irradiation creep strain ~ in structural materials is usually fitted with 
the equation e/or = Bodpa+DS, where ~ris the applied stress, S the void swelling, and Bo and D 
are the material parameters The stress dependence of swelling is sometimes described using 
the equation S = So(l+M~y4), where So is the stress-free swelling and o~ya is the hydrostatic 
stress component. On the basis of the SIPA mechanism of irradiation creep it is shown in this 
paper that the parameter D depends on stress as follows: D = Do/(l+Mohyd), where Do is a 
constant and the parameter Bo depends on dose Knowing the constant M, one can 
determine the constant Do from experimental data on dose dependence of  creep tube 
diametral strain at several hoop stress levels. This permits the determination of  the stress 
dependence of  the bias factor. Such a determination was made in this paper for the 
austenitic stainless steel 316, for which a complete set of  data became available recently 
One of  the important results of the present paper is the conclusion that to a reasonable 

approximation the irradiation creep rate g'c can be determined from data on the stress-free 
swelling rate and stress-affected swelling. 

Keywords: swelling, irradiation creep, neutron irradiation, stress, stainless steel 

Both void swelling and irradiation creep phenomena seriously affect the performance of 
structural materials that will see irradiation service in thermal, fast, and fusion reactor 
environments as well as in spallation neutron facilities. In a series of  papers by Garner et al., it 
has been well established that these irradiation phenomena are mutually interrelated in both 
austenitic and ferritic/martensitic steels. A summary of  the major insights on the two related 
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phenomena is presented in Ref [1]. In particular, for structural materials the measured 
irradiation creep strain e can be often fitted with the well-known equation: e/c=Bodpa+DS, 
where cris the applied stress, S is the void swelling, and Bo and D are the material parameters 
The dependence of swelling on stress has been often described with the linear equation S = 
So(l+Mohyd), where So is the stress-free swelling and O~yd is the hydrostatic component of the 
applied stress. Several findings were made recently in investigations of the interrelationship 
between irradiation creep and swelling rates in structural materials Of particular interest is the 
role of irradiation-induced swelling to first accelerate irradiation creep at the onset of void 
grouMl, but then to throttle back the creep rate as the swelling rate grows larger. This late-term 
decrease in creep rate has been designated "creep cessation" or "creep disappearance" by 
Garner and coworkers. In addition, a stress-enhancement &void swelling is somehow involved 
in the interaction between swelling and creep, such that its operation tends to compensate for 
the decline in the creep-swelling coupling coefficient D. 

The objective of the present paper is first to consider the linear relationship between 
irradiation creep and swelling rates and to undertake an attempt to determine the stress 
dependence of the bias factor. This objective will be realized using a complete set of 
experimental data which recently became available from experiments with pressurized creep 
tubes made from cold-worked AISI 316 stainless steel irradiated in the Materials Open Test 
Assembly (MOTA) [2] 

Irradiat ion  Creep  a n d  Swe l l ing  Rates  

Let's formally divide the strain tensor e,e in two parts as follows' 

~Ik = tk~ll +Elk 

where S,k is the Kronecker's symbol, and 

(1) 

e,k = s,k - flag11 (2) 

is the deviatoric strain tensor. Under irradiation, the first term on the right side of eq (1) 
describes strains caused by the voidage V (void volume fraction) in a material, and the second 
term describes the irradiation creep. The voidage V=S/(I+S), where S is the void swelling, is 
equal to the sum of diagonal elements of  the strain tensor. Thus, the voidage and irradiation 
creep rates can be found as follows: 

dV d 
- -  = - -  e , ,  (3) 
dt dt 

d ,c d 1 5 d v .  
~T e,k = --~ S,k ---~ ,k dt (4) 

Following Ref [3], the dislocation structure of a material will be considered as a 
superposition of dislocations of three orthogonal Burgers vectors directed along coordinate 
axes 1, 2 and 3. Let us denote through L, the total length per unit volume of both line 
dislocations and dislocation loops, the Burgers vector of  which is directed along axis i Further, 
it will be assumed below that a uniaxial stress ~ is applied along axis 1 In this case, obviously, 
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one has L2=L~ and 0011:7~ 0022 = 0033" Then d00,/dt = d00,,/dt (t = 1,2,3 ) can be expressed in 

terms of the climb velocity of dislocations u, (equal to loop growth rate) as follows. 

d00 ~dr= bL u . (5) 

where b is the Burgers vector modulus. The climb velocity of line dislocations as well as the 
interstitial loop growth rate can be expressed through the values D~C~ and D C,, where 

D~, C~ and D ,  C, are the diffusion coeflfidents and mean concentrations of vacancies and 

interstitials, respectively, under irradiation, as follows: 

u, = b (Z~ - Z  (')D,C~). (6) 

where Z~ ~ (cr v) are the sink efficiencies for point defects of dislocations and dislocation 

loops having Burgers vector directed along the i-axis. Assuming both the climb velocity &line 
dislocations and the loop growth rate are identical and combining the eqs. (5)-(6), one obtains 

d00,/dt = L, (Z,~ C, - Z  ~ Cv) (7) 

Substituting eq (7) into eqs. (3)-(4) one gets the following expression for the voidage rate 

dV / dt = (Z, ~ + 2Z,(2)L 2 )D C, - (Z~mL1 + 2Z ~2)L2 )DvC~, (8) 

and for irradiation creep strain rate along axis 1: 

d00~ '~ I dt = 2r(73 ~ '  o)f~l -Z,(2)L2)D, C, - ( Z ~ ( 1 ) L 1  -Zv(Z)L2)D~C~] . (9) 

The values DdC~ can be obtained from the steady state rate equations. Ignoring all point 
defect sinks except for dislocations, loops and voids and assuming that the voids are not biased 
sinks for point defects, one obtains 

D=C~ = G ~ / S ~ ,  (10) 
where G is the dose rate, 

= 2/(1 + x/l+ 4G/.tr/DvS, S v ),  

S~ = D~o,a + Z ~ + 2Z ~2)L2, 

(11) 

(12) 

is the temperature independent coefficient of point defect recombination, D~o,d- 4n'<rv>Nv 
is the sink strength of voids, <rv> the mean void radius, N~ the void number density. In cases 
where point defect recombination can be ignored, qJ = 1. 

Substituting eq (10) in eqs. (8)-(9) and omitting the subscript "1" for ,c  one can write the 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



404 EFFECTS OF RADIATION ON MATERIALS 

expressions for voidage and irradiation creep rates in the following form: 

;1: Wvo,, [ ( z ? )  - + 2 ( z / 2 ,  - ], 
&S, 

03) 

and 

- z (2)z o). [(z( ,  _Zv(,))Ll _(Z(~) _Z(~))L~.  c '~ 2qJ {3L~L2(Z.~ , v )+Dvo,a 
3S,,S, 

(14) 
For convenience, in eqs (13)-(14) and everywhere below, the dose derivative of any 

functionfwill be denoted as j  ~ 
Obviously, from eqs. (13)-(14) it is possible to write the following general equation which 

interrelates the irradiation creep and voidage rates 

�9 ( Z  (1) Z O ) ' l [  ( 7  (2) 7 (2 )~ [  
~'c -- Bo + (2 / 3]. ( Z ~  - - ~  ~ )  - - ~ 2  (15) 

where 
7 (1) Z(2) 

Bo 2Ra Zv~ ) (16) 
=SvS, 

As seen from eq.(16), the value of Bo is not a constant, but depends on sink strengths of 
voids and dislocations, which, in turn, are dependent on dose and temperature. 

Let's consider separately two well-known proposed mechanisms of irradiation creep 1) 
the mechanism of stress-induced preferential nucleation (SIPN), 2) the mechanism of stress - 
induced absorption (SIPA) 

SIPN Mechanism 

The mechanism of stress-induced preferential nucleation of loops (below, SIPN 
mechanism) was initially proposed in Ref. [4] as an important mechanism of irradiation creep. 
The corresponding model was formulated in an attempt to explain the observed anisotropy of 
Burger's vector orientations in an ensemble of  dislocation interstitial loops in irradiated 
stainless steels Various aspects of the model have been reviewed in Ref. [5]. One of the 
difficulties of this model is an obvious absence of a nucleation barrier for interstitial clusters 
larger than di-interstitials Therefore, one would expect no effect of stress on interstitial loop 
nucleation 

In the framework of the SIPN mechanism concept, Za ~ = Za ~2) so that B o = 0, and eq 

(15) is reduced to the following: 

~ , c _ 2  L l - L :  I) (17) 
3 L I + 2L 2 
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As is seen from eq. (17), the irradiation creep rate is directly proportional to the voidage 
rate Therefore, at low doses the creep rate is required to be small since swelling is usually 
absent for a substantial dose. Such a prediction on the basis of the SIPN mechanism is in 
serious contradiction with observations of the irradiation creep in cold-worked austenitic 
stainless steels during the transient regime of void swelling. 

The stress dependence of both L~ and L2 is unknown for the present. One can expect that 
the dislocation structure anisotropy should increase with increasing the applied stress So, in the 
case of extreme anisotropy, when L2-=0, the explicit dependence of  irradiation creep rate on 
stress disappears and creep strain becomes equal to (2/3)V. In this case from eq. (1) an obvious 
result tbl[ows: the strain in the direction of the applied stress must be equal to the voidage, 
e = V. Unfortunately, available experimental data on irradiation creep and swelling at high 

neutron doses and high stresses do not allow us to make any definite conclusions regarding the 
applicability of the SIPN-mechanism For example, in Fig 1 the data on the irradiation-induced 
creep and swelling of annealed AISI 304L irradiated in EBR-II at -390~ to exposures of~80 
dpa are shown [6]. As it follows from these data, at 80 dpa the linear dependence of diametral 
strain on hoop stress in the creep tubes is maintained up to ~190 MPa, despite the magnitudes 
of the strains becoming very close to the void swelling level at high hoop stresses. Due to 
scatter of data on void swelling at high hoop stresses one can not judge conclusively that the 
diametral strain and swelling exactly coincide, but they do closely approach each other 
Another set of experimental data on the stress dependence of diarnetral strain and swelling in 
20% cold-worked 316 stainless steels Core 1 tubes irradiated in FFFF-MOTA at 550~ to 80 
dpa [2] shown in Fig. 2 demonstrates that such a coincidence, if it exists, will take place only at 
hoop stresses higher than 250 MPa. Thus, the S1PN mechanism of irradiation creep does not 
appear to operate in cases where the swelling rate is negligible and its potential contribution is 
rather questionable at high doses and high applied stresses in structural alloys. However, one 
can not completely exclude on the basis of only these data the possibility that the SIPN 
mechanism might be operative in pure metals or dilute alloys. 

SIPA Mechanism 

The mechanism of stress-induced preferential absorption of  interstitials by dislocations was 
originally proposed in Refs [3,7] and then developed in Refs. [8,9]. An original treatment of 
this mechanism was made in Ref [10]. The basic idea of the S1PA mechanism is that it is 
dependent on the applied stress inducing a small change of Z,  that is linear with stress. This 
model takes into account the inhomogeneity interaction between point defects and 
dislocations. The dislocation structure is considered to be isotropic in this model. The stress 
induced change is different for dislocations with different orientations of Burgers vector with 
respect to the external stress direction, so that 

Z~ (') = Z ( 1  +$'o(~ (18) 

Considering the point defects as inclusions with elastic moduli different from those of the 

matrix, in Ref [3] it was estimated that the values of ~:co as being of  order I/E, where E is the 

Young's modulus of a material, and, consequently, are very small. However, the treatment of 
point defects as inclusions is somewhat questionable. It is quite probable that the 
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Figure 1 - Experimental data on stress dependence of diametral strain (open 
ctrcles) and void swelling (filled circles) in creep tubes made from annealed AIS1 304L 
and irradiated in EBR-11 at ~390'C to dose of  80 dpa [6]. The dashed curve is the linear 
best ftt  of the swelling data at hoop stresses ranging from 0 to 188 MPa. The sohd line lS 
the best fit  of dlametral stratus at stresses ranging from 103 to 188 MPa. 

inhomogeneity interaction inadequately describes the real interaction between point 
defects and dislocations. From this point forward, a linear dependence of  Z~ on stress will 
be assumed to be valid, but the ~-values will be treated as adjustable parameters Just as 
values of  Z, and Z~ cannot be simultaneously determined in the stress-free case from 
experimental data on the swelling rate, but only the bias factor 

B = ( Z  - Z v ) / Z v ,  (19) 

it is also impossible to determine simultaneously four values ~(')(i=1,2) in the model of 

dislocation structure under consideration. Therefore, it will be assumed that the bias factors for 
dislocations of the "1" and "2" orientations depends linearly on stress and for the determination 
of stress dependence of the bias factors only two values, ~(1) and ~(2) are needed: 

B (') =- (Z, (') -Z~( ')) /Zv (') = B+~( ' )o  - . (20) 
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Let's take Z,,C~)L~ = Z,~-~L2in eqs (13) and (15) Due to the weak dependence of 

Z v~')on stress that means, in fact, that L~ ~ L 2 = L / 3 ,  where L is the total length of 

o~ 25 

z 
"4, 2o 
w 

o3 
o 15 
z < 
z 

I-- 
if) 
,_.1 

< 5 n~ 
I-- 
w 

< o 

I ~ I ' 

__ _ - - - - -  
_ . - - 0 - - - - -  

J I i I i 

40 80 

H O O P  S T R E S S ,  M P a  

120 

Figure 2 - Experimental data on stress dependence of dlametral strain (open circles) and 
swelhng from density measurements (filled squares) m 20% cold-worked 316 stainless steels 
(Core 1) tubes irradiated m FFTF-MOTA at 550~C to 80 dpa. The filled squares correspond 
to swelling obtained from diameter measurement of the unstressed tube [2]. 

straight dislocations and loops per unit volume. Then, because the stress dependence of the 
voidage rate is presumably determined by the stress dependence of the bias factor, from eqs 
(13) and (20) one obtains that 

~" = : o  (1 + M o -  ) ,  (21)  

where /~o is the voidage rate in the stress-flee case 

/ o = B  Q ~ ,  ( I+Q)  2 

Q = ZvL/Dvo,a , 
and 

M = (~: (') + 2~ (z)) / 3B. 

(22) 

(23) 

(24) 

As seen from eq (21), the voidage rate increases with increasing applied tension stress 
and, on the contrary, decreases with increasing compression stress. Such a behavior is 
predicted in all theoretical approaches [3, 7,8-10] based on the SIPA mechanism of irradiation 
creep 
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The irradiation creep rate can now be written in several forms 

1. Relationship between creep rate and stress-affected voMage rate 

First, from eqs (15)-(16) one has 

e ' c / ~  = B  o + N I  ~,  

where 

"2/9" QZ~.t /~0)_~(2)) .  
Bo = (  ) ~ - ] - ~  t 

(25) 

(26) 

(27) 

As seen from eqs. (26)-(27), the value of N depends on stress, and Bo is not a constant but 
depends on irradiation conditions via Q and ~. 

2. Relationship between creep rate and stress-free voMage rate 

When comparing eqs. (25) and (21) one notes that in the approximations made above the 
irradiation creep rate given by eq (24) can be expressed in terms of the stress-free voidage rate 
as follows 

e'c/cr = B  ~ + N  O l~o, (28) 

where B o and N O are 

Bo = (1~3)No B Q2qj  _ ( 1 / 3 ) N o Q l } o ,  (29) 
(1 + Q) 2 

N O = (2 / 3)(4 (1) - ~(z)) / B.  (30) 

With the irradiation creep strain rate in the form of eq. (28) and with B o and N o values 

from eqs (29)-(30), the total strain rate, 61, in the direction of the applied stress can be 

expressed in terms of the stress-free voidage as follows: 

�9 ;o e, =--~-[I+cr(M + 3 N  o + NoQ)].  (31) 

From eq. (31) it follows that to determine the value o f  No from experimental data on creep 
strain rate, one needs to know the parameter M and the sink strength ratio Q With magnitudes 
of N o and M known from experimental data the parameters ~o) and ~(2) can be calculated as 

follows: 

~o) = B ( M  +No) ,  (32) 

~(2) = B [ M  - ( N  o / 2)]. 
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3. The irradiation creep rate in terms of  the sink strength ratio Q 

As seen from eq. (24), the ratio e '~ /cr can be also expressed in terms of the sink 
strength ratio Q as follows: 

e ]c / cr = (2 / 3)(~ (1) - -  ~ (2))lJl / Q(1 + Q / 3) (33) 
( l+O)  ~ 

Interestingly, in the case where the point defect recombination is an insignificant 
process, i e. at 7/=1, the ratio e '~ / cr is of  maximum value of  (3/8)BNo at Q=3 At Q>3 
the ratio decreases slightly with increasing Q and approaches the level of  (1/3)BNo at 
Q>>I In the same sink-dominant case the stress-free voidage rate/2o as a function of Q is 

small at Q<<I and Q>>I and reaches its maximum value of ('1/4) B at Q=I. In addition, 

the values of  /2o 

I? o / B  = Q /(I+Q) 2 

follows: 

and Q are not independent of  each other in this case because 

and, consequently, the ratio Q can be expressed in terms of /?o as 

_I_+J(B. _l): 1 
Q = 212 o 1~ 2V o 

(34) 

After substituting the expression (34) in the right side of  eq. (31) one finds that the total 
strain rate is the following compficated function of the stress-free voidage rate: 

(35) = 3 [ 1 + - - M + 3 - - ] + 3 - -  2 V 2 

As seenfi-om eq. (35), e x / t r = B N o / 3  at/20 = 0 .  

Discussion 

According to experimental data shown in Fig. 1, both the diametral strain and void 
swelling in creep tubes made from annealed AISI 304L and irradiated in EBR-II at 
~390~ up to doses of  80 dpa [6] appear to be linear in stress. For hoop stresses ranging 
from 0 to 188 MPa. the best fit of  swelling data results in S,% = 8.90(1 +MhCrhoop), where 

Mh = 2.6x10 3 MPa -1. In this range of  hoop stresses, the data on diametral strain can be 
best fit using the following fo rm:AD/D,% =3.50(l+13.5x10-3crhoop) Thus, from eq. 

(31) one obtains NohO+Q)=lO.9xlO 3 M P d  The dose dependence of the diametral strain 
and swelling is linear in the range from 10 to 80 dpa [6], the stress-free swelling rate is 
0.13 %/dpa. Using eq. (34) and taking the value of the bias factor B equal to 2 6% one 
obtains the ratio Q being equal to 18 (if Q>I)  or 1/18 (if Q<I). Microstructural data of  
Ref [11] give evidence that Q<I in neutron irradiated annealed AISI 304. This results in 
Nob=3.6 x 10 .3 M P d .  Using this magnitude of Nob and taking O'hoop=(2/~3)~ B=2.6%, 
M=(2/V'3) Mh=3.0OxlO s MPa ~, No=(2/~)Noh=4.16x10 s MPa 1, from eq. (32) one 

obtains that for the annealed AISI 304L ~o) =1.86 x I O 4 M p d  and ~(2) =0.24 x IO4MPd 
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l at ~390~ 
Strictly speaking, it is necessary to distinguish the total creep strain e 1 in eq. (31) from the 

diametral strain ed in creep tubes, which is determined by the initial and final creep tube 

diameters, do and df as follows, e a = (d s - d o ) / d  o Obviously, the creep rate gl and 

diametral strain rate ka are simply related to each other: i l  = ~a/(r + 1) Also, the stress- 

free voidage and swelling rates, 12o and So are mutually related as follows 120 = So/(1 + S o) 2 

Recently, the authors of Ref [2] investigated the relationship between swelling and 
irradiation creep using eight sets of pressurized tubes, representing two heats of 20% cold- 
worked 316 stainless steel irradiated at either 550~ 575~ 600~ and 670~ in the FFTF- 
MOTA to doses of  79-84 dpa. Experimental data on the stress dependence of diametral strain 
and void swelling in Core 1 tubes irradiated at 550~ to 80 dpa are shown in Fig. 2 [2]. If we 
take only the stress-free swelling value from diameter measurements, one finds that at 550~ 
and 80 dpa S, %= 13.3 (1+ Mho'hoop) withMh= 4.5 x 10 .3 MPa 4. To calculate the dose rates of  
diametral strain at stress levels of 0, 35, 70 and 117 MPa the experimental data on diametral 
strain at 550~ were best fitted using the functionA(dpa)". 

Experimental data on the diametral strain and results of fitting are shown in Table 1. In an 
attempt to determine the value of No, it was supposed that Q>I up to 80 dpa in 20% cold- 
worked 316 stainless steel at 550~ that the function W equals unity, i.e the point defect 
recombination is negligible and eq (35) was used. The stress cr in eq (35) was taken as the 
hoop stress 

The value of the bias factor B was taken to be equal to 2.6% The calculated values of the 
sink ratios Q are equal to 47.0, 20.8 and 4.46 at 24, 37 and 80 dpa respectively. The calculated 
values of Do are shown in Table 2. The average value of No is equal to (1 07 + 0 25) x 10 "3" 

MPa l.  Using the average value of No =1.07 x IO-3-MPa 4, from eq (32) one can calculate the 
parameters ~(~) and ~(2) : ~0) =1.45 x IO4 MPa -1 and ~(2) =1.03 x IO4 MPa 4. 

Table 1 - Experimental data on diametral strain in 20% cold-worked 316 stainless steel at 
550 ~C [ 2 ] and results o f  their best fitting with A (~a)" 

Parameter 

24 dpa 
37 dpa 
80 dpa 

A, 10"~% 

Diametral strain Ca, % 

Hoop stress 
0MPa 
0.13 

Hoop stress 
35 MPa 

0.41 

Hoop stress 
70 MPa 

0.68 
0.47 1.22 1.88 
4.42 6.77 10.0 

2.136 35.54 69.55 
n 2.793 2.290 2.185 

Hoop stress 
117 MPa 

1.40 
3,60 
14.5 

430.6 
1.855 

These magnitudes of ~(1~ and ~(2) are higher at least by two orders of  magnitude as 
compared with the ones predicted in Refs. [3,10] on the basis of  SIPA mechanism of 
irradiation creep arising from of  the inhomogeneity interaction between point defects and 
dislocations. Such a result is in agreement with the conclusion made in Ref. [12] where 
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irradiation creep due to elastodiffusion has been examined, i.e. anisotropic diffusion 
induced by applied external stress. Using point-defect data generated by computer 
simulation, the author of  Ref. [12] found that creep rates due to elastodiffusion in iron and 
copper are to be up to thirty times larger than those due to SIPA mechanism treated in 
Refs [3,10] 

It is of.interest to point out that eqs (26) and (29)-6 predict the maximum value of the Bo 
parameter (m the case when Q>>I and ~=1) of 9 x 10 (MPaxdpa) 

Table 2 - Calculated values of  No in 20% cold-worked 316 stainless steel that was irradtated 
in FFTF-MOTA at 550 ~C [2] 

Dose, 
dpa 

No, 10"4 MPa "l 
Hoop stress 

35 MPa 
Hoop stress Hoop stress 

70 MPa 117 MPa 
24 9.17 6.77 
37 12.9 9.15 
80 19.1 11.5 

8.90 
10.5 
8.61 

According to Ref [13] in creep tubes of  the Nb-stabilized 1 4981 stainless steel irradiated 
the fast reactor Rapsodie at hoop stresses from 0 to 200 MPa, the magnitude of Mh in the 
equation S=So(I+ Mh~oop) depends on irradiation temperature. At temperatures of  405, 440 

-3  -3  -1  �9 �9 and 480~ Mh is equal to 0, 1.8 x 10 and 5 x 10 MPa , respectwely. Converting the hoop 
�9 -3  -1 �9 

stresses to the effective ones, one obtains that M ranges from 0 to 5.8 x 10 MPa m the 
temperature interval of  405 - 480~ On the basis of  eq (24) one can expect that either the 
values of ~ increase, and/or the bias factor decreases with increasing irradiation temperature 
For the present, the origin of  such a temperature behavior of these parameters is not clear, 
however 

C o n c l u s i o n s  

From the analysis made above one can conclude that both the irradiation creep in 
austenitic stainlees steels and its interrelationship with void swelling can be appropriately 
described on the basis of  the SIPA mechanism. The predicted linear dependence of swelling on 
hoop stress is in agreement with available experimental data. The consideration of the widely 

used relationship g,c/cr = B o +D,~ describing the relative rates of irradiation creep and 

swelling leads to a conclusion that the parameter Bo depends on dose The parameter D 
depends on applied stress as follows: D-Do/(I+Mcr), where M is the parameter which 
determines the linear dependence of  swelling on stress and Do is the material parameter. This 

allows us to relate the irradiation creep dose rate to the stress-free swelling dose rate So as 

follows: ~,c / cr = B ~ + No,~ ~ + S o)2. A decrease of the parameter D with increasing hoop 

stress was observed recently by Garner and coworkers in creep tubes made from the 20% cold- 
worked 316 stainless steel neutron irradiated at 550~ up to 80 dpa [2]. In the case when the 
point defect recombination is negligible and sink strength of precipitates can be neglected, the 
dose dependence of Bo as well as of the stress-free swelling is determined only by the ratio of 
sink strengths of  dislocations and voids In such a case the ratio of the sink strengths can be 
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calculated from experimental data on the dose dependence of stress-flee swelling that allows 
the constant No to be obtained if the parameter Mis known. With the parameters No and Mit is 
possible to determine the stress dependence of the bias factors for dislocations oriented 
differently in respect to the direction of applied load. 
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Abstract: Swelling behavior and microstructural evolution of  12% cold-worked 316 SS 
hexagonal ducts following irradiation in the outer rows of  EBR-II is described. 
Immersion density measurements and transmission electron microscopy (TEM) 
examination were performed on a total of  seven irradiation conditions. The samples were 
irradiated to temperatures between 375 and 430~ to doses between 23 and 51 dpa and at 
dose-rates ranging from 1.3 x 10 -7 to 5.8 x 10 -7 dpa/s. Dose-rates and temperatures 
approach conditions experienced by a variety of  components in pressurized water 
reactors (PWR's) and those which may be present in future advanced reactors designs. 
TEM analysis was employed to elucidate the effect of  radiation on the dislocation, void 
and precipitate structures as a function of irradiation conditions. A moderate dose-rate 
effect was observed for samples which were irradiated at dose-rates differing by a factor 
of two. Lower dose-rate samples contained voids of  larger diameter and typically 
swelled more in the bulk. The dislocation and precipitate structure was not visibly 
influenced by a dose-rate decrease. 

Keywords: radiation effects, austenitic stainless steels, swelling, voids, transmission 
electron microscopy 

Introduction 

Austenitic stainless steels continue to play a prominent role both as a major 
structural component in existing light water reactors and in future advanced reactor 
concepts. Swelling and radiation-induced microstructural changes in austenitic stainless 

[ 

Argonne Nataonal Laboratory-West, Box 2528, Idaho Falls, ID 83403-2528. 
-Argonne National Laboratory, 9700 South Cass Ave Ar~,onne, IL 60439-4803. 
3japan Nuclear Cycle Develo;ment Institute, 4002, N'ari~a~-Cho, O-Arai-Machi, 

Ibaraki-Ken, 311-1393 Japan. 

413 

Copyright�9 by ASTM International www.astm.org 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



4 1 4  EFFECTS OF RADIATION ON MATERIALS 

Table 1 - Independent chemical analysis of base alloy composition. 

C Mn P S Si Cr Ni Mo N Fe 

0.03 1.58 0.021 0.018 0.54 17.36 10.98 2.38 0.017 Bal. 

steels have been documented extensively over a wide range of dose and temperatures 
mainly associated with irradiation environments found in fast reactor cores[I-3]. 
Because of the substantial amount of evidence that indicates swelling and microstructural 
evolution will be dependent on dose-rate, it is essential that the impact of dose-rate be 
more fully investigated. 

With the shutdown of the Experimental Breeder Reactor-II (EBR-II), the opportunity 
has presented itself to examine the effects of low dose-rate irradiation on a variety of 
components retrieved from outer rows of the reactor and specifically address swelling 
and microstructural changes in materials irradiated further from the core center where 
nearly all previous materials test were performed. 

For this study, two hexagonal ducts used to house the reflector subassemblies were 
removed and sectioned for analysis. Because of gradients in dose, dose-rate, and 
temperature, a variety of samples experiencing different irradiation conditions can be 
obtained from a single hex duct. By comparing ducts placed at various distances from 
the reactor core and samples taken from various positions along the length of an 
individual duct, the effect of temperature, dose and dose-rate can be explored. 

Experimental 

TEM microstructural characterization of irradiated 12% cold-worked 316 stainless 
steel (SS) has been performed on 7 of 40 samples for which density measurements have 
been reported previously [4]. The 40 samples were sectioned from one of two hex ducts 
(U9861 and U9922) retrieved from EBR-II following long-term irradiation. Samples 
taken from U9861 (row 8 of EBR-II) experienced a dose-rate of approximately twice that 
ofU9922 (row 9 of EBR-II) for the same axial position. 

The base alloy composition as provided by the vendor is shown in Table 1, while a 
list of the 7 samples examined from the two different hex ducts along with the irradiation 
parameters is provided in Table 2. Four 3 mm TEM discs were punched from each of 
seven thinned 3/4 inch density discs sectioned from hexagonal duct flats. The TEM discs 
were then prepared both as thin foils and extraction replicas and observed in a 200 kV 
JEOL 2010 TEM equipped with a double tilting specimen stage and energy dispersive x- 
ray (EDX) detector. 

Void diameters were measured for approximately 250 voids from several different 
regions in each sample in order to obtain overall size distribution profiles. In taking 
images of the voids, a large deviation from the Bragg condition was used in order to 
minimize interfering contrast from the dislocation structure. Precipitate identification was 
performed using extraction replicas. Many of the grain boundary precipitates could not 
be extracted, so they were identified in the bulk by electron diffraction. It was not 
possible to obtain compositional information in the bulk because the high radiation fields 
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of the samples would overload the EDX detector. Precipitate identification was 
performed using techniques of selected area diffraction, microdiffraction and EDX. 

Precipitate identification was performed using a commercial software application to 
match scanned diffraction patterns to computer generated patterns produced from 
crystallographic data of  known phases in both unirradiated and irradiated stainless 
steels[5, 6]. Combining crystallographic and composition information allowed a majority 
of the phases present in the samples to be identified. 

Results 

Because there were no archival hex can samples available from the same lot of 12% 
316 SS as that which had been irradiated, samples from a different lot, but which had 
undergone similar thermornechanical treatment, were prepared as thin foils to evaluate 
the pre-irradiated microstructure. Figure 1 provides a TEM image of the unirradiated 316 
hex can. The grain size is fairly large, and there is a substantial density of  dislocations 
due to the initial 12% cold working. Additionally, there is a high density of  extended 
defects which were identified as twins using electron diffraction. Twinning at higher 
levels of strain is a common mode of deformation in low stacking fault materials such as 
austenitic stainless steel. The grain boundaries are free of  second phase precipitation 
with a few large inclusions scattered randomly throughout the single phase austenite 
matrix. 

A representative lower magnification image of hex duct U9861 El5 following 
irradiation is shown in Figure 2a. The image reveals an extremely dense population of 
radiation-produced features. The dense dislocation line networks seen in the unirradiated 

Figure 1 - Unirradiated 12% CW316 SS exhibiting high 
dislocation density and deformation twins. 
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COLE ET AL. ON STEEL HEXAGONAL DUCTS 417  

Figure 2 - Irradiated 12% CW 316 SS, a) Sample U9922 N15 exhibiting high 
irradiation produced defect densities and the presence of deformation 
twins, b) higher magnification image of deformation twins in hex duct 
U9922 N15. 

cold worked sample can no longer be observed. Because of the high image contrast and 
small size of the voids, they can not be seen at this magnification. The radiation damage 
appears to be quite homogeneous at this scale. As in the unirradiated case, there is a high 
density of deformation twins resulting from the initial cold work state (Figure 2b 
provides a higher magnification image of  the twins). There was no clear evidence of 
regions denuded of voids adjacent to the grain boundaries in any of the samples 
examined. 

Void Structure 

Table 2 shows the measured average void diameters and void density for each 
sample. TEM images of 6 pairs of hex duct samples are provided in Figure 3 going from 
lower to higher dose (left to right), and higher to lower dose-rate (top to bottom). For all 
but the highest dose, there appears to be a slight increase in void size with decreasing 
dose-rate. Void density changes with dose rate are inconsistent. The two samples 
irradiated at ~376~ to 23 dpa (E2 and N3) show essentially no change in void density 
with decreasing dose-rate. The void density decreases with decreasing dose-rate at 35 
dpa (El4 and N15) and increases with increasing dose-rate at 50 dpa (E4 and N8). 
Differences in irradiation temperature (although small) among these samples may play a 
role in these inconsistencies. 
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418  EFFECTS OF RADIATION ON MATERIALS 

Figure 3 - Void images in hex ducts a) U9861 E2, b) U9922 N3, c) U9861 El4, d) U9861 
N15, e) U9861 E4, and J) U9922 N8. 

Figure 5 - WBDF images of lhe dislocation structures in the 316 Stainless steel hex ducts." 
a) U9861 E2, 376"C, 23.2 dpa, 2. 7x 10 -7 dpa/s, b) U9922 N15, 414~ 35. 7 
dpa, 1.97x lO-7 dpa/s, c) U9922 N8, 407~ 51.1 dpa, 2.82x lO-Tdpa/s. 

The data in Table 2 illustrate that the size distributions and densities of  voids roughly 
correspond with swelling calculated from bulk density measurements (immersion 
density) as described in an earlier study on the same materials[4]. The swelling due to 
voids alone can be calculated using: 

A V _  (4l 3)ItR3N 
V 1 -  (4/3)gR3N (1) 
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COLE ET AL ON STEEL HEXAGONAL DUCTS 419  

Figure 4 - Samples irradiated to approximately 25 dpa at 
430~ and a dose-rate o f l .4  x 10-7 dpa/sec. 

where R is the average void radius and N is the density of voids. These calculated values 
are also shown in Table 2 for all the samples examined. For specimen N9, the calculated 
swelling from the voids is larger than the bulk swelling calculated from immersion 
density measurements. This is consistent with the bulk densification observed in several 
of the samples. Densification typically occurred in samples which had been irradiated at 
temperatures above -386~ to a dose below 30 dpa. 

Figure 4 shows the void microstructure of sample U9922 N9 which was irradiated at 
429~ to a dose of 24.7 at a dose-rate of 1.4 x 10"dpa/sec. Sample U9922 N3 (Figure 
3b) was irradiated to the same dose at a comparable dose-rate but at a temperature of 
~376~ Comparing the images and the data in Table 2 reveals that with an increase in 
temperature of-55~ void size nearly doubles and the void density is nearly halved. 

Dislocation Structure 

WBDF images of  the dislocation structures reveal a high density of  loops and 
network dislocations. Representative images of the dislocation structures in samples 
irradiated from lowest to highest dose (left to right) are provided in Figure 5. The images 
presented in the figure are taken at an operating g-vector o f< l  11>. The images reveal a 
high density of faulted Frank dislocation loops which have a Burgers vector of  1/3<111> 
and are sessile on the slip plane. There is a complete absence of unfaulted perfect 
dislocation loops (Burgers vector of  1/2<110>). The absence of loops which are 
unfaulted indicates the high stability of faulted loops in the 316 SS alloy. Detailed 
quantitative analysis of the loop structure will not be reported at this time but will be 
reported in a future paper. Significant differences in dislocation structure were not 
observed as a function of temperature and dose-rate in the ranges investigated. However, 
with increasing dose, there appeared to be a substantial decrease in the density of faulted 
loops with a concurrent increase in the dislocation network density. This observation is 
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consistent with the concept of loop growth and unfaulting to form the network with 
increasing dose[I-3]. 

Precipitate Structure 

A substantial amount of small irradiation-induced/enhanced precipitation occurred in 
the hex ducts both on the grain boundaries and within the grain interiors, while the bulk 
matrix maintained its austenite crystal structure. Precipitates were present in all of the 
samples examined and ranged in size from approximately five nanometers to several 
hundred nanometers. 

Many of the larger precipitates (>100 nm), as presented in Figure 6a, were rich in Ti. 
The vendor provided chemical analysis did not include Ti, and it is present as an 
impurity. The presence of the such Ti-rich precipitates was confirmed on a bulk TEM 
disc using wavelength dispersive spectroscopy (WDS) in an SEM. The large Ti-rich 
precipitates are most likely TiO inclusions often found in commercial purity stainless 
steels, originating from the steel making process. Another Ti-rich precipitate was also 
identified which had the crystal structure of TiC, but contained other elements (Cr, Fe, 
Ni, Mo). Figure 6b provides an image of such a TiC precipitate extracted from the 
matrix. These precipitates were much smaller (<100 nm) than the former Ti-rich 
precipitate and also more abundantly distributed throughout the grain interiors. 

Additional phases identified in the hex ducts by electron diffraction include M6C, 
M23C6 and M7C3 (Figures 7 provides an images of an M6C precipitate on a grain 
boundary). M6C precipitates were much more common than M23C6 or M7C3 and were 
frequently found to nearly continuously decorate grain boundaries in the higher dose 
samples. Other phases infrequently observed were a sulfur-rich precipitate (possibly 
MnS) and an extremely small (<10 nm) Fe-rich intermetallic phase that was likely chi 
phase but could not be positively identified because of its small size and low volume 
fraction. Precipitation in the hex ducts was fairly inhomogeneous, as there were regions 
that showed a prevalence of one type of precipitate and a complete absence of other 
types. Intermetallic phases laves and sigma were not observed in the replicas or in the 
bulk, but have been observed in several studies at higher temperatures[6-8]. 

Figure 6 - a) large unidentified Ti-rich precipitates extracted from hex duct U9861 E2 
(Possibly TiO), b) Image of extracted TiC precipitate. 
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Figure 7 - Grain boundary M6C precipitate found in hex duct 
U9922 N15 (TEM thinfoil image). 

Discussion 

Sample pairs were chosen to compare the effect of temperature, dose, and dose rate 
on microstructural development. 

Effect of Temperature 

Samples N3 and N9 were irradiated at a 55~ difference in temperature, but with 
similar dose-rate and dose (24 dpa, 1.3 x 10 -7 dpaJsec) .  The swelling for these samples 
has been calculated from immersion density measurements (see Table 2). Although the 
bulk swelling of sample N3 is substantially greater than N9 (0.21% and 0.01% 
respectively), calculated swelling from voids (AVN) reveal that N9's swelling should be 
slightly greater. As mentioned earlier, analysis of the density measurements of 12% 
cold-worked 316 stainless steel[4] indicated that at higher temperatures (>386~ and 
low dose (<30 dpa), sample density increases (densification). Significantly, densification 
did not occur at lower temperatures (<386~ for any of the samples. Densification has 
been attributed to a lesser extent to the rearrangement of the dislocation structure, and to 
a greater extent formation of a large volume fraction of precipitates with a consequent 
decrease in volurne[7,9]. The irradiation temperature also affected the swelling rate at 
higher dose. The swelling rate at doses greater than 30 dpa is greater at higher 
temperature (>386~ than at lower temperature. The differences in low dose 
densification and high dose swelling rate are illustrated in the graph shown in Figure 8. 
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Figure 8 - Swelling as a function of dose for three temperature regimes. 
For higher temperatures, the low dose densification and the 
high dose swelling rate are greater. 

The graph illustrates that at lower dose the swelling rate is diminished in the temperature 
range between 400 and 444~ while with increasing dose the swelling rate approaches 
that of the lower temperature samples (376-386~ and eventually surpasses it. The void 
sizes and densities of samples N3 and N9 indicate a possible explanation for why the 
higher temperature samples have a greater swelling rate at higher dose. Even though the 
swelling of sample N9 is less than N3 at -25 dpa, sample N9 has an average void size 
twice as large as sample N3. This larger void size will promote proportionately greater 
swelling as the density of the voids increases with increasing dose. 

Differences in precipitate distribution and morphology as a function of temperature 
over the range investigated were not apparent in either the TEM thin foils or the 
extraction replicas. Compositions for a particular precipitate type varied substantially 
among and within the replicas and elements detected in an individual precipitate type 
were not detected in all of the precipitates of that type. For example some of the TiC 
precipitate contained Mo while others did not. Because of the variability in precipitate 
composition, a temperature effect on composition could not be discerned. 

Effect of Dose 

Samples N8 and N15 were irradiated to different doses (50 and 35 respectively), but 
at similar temperature and only slightly different dose rate (~410~ at dose-rates of -2 .8  
x 10 -7 dpa/sec and 2.0x 10 -7 dpaJsec respectively). The measured swelling of sample N8 
is 5 times larger than that of N15. At higher dose (sample N8), the void density and size 
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Figure 9 - Void diameter distributions for samples U9922 N15 and N8. 

are greater, causing the increased swelling. At increasing dose, not only do the voids 
become larger and more prevalent, but the distribution becomes more sharply peaked. 
Figure 9 shows the void distributions for samples N15 and N8. The void distribution 
becomes localized in a narrower range of  diameter as the voids grow. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



424 EFFECTS OF RADIATION ON MATERIALS 

Figure 10 - Dose comparison of precipitation behavior in 316 hex ducts, a) 35. 7 dpa 
at 414~ and b) 51.1 dpa at 407~ 

Representative images of U9922 N15 and U9922 N8 extraction replicas are provided 
in Figure 10. The higher dose samples have a greater density of  precipitates, and in the 
regions examined there appeared to be fewer of the large TiO precipitates. Comparing 
the Cr and Ni compositions from the MtC precipitates in samples U9861 E2 and E7 and 
U9922 N15 and N8 suggested that an increase in the dose resulted in a slight depletion of 
Cr and with a concurrent enrichment of  Ni. This trend was observed for the majority of 
the M6C precipitates examined. Other precipitate types examined did not show a 
statistically significant effect of  dose on composition. 

Effect of Dose-Rate 

Referring to Table 2 and Figure 3, sample pairs E2/N3, E4/N8 and E14/N15 were 
irradiated at different dose-rates, but each pair was irradiated at similar temperature and 
dose. The difference in dose-rate is about a factor of  two for each of these pairs. Both 
the calculated void swelling and measured bulk swelling are greater at the lower dose- 
rate for all three pairs of  samples. Void diameters was also consistently greater at the 
lower dose-rate, while the overall void density, as mentioned previously, varied. The 
data show that the increases in void diameters and bulk swelling due to decreasing dose- 
rate were seen at all temperatures and doses examined. However, these differences did 
not translate into a observable difference in mechanical properties as reported in a 
companion paper in these proceeding[10]. Similar increases in swelling with decreasing 
dose-rate have been observed in 304 stainless steel[11,12]. 

Conclusions 

EBR-II 12% CW 316 stainless steel hexagonal ducts were examined in the 
transmission electron microscope. Observed swelling reached a maximum of 1.6% at a 
dose of approximately 50 dpa. Sample densification occurred at lower doses (<30 dpa) 
and temperatures above approximately 400~ Void diameters increased with both 
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temperature and dose. Over the dose-rate ranges examined there appeared to be a 
moderate increase in swelling as dose-rate decreased, corresponding to an increase in 
void size. The dislocation structure was composed of faulted dislocation loops and dense 
networks of line dislocations. Loop density decreased and network density increased 
with increasing dose. 

Substantial precipitation was observed in all of the hex ducts examined. Trends that 
could be discerned as a function of irradiation parameters include an increase in small- 
precipitate density as a function of dose as well as a moderate depletion of Cr and 
enrichment of Ni with dose. The majority of the identified precipitates were chromium- 
rich carbides. 
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Abstract: Void swelling and radiation-induced segregation have been measured in 304 
stainless steel. Samples were irradiated in the outer regions of the EBR-II reactor where 
displacement rates of 2.0x10 8 and 6.6 x l0  8 dpa/s are comparable to those in pressurized 
water reactor components. Samples were irradiated at temperatures from 371-390~ to 
total doses of up to 20 dpa. Void swelling reached a maximum of 2 % at 20 dpa. Nickel 
enrichment and chromium depletion to of 20 at% and 12 at% respectively were 
measured. Both void swelling and radiation-induced segregation were dependent on dose 
rate, increasing as the dose rate decreased. Grain boundary compositions were measured 
both near and in areas free of precipitates. The presence of a precipitate significantly 
changes the grain boundary compositions near the precipitate. 

Keywords: void swelling, radiation-induced segregation, austenitic steels 

Introduction 

For operating nuclear reactors, many core components are constructed from 304 
stainless steel [1]. Performance of 304 stainless steel under long-time, low dose rate 
irradiation is important to extended life operation. The dose rates for typical pressurized 
water reactor (PWR) components range from about 1.4xlff 7 dpa/s for components in the 
inner core region to 1.4x10 1~ dpa/s for the core barrel (these displacement rates are 

'Argonne National Laboratory-West, PO Box 2528, Idaho Falls, ID 83403-2528. 
2Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831. 
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428 EFFECTS OF RADIATION ON MATERIALS 

calculated using fast neutron fluences from [2] converted to dpa using 0.7x1021 n/cm2=l 
dpa [3]), with thicker components reaching temperatures up to 400~ [4]. 

As part of the Experimental Breeder Reactor (EBR-II) reactor materials surveillance 
(SURV) program [5-9], test samples of 304 stainless steel were placed into EBR-II in 
1965, with the intention of determining microstructural, corrosion, and mechanical 
property changes due to irradiation and thermal aging. The peak displacement rate for the 
materials in the SURV subassemblies was approximately 6.5x10 -8 dpa/s. This 
displacement rate is about two orders of magnitude lower than used in a typical 
accelerated reactor materials test but within the range of displacement rates experienced 
by commercial light-water reactor (LWR) core components [4]. 

Following shutdown of the EBR-II reactor, surveillance test samples constructed of 
304 stainless steel were retrieved to determine the effect of low dose rate irradiation on 
mechanical properties and microstructure. In addition to the SURV specimens, a large 
quantity of hexagonal duct material, made of 304 stainless steel with a thickness of 
approximately lmm, was retrieved from the reflector region of the EBR-II. These EBR-II 
components were irradiated at temperatures greater than most PWR components. Even 
so, the material is valuable for understanding life extension problems in PWRs. Test 
samples can be irradiated in PWRs at operating temperatures, but to obtain the high doses 
expected at end of life, the samples are irradiated at a dose rate higher than experienced by 
actual core components. The EBR-II material is irradiated at a representative dose rate, 
but at a slightly elevated temperature. The scenario is illustrated in Figure 1. As the 
development of irradiated microstructure is both temperature and dose rate dependent, a 
high temperature or high dose rate test by itself is not entirely representative. An 
analysis that includes both high dose rate (operating PWR) and high temperature (EBR-II) 
data provides a greater opportunity to identify and understand mechanisms of radiation 
damage. 

This work reports on the swelling, microchemical, and microstructural changes that 
occur in 304 stainless steel irradiated at temperatures from 371-390~ Samples were 
irradiated at dose rates ranging from 2.0x10 -8 to 6.6 xl0 -8 dpa/s to doses of 20 dpa. 

Experiment 

Two analyses were performed on the 304 stainless steel samples: bulk swelling was 
measured using immersion density and microstructural and microchemical characterization 
was performed using transmission electron microscopy. Density samples were examined 
from six different surveillance (SURV) subassemblies irradiated in row 12 of EBR-II and 
from reflector hex cans irradiated in row 10 and 14 of EBR-II. SURV density specimens 
were prepared by sectioning an approximately 1 mm thick disk from the 1.1 lcm SURV 
hardness/corrosion specimens (see Figure 2). For the reflector subassemblies, three- 
quarter inch (1.9 cm.) diameter samples were punched at selected locations of the lmm 
thick hex cans using a remotely controlled hydraulic punch. 
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Figure 1-Analyzing both higher temperature and higher dose rate samples provides a 
better understanding of actual PWR materials effects, 

Figure 2-Dimensions of Surveillance (SUR V) hardness specimen 
Samples for microstructural and microchemical analysis were prepared from the 

density samples, The density disks were thinned in a hot cell to about 250 I, tm by 
mounting and grinding using standard metallographic sample preparation techniques. 
Three millimeter TEM sample blanks were then punched from these thinned disks using a 
special mechanical punch developed for hot cell use. TEM sample blanks were 
electropolished at -30~ using a 5% perchloric acid/95% methanol solution until electron 
transparent. Grain boundary compositions were measured using a Phillips CM200 FEG- 
STEM with an EMiSPEC X-ray analysis system. Other microstructural characterization 
was performed using a JEOL 2010 transmission electron microscope. 
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SURV specimens were irradiated to doses from 0.25 to 20 dpa at temperatures ranging 
from 371 to 390~ The dose rate, temperature, and final dose of each SURV density 
specimen depended on its axial location in the surveillance subassembly. The 
displacement rates varied from 3.1 x 10 -8 dpa/s to 6.5x 10 8 dpa/s. The temperature, dose, 
and dose rate of the reflector samples also depended on location in the core. Doses were 
calculated from reactor fluence using NJOY flux-to-dpa cross sections. 

For samples in which microstructure and microchemistry were analyzed, the 
irradiation history is provided in Table 1. The row 14 subassembly was moved once 
during its lifetime but spent the majority of time in row 14. While in position 14El0, 
samples were within 5~ of their average temperature. During the short period of time in 
position 8F4, the temperature was 390~ Immersion density, grain boundary 
composition measurements, and microstructural characterization were performed on all 
four conditions except for SURV Row 12 K-5 on which no grain boundary composition 
measurements were performed. 

Table 1-Sample History for TEM Samples 

Sample 

Refl Row 
14 

Refl Row 
10 

SURV 
Row 12 

K-5 
SURV 

Row 12 
K-6 

Reactor 
Grid 

Position 

8F4 
14E10 

10C2 

12E8 

12E8 

Time in 
Grid 

Position 
(MWD*) 

5951 
348584 

Dose Rate 
(dpa/s) in 

Grid 
Position 

2.9x10 -7 
1.5x10 -8 

Average 
Dose 
Rate 

(dpa/s) 

2.0x10 -8 

187505 4.7x10 8 4.7 xl0 "8 12.2 

215110 3.1x10 "s 3.1x10 8 8.9 

215110 6.6x10 "8 6.6x10 -s 19.6 

Dose 
(dpa) in 

Grid 
Position 

2.4 
7.6 

*MWD=Megawatt-Days 

Total Avg 
Dose Temp 
(dpa) (~ 

10 379 
12.2 378 

8.9 375 

19.6 389 

Density and microstructure samples were taken from three different lots of 304 
stainless steel. Because the subassemblies were fabricated from different lots of steel, 
differences in composition may be critical. Compositions from the SURV samples were 
measured prior to insertion in the reactor. Unirradiated archive material exists for the row 
10 subassembly, but not for the row 14 subassembly. Therefore, composition was 
determined from samples taken from both irradiated hex ducts using Inductively Coupled 
Plasma-Atomic Emission Spectroscopy (ICP-AES) for major elements and a LECO IR- 
412 Carbon Determinator for carbon. Table 2 provides the ICP-AES composition 
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measurements for each hex duct and the vendor specification chemistry for the SURV 
samples. The row 10 subassembly has a significantly smaller concentration of Mo. 

Table 2-Typical Compositions for Microchemistry Samples 

Element Row 10 Subassembly Row 12 SURV 
(at. %) (at. %) 

Row 14 
Subassembly 

(at. %) 
Cr 19.6 19.4 19.6 
Ni 8.5 9.4 9.1 
Fe 69.8 68.4 69.0 
Mo <0.02 0.12 0.07 
Mn 0.82 0.90 1.01 
C 0.4 0.4 0.5 
Si 0.92 1.3 0.76 

Results 

In the results section, the density and void distribution measurements are presented 
first followed by the grain boundary segregation measurements. 

Density and Void Distributions 

In Figure 3, swelling is plotted as a function of dose for both the row 12 surveillance 
samples and the row 10 and 14 subassembly samples. The swelling of the surveillance 
samples increases continually with increasing dose, reaching 2% by 19.6 dpa. For 
samples irradiated to doses near 10 dpa, the swelling increases for samples taken farther 
from the core center (irradiated at lower displacement rate). 

Figures 4 and 5 show micrographs and void size distributions for the row 10, 12, and 
14 samples irradiated to a dose near 10 dpa. The swelling increases with decreasing dose 
rate (larger row numbers). The row 14 sample (lowest dose rate) has a higher density of 
large voids and a symmetrical distribution about the average size. The row 12 and 10 
samples have a similar average void size, but the row 12 sample has a larger density of 
voids. The void size distribution in the row 10 and 12 samples have a positive skew with 
a tail of large void sizes up to about 30 nm. 
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Figure 3-Swelling as a function of dose for samples taken from Rows 10, 12, and 14. 

Figure 4-Micrographs of voids in samples from rows 14, 12, and 10. 
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Figure 
5- Void size distributions for samples from row 1 O, 12, and 14. A V/V is the swelling 

measured using immersion density 
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Figure 6-Void size distributions for SURV samples in row 12. 
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Void size distributions for the two SURV samples irradiated in row 12 are shown in 
Figure 6. These samples are from the same lot of steel and were irradiated in the same 
experimental subassembly, but at different axial heights. The higher dose sample was 
irradiated closer to the core centerline and experienced about twice the dose. The higher 
dose sample was also irradiated at a slightly higher temperature. For the sample irradiated 
to a larger dose and higher temperature, the average void size is larger and the density of 
voids is smaller. The void size distribution in the higher dose sample has a significant tail 
extending to larger sizes. 

Radiation-induced Grain Boundary Segregation 

Figure 7 indicates the change in grain boundary concentration for row 10 (12.2 dpa), 
row 12 (19.6 dpa), and row 14 (10.0 dpa) samples. As the displacement rate decreases, 
the amount of nickel enrichment and chromium depletion increases. Even at half the dose, 
the row 14 sample has greater radiation-induced segregation (RIS) of Ni and Cr than the 
row 12 sample. 

Figure 7-Radiation-induced grain boundary segregation in samples 
from rows 10, 12, and 14. 

Figures 8 and 9 show the grain boundary segregation for two different boundaries in 
the row 12 high dose (19.6 dpa) sample. In Figure 8, the segregation was measured near a 
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precipitate. The precipitate was Cr-enriched with a Cr concentration of 30 at%. Near the 
precipitate, the Cr concentration is lower than at grain boundary locations farther from 
the precipitate. Away from the boundary, the Cr concentration is 13-14 at%. The Ni 
concentration is very high nearest the precipitate and lower away from the precipitate. 

J Cr=13.5% 
GB measurement "1 Ni=18.8% 

d Cr=14.2% 
GB measurement 7 Ni=20.3% 

Profile j Cr=10.9%., 
24.2% ~ 

Cr=30.1% 
Ni=9.4% 

Precipitate 

25 

i . . . .  ~ . . . .  �9 . . . .  , . . . .  ~ . . . .  

N i ~  20 
.,~ ~ TM 

|0 . 15 
Distance from GB (nm) 

Grain Boundary near Precipitate 

Figure 8-Grain boundary segregation near a precipitate for a row 12 sample 

Figure 9 shows the grain boundary profiles and measurements on a precipitate free 
boundary in the row 12 high-dose (19.6 dpa) sample. The concentrations of Ni and Cr 
are relatively constant. Only the measurement in the thickest area of the sample shows 
noticeably lower Ni and higher Cr concentrations. Using the sum of the x-ray counts 
under the Fe, Ni, Cr, and Si peaks as a rough measure of thickness, the sample is roughly 
t.5 times as thick in the thickest area (Ni-18.1%) as compared to the thinnest area 
(Ni=23.8%). 

Discussion 

The implications of irradiation conditions on the swelling and RIS in 304 stainless steel 
are discussed below. 

Swelling 

Figure 3 showed the swelling of the EBR-II surveillance material as a function of dose. 
The swelling reached a maximum of 2% at 19.6 dpa. Austenitic stainless steel alloys 
eventually reach a terminal swelling rate of about l%/dpa [10]. At the maximum dose 
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analyzed (19.6 dpa), the 304 SURV material is still early in the transient portion of  the 
swelling versus dose with a swelling rate near 0. l%/dpa. 

Increasing Sample 
Thickness 

3O 4,,[ " '  

n=: : � 9  20 
�9  

Cr:10.8% / . ~  " 
. / r -  io[  GB measurement N1=23.8% e~ . . . . .  

Profile ~ Cr= 10.0% D~n~ from GB (nm) 
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Figure 9-Grain boundary segregation in a precipitate-free area for  a row 12 sample 

The effect of  dose rate on swelling can be seen by noting the relative swelling of  the 
row 10, 12, and 14 samples. For samples irradiated near 375~ and 10 dpa, swelling 
increases with decreasing dose rate. The row 14 and row 10 density measurements have 
been previously reported by Garner et al. [11], who, in a much larger study, showed a 
clear dependence of  swelling on dose rate in 304 stainless steel. 

The differences in void size distribution between the two row 12 samples (Figure 6) 
are likely to be due to differences in both temperature and dose. Void size is known to 
increase with increasing dose and the larger dose sample has greater swelling. Increasing 
the temperature is known to increase the void size and decrease the density. The higher 
temperature sample has larger voids and a smaller density. 
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Radiation-induced Grain Boundary Segregation 

The discussion of radiation-induced segregation is divided into two sections. First, the 
effect of dose rate on segregation is explained. Next, the effect of grain boundary 
precipitation on segregation is discussed. 

Effect of Dose Rate 

Theory predicts that radiation-induced grain boundary segregation depends on both 
temperature and dose rate [12]. Figure 10 plots model predictions for chromium 
depletion in 304 stainless steel. At temperatures around 375~ chromium depletion 
should increase with decreasing dose rate. The data from Figure 7 confirms this trend. 

0 

! ! ! i i i 

10 -9 dpa/s 10 -7 dpa/s 
5 dpa/s 

~ pa/s 

200 300 400 500 600 700 800 900 

Temperature (~ 

Figure 1 O-Relative chromium depletion as a function of  temperature and dose rate 

The row 12 and 14 samples have significantly greater molybdenum concentration than 
the row 10 sample. Segregation measurements in samples from Magnox reactor control 
rods (a 4 wt. % boron steel) irradiated at temperatures from 290 to 330~ and to doses 
from 0.04 to 0.35 dpa, indicated that increasing Mo content reduced the Cr depletion 
[13]. In the EBR-II samples, greater grain boundary chromium depletion occurs in the 
sample with greater bulk molybdenum concentration, contrary to the Magnox 
measurements. Examining Table 2, the differences in segregation do not correlate with any 
changes in bulk composition (there is no consistent change in bulk composition moving 
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from row 10 out to row 14 as there is with segregation). Since the differences in 
chromium depletion in the EBR-II materials do not correlate with differences in bulk 
composition, they are likely to be caused by dose rate differences. 

439 

Figure 11-Comparison of  Grain Boundary Segregation between inner row and 
outer row samples irradiated in EBR-1I. 
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Figure 12-Calculations indicate that even though the row 14 sample was moved once 
during its exposure, the RIS shouM have reached steady-state in the final position 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



440 EFFECTS OF RADIATION ON MATERIALS 

Dumbill measured segregation in an Fe-18Cr-15Ni alloy irradiated with neutrons at 
400~ to 12.7 dpa in EBR-II [14]. A dose rate was not reported, but a typical 
experimental location in EBR-II had dose rates on the order of 10 -6 dpa/s. The segregation 
measured by Dumbill is compared to the segregation measured in this study in Figure 11. 
The segregation is larger in the lower dose rate samples. In the work by Dumbill, the Fe- 
18Cr-15Ni alloy has a greater bulk nickel concentration and therefore would be expected 
to exhibit greater nickel enrichment [15] for similar irradiation conditions. The greater 
segregation in the EBR-II materials is likely attributable to a dose rate difference. 

The sample in row 14 was moved once during its lifetime, obtaining 7.6 of its total 10 
dpa in row 14. Figure 12 shows the calculated time to steady-state RIS for different dose 
rates and temperatures. For the row 14 dose rate of 2xl0 -8 dpa/s at 375~ RIS should 
reach steady-state by around 1-2 dpa. Since the row 14 sample received 7.6 dpa in 
position 14, it should be at steady-state and comparisons with row 12 and 10 samples are 
not likely to be affected by the sample movement. 

Effect of Precipitation 

As seen in Figure 8, the existence of a precipitate affects the grain boundary 
segregation. Near the precipitate, the Cr concentration is lower as diffusion of Cr to the 
precipitate reduces the Cr on the boundary. The Ni-depleted precipitate also rejects Ni 
and locally increases the Ni on the boundary. This precipitate did not show an increased 
Si concentration. The composition near grain boundary precipitates has a noticeable 
effect on the localized attack of electropolished samples. The 5% perchloric acid/95% 
methanol polishing solution tends to etch away precipitates and the surrounding regions. 
Heavily precipitated samples may be more susceptible to grain boundary corrosion. The 
precipitation is due to irradiation as similar precipitation was not found in the same 304 
stainless steel thermally aged at 371~ for 18 years. 

RIS and Void Swelling 

For irradiation temperatures near 375~ both the void swelling and radiation-induced 
grain boundary segregation increase with decreasing dose rate. The decreased dose rate 
reduces the fraction of point defects lost to recombination, allowing more to participate in 
diffusional events that lead to RIS or void formation and growth. Although the 
enrichment of slow diffusing nickel and depletion of fast diffusing chromium at the void 
surface reduces the subsequent flux of vacancies to the void surface [16], the major factor 
affecting void growth is the displacement rate. 
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Both void swelling and radiation-induced segregation have been measured in 304 
stainless steel irradiated in the EBR-II reactor. For temperatures near 375~ a dose of 20 
dpa causes 2% swelling. At 20 dpa, the swelling is still in the transient phase with a rate 
of about 0.1%/dpa. At temperatures near 375~ both void swelling and RIS increase as 
the dose rate decreases. Precipitation on the grain boundary can significantly affect the 
radiation-induced grain boundary segregation profiles in the vicinity of the precipitate. 
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Effect of Irradiation Environment of Fast Reactor's Fuel Elements on Void 
Swelling in P, Ti-Modified 316 Stainless Steel 

Reference: Akasaka, N., Yamagata, I., and Ukai, S., "Effect of Irradiation Environment of Fast 
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Grossbeck, T. R. Allen, and A. S. Kumar, Eds., American Society for Testing and Materials, West 
Conshohocken, PA, 2001. 

Abstract: The difference in swelling behavior of P, Ti-modified 316 stainless steel 
(PNC316) between sample irradiation using material irradiation vehicle (e.g. 
FFTF/MOTA) and fuel assembly irradiation in FBR was investigated. From the 
evaluation of the dose dependence in the swelling of PNC316, it is clearly shown that 
swelling of claddings irradiated by fuel assemblies occurred earlier than the swelling 
of samples irradiated by material irradiation vehicle in the range of irradiation 
temperatures from 723K to 823K. The microstructural evolution of the claddings 
irradiated by fuel assemblies, which is represented by void formation, should be 
mainly affected by the irradiation environments: irradiation temperature history, 
temperature gradient within the thickness of the claddings, and by the primary and 
secondary stresses within the cladding during irradiation. 

Keywords: 316 stainless steel, neutron irradiation, fast reactor, irradiation history, 
swelling 

Introduction 

The core materials for fast breeder reactors require having good mechanical 
properties at high temperature, high dimensional stability against fast neutron exposure 
and resistances for other deterioration in the qualities of materials. The most 
important problem to be solved is the suppression of swelling under the neutron 
irradiation when the austenitic stainless steels are applied to the core material of fast 
breeder reactors. It is not too much to say that the key to success for long life fuel 
assembly of fast breeder reactors made of austenitic stainless steel is the improvement 
of the swelling resistance of the material. 

The first resulting material in our material development program is a 20% cold- 
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Engineering Center, Japan Nuclear Cycle Development Institute, 4002 Narita, O-arai, 
Ibaraki 311-1393, Japan. 
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worked P,Ti-modified 316 stainless steel which is optimized within the chemical 
composition range of the Japanese Industrial Standard (JIS) SUS316 and has a typical 
composition of Fe-16Cr-14Ni-0.05C-2.5Mo-0.8Si-0.025P-0.004B-0.1Ti-0.1Nb [1]. 
This material has been designated PNC316. The swelling data of this material have 
been taken until now using sample irradiation vehicle (e.g. FFTF/MOTA) [2] and fuel 
assemblies [3]. In recent years the swelling data were taken from high dose irradiated 
fuel cladding. These data show that the swelling behavior of claddings irradiated by 
fuel assembly is not like the swelling behavior of samples of cladding irradiated by 
sample irradiation vehicles. 

Recently, many investigations of the effect of irradiation temperature history on 
microstructure change have been energetically carried out [ e.g. 4-6 ] since this effect 
was pointed out [e.g. 7,8]. The irradiation conditions of fuel assembly of fast breeder 
reactor, such as irradiation temperature, stress state of material and so on, change 
continuously with burn up of MOX fuel. But the influences of changing these 
irradiation conditions on swelling behavior are not sufficiently clear. Seran et al. 
reported that the temperature and swelling gradient in cladding wall led to enhanced 
swelling [9]. Therefore, the assessment of the influence of peculiar irradiation 
conditions of fuel assembly on irradiation behavior is very important for designing and 
life estimation of fuel assembly. 

In this study, the reason for enhanced swelling on fuel cladding of fast breeder 
reactor is discussed based on the differences of irradiation environment between the 
sample irradiation vehicle and fuel assembly. 

Experimental Procedure 

Cladding samples and fuel claddings used in this experiment are made of 
PNC316. The chemical composition, solution treatment condition, and cold-working 
level of claddings are listed in Table 1. Dimension of the claddings is the MONJU 
type of 6.5 mm in diameter, 0.47 mm in thickness. The samples were irradiated in 
FFTF/MOTA [10] and Phenix P-4 which were sample irradiation vehicles. The 
irradiation temperature ranged from 405 to 670~ and the maximum neutron dose was 
as high as 205 dpa at 405~ The fuel pins were assembled in two sets of JOYO C- 
type fuel irradiation vehicles [11] and a fuel irradiation assembly in FFTF. The 
maximum neutron dose was as high as about 105 dpa at core midplane. 

Table 2 summarizes the irradiation vehicles and swelling evaluation methods. 
The samples that were irradiated in FFTF/MOTA were periodically discharged and 
diameter measurements were made prior to reinsertion into the reactor. The swelling 
was obtained from the diameter change assuming isotropic deformation. The samples, 
which completed irradiation in both ofPhenix P-4 and FFTF/MOTA up to target 
neutron dose, were also measured for density. The fuel pins in the fuel assembly, 
which completed irradiation in Joyo and FFTF up to target burnup in MOX fuel, were 
cut into about 20 mm lengths, and these specimens were also measured for density 
after defueling. Some specimens that were irradiated with both sample irradiation 
vehicles and fuel irradiation assemblies were analyzed for their microstructures using 
transmission electron microscopy (TEM). 
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Table 1 - Chemical composition, solution treatment condition, and 
cold-working level of claddings. 

Chemical Composition(wt%) 
L~. C P Si Mn Mo B Ti Nb+Ta 

K554 0.052 0.028 0.82 1 .83  2.49 0.0031 0.080 0.079 
$554 0.047 0.030 0.92 1.74 2.50 0.0039 0.097 0.070 
$553 0.048 0.031 0.93 1.78 2.51 0.0044 0.098 0.073 

60MK 0.054 0.028 0.78 1.72 2.35 0.0039 0.078 0.080 
60MS1 0.057 0.026 0.79 1 .85  2.54 0.0036 0.075 .0.095 

Chemical 
Lot. Composition (wt%) 

Ni Cr Fe 
K554 13.84 16.52 bal. 
$554 13.74 16.50 bal. 
$553 13.81 16.60 bal. 

60MK 13.45 16.22 bal. 
60MS1 13.72 16.33 bal. 

Solution Treatment Cold-Working 
Condition Level (%) 

1080~ x 2min. 19 
1085~ x lmin. 19 
1085~ x lmin. 19 
1080~ x 2min. 18 
1095~ x lmin. 20 

445 

Table 2 - The summary of irradiation test vehicles including irradiation 
condition and swelling evaluation Methods. 

Irradiation 
Vehicle 

Lot. of 
Irradiated 
Cladding 

K554 
$554 
K554 
$554 
$553 
$553 

60MK 

Phenix/P-4 

FFTF/MOTA 

Joyo/C2M 
Joyo/C3M 

FFTF/MFA-1 

Irradiation Condition 

60MS1 

Temprature 
Range (~ 

420-650 

Maximum 
Neutron 

Dose (dpa) 

95 

405-670 205 

380-620* 44 
380-590* 89 

390-620* 107 

Swelling 
Evaluation Remark 
Methods 

Diameter 
Density Sample 

Diameter 
Densit), Sample 

Densit~r Fuel 
Density Fuel 

Density Fuel 

*) Average temperature range of fuel pin during irradiation period 

Result 

Swelling Behavior 

Figure 1 (a) shows dose dependence on swelling of samples irradiated by sample 
irradiation vehicles. Swelling of these samples occurred slightly up to 100 dpa at the 
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nominal temperature range of cladding of fast breeder reactor. This result shows that 
the cladding tube made of PNC316 has a high swelling resistance in sample irradiation. 
Over 100 dpa of neutron dose, swelling occurred distinctly at lower irradiation 
temperature range around 400~ but very low swelling occurred continuously at 
higher irradiation temperature ranges around 550~ 

Figure 1 (b) shows dose dependence on swelling of cladding specimens 
irradiated by fuel irradiation assembly. It is a striking difference, compared with the 
results of swelling behavior of samples irradiated by sample irradiation vehicles, that 
swelling of fuel claddings at the irradiation temperature ranged from 450~ to 550~ 
occurred at lower neutron dose and that the swelling rate seems higher. At the 
irradiation temperature except from 450~ to 550~ it is not clear that there is a 
difference of swelling behavior of claddings compared with samples, because neutron 
dose of claddings irradiated by fuel assembly at this temperature ranges were relatively 
low at this temperature. 

Microstructural Observation 

For the purpose of investigating the difference of swelling behavior between 
sample irradiation and fuel assembly irradiation, microstructural observation of 
cladding irradiated on both conditions was carried out. The irradiation temperature of 
observed specimens was selected around 500~ because there is distinct difference in 
swelling behavior between samples and fuel claddings. Figures 2 and 3 show 
microstructures of samples irradiated by sample irradiation vehicles and fuel claddings 
irradiated by fuel assembly, respectively. These microstructures were observed on 
thin foil specimens that were sectioned from the midwall region in the direction of 

15 

1 0  

0 

(a) 
O420,405oC / O  
A430,440,475~ / 
D490,495,515~ / r  
I 550,570oc /O 
m595, 605,615,620~ Q 
§ 650,670oc ~ 

O375-425~ * 
A425.475~ 
1-1475.525oc* 
I 525.575oc * 
m575-625~ 

15[(b) 

- 5  ! ! ! 

250 0 50 100 150 
Dose (dpa) 

-5 I I I i 
0 50 100 150 200 200 250 

Dose (dpa) 
Figure 1 - Dose dependence o f  swelling of  irradiated claddings at different 

temperature ranges," (a) Results on sample irradiation test, and 
(b) Results on fuel assembly irradiation 
(* Based on average temperature during irradiation period 

at midwall o f  claddings). 
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thickness. And the irradiation temperature of  fuel claddings corresponds to that of  
the cladding midwall averaged over the entire irradiation period, which was predicted 
by means of a code calculation based on the operation histories of  reactors. 

As shown in Figure 2, there are only a few voids, and there are some 
precipitates in the matrix of  the samples. These precipitates were classified into two 
types of  shapes. The first type of  precipitate shape is a blocky type. The size and 
density of  this precipitate were relatively large and low, respectively. These 
precipitates were identified as M6C by image of electron diffraction pattern and result 
of  composition analysis using EDX. The other type of  precipitate shape is a needle 

Figure 2 - Typical microstructures of PNC316 cladding irradiated 
with sample irradiation vehicles. 

Figure 3 - Typical microstructures of PNC316 cladding irradiated with 
fuel assembly (irradiation temperatures are average values 
during irradiation period). 
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type. The density of this precipitate was relatively high, and the formation of this 
precipitate was remarkable in the matrix of the samples that were irradiated at around 
550~ This needle-like precipitate seems to be phosphide of the type (Fe,Ti)P 
[12,13]. 

On the other hand, void formation of the fuel claddings occurred at lower 
neutron dose comparing with samples, as shown in Figure 3. It is clear from the 
evolution of microstructure that the swelling increases with increasing neutron dose as 
shown in Figure l(b) because of increasing void density. And formation of blocky 
precipitates was recognized in the matrix. This precipitate was identified as M6C 
and/or G-phase from electron diffraction pattern and EDX experiment as the same 
method as identification of precipitate in samples. The needle-like phosphides were 
also formed in matrix. But it is striking difference comparing with samples that the 
density and size of blocky precipitate are higher and smaller, respectively. The 
phosphides, which were formed in matrix at lower neutron dose, were dissolved at 
higher neutron dose indicating that the phosphides can become unstable under certain 
conditions, consistent with other such observations [12]. 

Discussion 

Microstructural Evolution 

As already shown above, it is clear that there are the differences of swelling and 
microstructural evolution between samples and fuel claddings. The major different 
points of microstructure between sample and fuel claddings are not only void structure 
but also precipitate formation and stability. In particular, formation of G-phase and 
Laves-phase occurred in fuel claddings at lower neutron dose comparing with samples, 
as shown in Figure 4. The size and density of G-phase and/or M6C in fuel cladding 
are finer and higher than samples, respectively. Dissolution of needle-like phosphide 
also occurred in fuel. 

G-phase and needle-like phosphide are radiation-induced precipitates [14]. 
The changing of formation behaviors of radiation-induced precipitates indicates the 
difference of point defect behavior between fuel claddings and samples. These 
precipitates are strongly related with swelling behavior [15-18]. Therefore, not only 
point defect behavior but also radiation-induced solute segregation and precipitate 
behavior affect void formation behavior. It is considered that these differences of 
irradiation behavior are caused by differences of irradiation environment between fuel 
claddings and samples. 

Differences of lrradiation Environments between Sample Irradiation Vehicle and Fuel 
Assembly 

Usually, samples such as the open tube of cladding has been enclosed in a 
capsule made of stainless steel, and the capsule has been set in the sample irradiation 
vehicle like FFTF/MOTA. The irradiation temperature of the sample is determined 
by heat transfer to coolant from sample and capsule that are uniformly generated heat 
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Figure 4 - Difference of precipitate boundary of G-phase and Laves between sample 
irradiation condition and fuel assembly irradiation condition 

by gamma-ray. Therefore, it seems that the temperature of samples during irradiation 
has been kept relatively constant if gamma-ray flux has not remarkably changed 
during reactor operation. Specially, FFTF/MOTA had control machinery of 
irradiation temperature with thermocouples and insulation gas controller. The inside 
of the capsule has been filled with static sodium. 

On the other hand, the irradiation environment of the fuel assembly has been 
changed dynamically compared with sample irradiation vehicle. With burning MOX 
fuel, the irradiation temperature of cladding at one axial position has been decreasing 
little by little, and there is some thermal gradient to coolant from MOX. The stress of 
the cladding has also changed every hour because irradiation creep relaxes the stress, 
which is caused by thermal condition, release of FP gas from MOX, and so on. There 
is also flowing of sodium outside the cladding. 

The Influence of History of lrradiation Temperature in Fuel Cladding 

Figure 5 shows the history of irradiation temperature of midwall of fuel 
claddings irradiated in Joyo and FFTF at the center plane of reactor core. The 
difference of temperature between maximum and minimum temperature was about 
30~ during irradiation period because the temperature of cladding was gradually 
decreased with burning of MOX fuel. 
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Fuel cladding is irradiated at relatively high temperature in the initial period of 
irradiation. Therefore, it seems that recovery of dislocation of cladding in this case 
progressed more than the estimated recovery of dislocation of cladding where the 
irradiation temperature is constant at average temperature during irradiation period. 
Then, there is some possibility that the microstructural evolution of cladding irradiated 
with temperature decreases is similar to the microstructural evolution of sample which 
has low dislocation density. 

Figure 6 shows that the microstructures of neutron irradiated solution annealed 
PNC316, 20% cold-rolled PNC316 and cladding sample with step-wise change of 
irradiation temperature. These irradiation tests were carried out with sample 
irradiation vehicle of Joyo named CMIR. There are a lot of fine precipitates and 
voids in the matrix of solution-annealed PNC316 that had low dislocation density at 
starting irradiation and the cladding sample, which had also low dislocation density 
after changing temperature. Specially, the microstructure of cladding samples 
irradiated with step-wise temperature change is the same as microstructures of fuel 
cladding as shown in Figure 3. 

Recovery behavior of dislocation is important for the investigation of 
microstructural evolution because dislocation is principal point defect sink. It seems 
that the balance of sink strength in material fluctuates at all times during irradiation 
when irradiation temperature is gradually decreased. In consequence, the behavior of 
radiation-induced segregation fluctuates following with fluctuation of supersaturation 
of point defect. It seems that the reason of formation of fine G-phase and M6C in 
irradiated cladding with irradiation temperature change is the changing of behavior of 
radiation-induced segregation. It is thought that the formation of void on PNC316 is 

O10 

e'~ 

550 

500 

450 i I 
0 25 50 125 

- - ' O - ' -  Joyo/C3M 

/t FFTF/MFA-1 

I I 

75 100 

Dose (dpa) 

Figure 5 - Temperature history in midwall of cladding at axial position of 
core center plane during irradiation in fuel assembly. 
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Figure 6 - Typical microstructures of 20% cold rolled PNC316, 

solution treated PNC316 and temperature changed 

PNC316 cladding irradiated with sample irradiation 

vehicle in Joyo 

relevant to changing of behavior of radiation-induced segregation. Because 
controlled adding of minor elements cause suppression of swelling of this material [1]. 
Therefore the decrease of irradiation temperature as same as temperature history of 
fuel assembly seems to affect the swelling behavior in PNC316. 

Influences of Other Irradiation Environments 

Temperature Gradient in Cladding Wall - The temperature gradient is generated 
in cladding wall during reactor operation because there is heat flux to sodium coolant 
from MOX fuel. The temperature gradient was estimated with heat transfer 
calculation code that the temperature of inner surface of cladding was higher about 
40~ than outer surface. Because there is a temperature dependence on void 
formation, the swelling gradient occurs in the cladding wall depends on the 
temperature gradient. This swelling gradient leads to secondary stress in the cladding 
wall, and this stress is possible to enhance swelling. Figure 7 shows microstructure 
of fuel cladding, which sectioned three part of the wall in direction of thickness. The 
void formation was not uniform and occurred at side of outer surface of cladding at 
first. The next region that formed void was side of inner surface. It is reported that 
secondary stress, which was occurred by nonuniform structure of void in cladding, 
enhances swelling [9,19]. But this mechanism for swelling enhancing needs 
nonuniform swelling at first. Therefore, the secondary stress seems not to be the 
origin for swelling occurring in the fuel claddings, because the swelling of the sample, 
which was irradiated with the sample irradiation vehicle, dose not occur at lower than 
1 O0 dpa. 
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Influence of Other Stress - It seems that other stress that are expected to cause 
enhanced swelling on the fuel cladding are two stresses, which are residual stress 
caused by final cold-working of cladding and increasing gas pressure in fuel pin 
caused by releasing FP gas from MOX fuel. The value of hoop stress on the side of 
outer surface that was caused by residual stress of cladding was estimated at about 200 
MPa. Generally, swelling is enhanced under applying stress compared with swelling 
under free stress [20,21]. But it seems that the residual stress does not mainly lead to 
enhance swelling in fuel cladding. If  the residual stress leads to enhanced swelling, 
there is no difference in swelling behavior between samples and fuel claddings. The 
residual stress that is caused by cold-working is generated in all cladding, which is not 
only fuel claddings but also samples. 

Another primary hoop stress that is caused by increasing gas pressure in fuel pin 
was estimated about 100 MPa at the end of life of fuel assembly by gas analysis. On 
the other hand, swelling of the pressurized tube, which simulated the influence of 
primary stress on swelling, were only slightly enhanced compared with the swelling of 
open tube, as shown in Figure 8. Theretbre, it is considered that the primary stresses 
caused in fuel cladding are not also mainly factor for enhancing swelling. 

Influence of Sodium - The outer surface of fuel cladding is exposed to sodium 
coolant that has a relatively large flow rate. Under this condition, solute elements in 
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the cladding material have flowed out to coolant from outer surface of cladding. 
Then, it is possible that decreasing solute element concentration in PNC316 affects 
swelling behavior, because the swelling of PNC316 is suppressed by addition of minor 
element. On the other hand, it is reported that thickness of lacked zone of solute 
elements in fuel cladding made of Type 316 stainless steel which irradiated in fuel 
assembly are about 5p.m, and that the thickness of lacked zone tend to saturate 
depending on irradiation time [22]. Therefore, this influence seems to be not major 
factor for swelling enhancement. 

Influence o f  Helium - Generally, helium produced in stainless steel by 
transmutation of element has influence on swelling behavior [14]. It is also reported 
that helium concentration inside the inner surface of the cladding is two times higher 
than inside the outer surface of the cladding because of injection occurring of recoil 
helium from MOX fuel [23]. But the result of helium analysis in cladding irradiated 
in Joyo/C3M, which were sectioned three region in direction of wall thickness, is that 
helium concentrations were similar between inside the inner surface and inside the 
outer surface, namely, about 60 appm inside the inner surface and midwall, and about 
55 appm inside the outer surface. Moreover, if the void formation behavior is 
affected by helium injected to inner surface, it seems that void formation begins at 
inner surface of cladding. But the void formation of fuel claddings began at outer 
surface, and formation of void at midwall of cladding which has helium content as 
higher as in side of inner surface began at last, as shown in Figure 8. Therefore, this 
influence seems also not to be a major factor on swelling enhancement. 

Conclusion 

The reason for enhanced swelling of fuel cladding for fast breeder reactor is 
discussed based on the differences of irradiation environment between the sample 
irradiation vehicle and the fuel assembly. There are some different points between 
the sample irradiation vehicle and the fuel assembly. It seems that the most important 
influence on swelling enhancement in fuel cladding is irradiation temperature history 
during lifetime, which the irradiation temperature decreased gradually attending with 
burning of MOX fuel. The individual influences of other irradiation environments 
are not clear, but there may be some of the synergistic effect of these influences for 
swelling enhancement. 
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Abstract: The radiation swelling of samples of fuel element cladding made of steel 
16Cr-15Ni-2Mo-IMn after its use up to a maximumdamage dose 73 - 93 dpa in the 
reactor BN -600 was studied. The samples were cut out from areas of  different 
location in the core, so the irradiation temperature of  various samples varied from 390 
to 610 ~ The damage dose varied from 40 -92 dpa and the radiation damage rate 
varied from 0.9.10 -6 to 2.10-6 dpa/s. 

The conditions necessary to have the radiation swelling occurred were considered 
theoretically within the statistical thermodynamics of solids. An analytical expression 
connecting the incubation period of swelling with a temperature, fluence, radiation 
damage rate, and characteristics of  material microstructure was obtained. The swelling 
rate at the post-incubation stage at various irradiation temperatures was estimated. The 
character of  swelling dependencies on temperature, dose, and radiation damage rate 
obtained from the experimental data agreed well with the results of the theoretical 
analysis. In the range of 390 to 600 ~ the nucleation damage dose initiating swelling 
increased with irradiation temperature. The swelling rate in the post-incubation phase 
also increased. Decreasing radiation damage rate shifted the fluence dependence of  
swelling into a region of  lower fluences and temperatures. 
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Introduction 

Radiation swelling occurring under high dose irradiation is one of  factors that 
limits operation duration of  reactor structural materials. Swelling essentially 
influences on fuel lifetime of  a reactor. It has been demonstrated most clearly in fast 
reactors where damage dose accumulation rate is high [1]. A great amount of  test 
results has been obtained in the reactors. Tentative representations based on these data 
have shown that swelling of  austenitic steels occurs in a limited temperature range 
from 420 to 550 ~ At the same time there are test data showing that swelling occurs 
at lower temperatures [2]. Thus it widens the amount of  power reactors in which it is 
necessary to take into account for this phenomenon. There are some difficulties in 
obtaining such data at low irradiation temperature (< 400 ~ which can be realized 
only in thermal neutron reactors in which dose accumulation rate is relatively slow. 
These needs to be a rather long time to accumulate a larger damage dose. 

There are many studies involving attempts of  theoretical description of  swelling 
and looking for empirical regularity. However, presently there is no theoretical model 
permitting a reliable prediction of  swelling behaviour in a wide radiation damage rate 
and temperature and dose ranges. 

In this paper we tried to find out a connection of  swelling value with neutron 
irradiation temperature and radiation damage rate using a theory of  statistical 
thermodynamics of  solid body based on test data of  influence of  high dose irradiation 
on a cladding material in the BN-600 reactor. 

Experimental Data 

Swelling examination of  samples from 17 fuel elements selected from 4 th fuel 
assemblies after their operation in the BN-600 reactor up to different burnups was 
performed. Maximum damage dose of  a cladding of  cold work 20 % 16Cr-15Ni-2Mo- 
1Mn steel was 93 dpa. 

A diameter d was measured every 15 ~ in azimuth bearing on 540 samples with an 
accuracy of  0.01 mm with the following averaging in a test section. As an initial 
diameter we used the diameter of  a cladding in the bottom of  the gas cavity for each 
fuel element. Swelling on 23 samples was determined by a hydrostatic method as well 
as by geometrical measuring. It has appeared that plastic deformation - g is 
proportional to swelling (with correlation coefficient - 0.64). As a value of  swelling, 
was submitted as a value based on a diameter changing with taking into account a 
correction on cladding plastic deformation (~=3(Ad/d)-3c). The error of  swelling 
determination was about 1%. 

Further, averaging of  swelling value was performed on three to five samples cut 
out from one and the same cladding area having length 10-15 mm. Figure 1 exhibits 
these results. One can see that the points are in the area limited by a parabola curve, 
with the top corresponding to - 480 ~ Using such data configuration it seems that 
480 ~ is the temperature of  swelling maximum. However, the points presented in 
Figure 1 belong to different damage doses and various radiation damage rates. In 
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order to obtain a dependence of  swelling from temperature, dose, and radiation 
damage rate a more careful analysis is needed. 

459  

Figure 1 - Dependence of Swelling from Irradiation Temperature of Samples of 
Fuel Element Cladding after their Operation up to Different Damage Doses in the 

BN-600 Reactor 

Theoretical Viewing of Swelling Regularity 

Vacancies and interstitials are generated under neutron irradiation so their 
concentration increase. At the same time there are diffusion processes such as both 
point defects and impurity atoms interact with them. Absorption of  vacancies and 
interstifials by sinks (grain boundaries, dislocations, twinning dislocation, the second 
phase precipitates) and also recombination among them cause a reduction of  their 
concentration. The result of  such competition processes (defect generation and 
leaving) is increase in concentration of  both type of  defects. Concentration changing 
dependence on time is defined by both point defect mobility (migration energy and 
temperature) and "power" of  sink (sink extend, elastic interaction of  the given type 
defect with sinks). 

Interstitials have mobility at operation temperature of  BN reactors and reach 
quasi-equilibrium concentration for a short period of  time. Vacancy mobility is lower 
and changes significantly in a range (370 - 650) ~ In particular, with temperature 
increasing within this range both dissolution processes of  vacancy clusters as non- 
optimum energy defects are intensified and more energy surviving defects as 
dislocation loops and vacancy voids are formed and grow. 

Let's consider on what a growth intensity of  void formation (or its nucleus) 
depend. Designate r - void radius; Ev - vacancy formation energy. During elemental 
action of  vacancy absorption by void a void surface and its energy increase and matrix 
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energy decrease (on Ev). Let's calculate increasing of  surface energy during elemental 

action. We consider that the void volume is n o  (where n - a number of  vacancies in a 

void, v-- a volume per atom equal to vacancy volume in accepted approximation), 
neglecting relaxation of  an area occupied by a void. Increasing the void radius under 
vacancy absorption is defined from the equation in the first approximation. 

Ar  = v / (4 .  ~r. r 2 )  (1) 

Surface energy increases on 2 vr/r (r-  surface tension coefficienO. 
Thus, energy is changed on U under vacancy absorption by a void and on (-U) under 
evaporation of  vacancy from a void. 

U =  2 .  v .  r / r -  E v v  (2) 

Now we can calculate vacancy flows into a void and back. According to statistical 
thermodynamic of  solid bodies [3], the probability of  vacancy overjumping is 
proportional to exp(-Em~/kT), where Em~ - is vacancy migration energy. A number of  
overjumpings of  vacancy per second is equal to vo* exp(-Em~/kT), (vo - Debye 
frequency, describing a number of  atom oscillations per second). If all of  six 
directions are equivalent the factor 1/6 is added in order to calculate a number of  
overjumps in a given direction. If  energy is changed during vacancy jumping the 
probability of  such overjump is proportional to exp(-U/kT), under case of  equivalent 
jumps in the five remaining directions (without changing of  energy). Therefore the 
probability of  vacancy jumping into a void using requirements of  normalization is 
calculated as follows, 

e x p ( - U  / k T )  
~v = ( 3 )  

5 + e x p ( - U  / k T )  

Then vacancies flow into a void can be expressed as 

e x p ( - U  / k T )  
�9 4 .  re. r 2 .c  v / b 2 �9 v 0 �9 e x p ( - E m v  / k T )  (4) 

N +  = 5 + e x p ( - U  / k T )  

where 

T = irradiation temperature 
b = lattice parameter, and 
Cv = vacancy concentration in matrix. 

Similarly a flow of  vacancies evaporated from a void can be expressed by Eq. (4) 
if their concentration inside voids equal to 1 (cv = 1). 

N _ =  e x p ( U / k T )  . 4 .  ~r.r  2 / b 2 . v O . e x p ( - E m v  / k T )  (5) 
5 + e x p ( U  / k T )  

Interstitials also come into a void with the reduction of  its size (that is, to operate 
the same as vacancy evaporation). We can neglect interstitial emission from a void 
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because this process requires a major amount of  energy and its probability is 
practically equal to zero under operation temperatures. Interstitial flow into a void - N, 
is expressed by an equation similar to Eq. (4), only instead of  vacancy characteristics 
there are interstitial characteristics. 

N i =  e x p ( - U i / k T )  . 4 . r c . r  2 . c  i / b  2 . v  O . e x p ( - E m i / k T )  (6) 
5 + e x p ( - U i  / k T )  

where 

Era, = interstitial migration activation energy 
E, = interstitial formation energy, and 
U, = energy of  interstitial absorption by a void, by another words, a difference 

between system energy before and after absorption. 

U, = - ( 2 . v .  r / r + E,) (7) 

Note that Eq. (4) and Eq. (5) were obtained in approach when point defect 
concentration near void surface was constant, i.e. both absorption and evaporation rate 
of  point defects is lower than rate of  delivering of  the defects to void surface. 
Condition of  void growth is a performance of  the relation N§ N,)>I. It is given in 
the equation. 

c v �9 exp(-Emv / kT) / (5exp(U / kT) + 1) 
>1 

exp(-Emv / kT) / (5exp(-U / kT) + 1) + c t �9 expt-Em~ / kT) / (5exp(U t / kT) + 1) 
(8) 

If  we substitute the coefficient of  surface tension for ,/-Fe, equal r = 2.2 J/m 2 [4], 
and A~v = 1.5 eV into Eq. (2) so we obtain that U < 0 at r > 2.5* 10l~ When r is equal 
to lattice period (3.65" 10-1~ the value (U/kT) is egual (-5) and grows on the module 
with void radius increasing at 900 K (it is higher than the given range). Using energy 
characteristics of  diffusion in ,/-Fe it is possible to estimate the values included in 
Eq. (8). I f  addends of  the second order smallness are neglected in the sums we receive 
void growth condition as follows. 

c v 
> 1 (9) 

0.2.  e x p ( U  / k T ) )  + c i �9 e x p ( ( E m v  - E m i )  / k T )  

It is possible to present this equation as expression for threshold vacancy 
concentration at which swelling begins. 

Cvt = 0.2.  e x p ( U  / k T )  + c i �9 e x p ( ( E m v  - Emi  ) / k T )  (10) 

There are two addends in the Eq. (10). The first decreases vacancy concentration 
that is necessary for void growth that begins under nuclei size increase (dependence 
U(r) is shown in Eq. (2)). In particular if there are, for example, gas bubbles, the void 
growth begins much earlier. If  already there are voids but threshold vacancy is not 
reached they will be dissolved. Temperature reduction causes a decrease of  threshold 
vacancy concentration (because of  U has negative value). 
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When the second addend is compared with the first one the interstitial 
concentration influences essentially on threshold vacancy concentration; it is higher 
the more the value of threshold vacancy concentration. In the first approximation it is 
possible to consider interstitial concentration (quasi-equilibrium under irradiation) 
proportional to neutron flux density. Increasing temperature decreases this effect 
because (Emv - Emi) has positive value. 

Therefore we can imagine the following model of  swelling process under 
irradiation. Vacancy concentration grows slowly under neutron irradiation. Its rate 
depends on vacancy generation intensity (neutron flax density), mobility 
(temperature), and an amount of  sinks. Sinks are exhausted with fluence accumulation 
in examination steel it causes in acceleration of vacancy accumulation in a solution. 
However before reaching threshold vacancy concentration determined by Eq. (10) 
there is no swelling, it explains a presence of swelling incubation period. After that 
swelling intensity depends on vacancy concentration, temperature and void size. 

Connection of the swelling incubation dose with irradiation parameters can be 
traced using Eq. (10). As the interstitial concentration is proportional to neutron flux 
density - r (c,=B(S).~p, where B(S) is a function from structure characteristics of  a 
material S), and vacancy concentration is proportional to damage dose D (cv,=A(~S) - 
D, where A(S) also a function from structure characteristics of  a material) in order to 
estimate incubation dose Do the following equation can be used 

D O = (0 .2 .  e x p ( U  / kT) + B(S) .  qg. exp((Emv - Emi) / kT)) / A(cp,S) (11) 

As shown in Eq. (11) incubation dose should be lower at lower both temperature 
and neutron flux density, it corresponds to [5]. 

It is difficult to explain quantitatively the swelling kinetics after incubation period 
due to major amount of  unknown parameters included in the equation of balance. 
Moreover during swelling these parameters change with structural evolution 
(dislocation annealing and, dissolution and formation of the second phase precipitates) 
and growth of intensity of  vacancy absorption by pores due to increasing of their 
surface area under growth. The numerous attempts, described in the literature, of  
approaches and assumptions allow understanding some characteristics of  swelling 
process but not to describe the effect in whole. 

Void formation and their growth begins after achieving the threshold vacancy 
concentration. Vacancy sinks into voids depend on a relation between power of sinks - 
voids and neutral sinks - interstitials, dislocations, grain boundaries etc. which do not 
lead to swelling One can see that swelling rate must increase with void growth and 
also with exhaustion of  neutron sink power. However the process becomes quasi- 
equilibrium in time, as voids size is great enough, absorption of  the same specific 
amount of  vacancies resulted in inappreciable change of  voids surface, and after 
annealing of  "labile" neutral sinks only stable ones are remained. So flows 
relationship becomes stationary, and portion of vacancies leaving into voids has not 
time-depended. Dose swelling rate (v=d~dD) becomes practically constant. Quasi- 
equilibrium processes of  such type have the equation as follows, 

= v .  ( D  - DO) .  (1 - e x p ( - p .  ( D  - DO))) (12) 
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where 

v = swelling rate at steady-state (stationary) stage depending both from an amount of  
stationary sinks and characteristics of  point defects diffusion mobility. It is 
possible to consider that v is the constant for given material characterizing a limit 
to which a swelling rate approaches asymptotically 

Do = incubation dose of  swelling depends on irradiation temperature (in our case it is 
the dose corresponding 1% swelling) radiation damage rate and structural 
characteristics of  a material, and 

p = coefficient characterizes an arrival rate into stationary state of  swelling. It depends 
on the same structural and irradiation characteristics as Do is. 
The equations are used to analyze test data presented in the previous issue. 

Results 

The complexity of  analysis of  test data file is connected with differences in 
irradiation characteristics (T, D, dD/dt) of  test samples. Therefore in order to analyze a 
dependence of  swelling from neutron irradiation dose the whole file is divided into 
groups of  20 degree temperature ranges (and on 10 degree in temperature area of  high 
swelling). Data belong to different radiation damage rates inside group therefore we 
drew curves average on radiation damage rate. Figure 2 shows the swelling - damage 
dose dependencies for different irradiation temperature ranges. One can see that 
groups of  points with higher irradiation temperature ranges are shifted to a higher dose 
area. Figure 2 (a,b) presents dependencies for the highest and the lowest temperature 
ranges (the middles of  the ranges correspond to 390, 450, 470 and 510 ~ The 
dependencies are described by the Eq. (12) and obtained by selection of  optimal 
values of  the coefficients v, Do andp. Such curves correspond to 530 and 550 ~ in 
Figure 2c, as at higher temperatures even at 70 - 80 dpa swelling is not observed 
practically. Values of  swelling parameters from Eq. (12) for various irradiation 
temperatures are exhibited in Table 1. 

Table 1 - Equation Parameters of Dependence of Swelling ~from Irradiation 
Characteristics ~ = v. (D- Do). (1 - e x p ( - p - ( O -  Do))) 

Temperature of  390 450 470 505 530 550 
middle interval, ~ 

v, %/dpa 3 3 3 3 3 3 

Do, dpa 26 39 42 54 58 68 

6, dpa 1 0.0030 0.0048 0.0051 0.0055 0.0058 0.0075 
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F i g u r e  2 - Dependence of Swelling from Damage Dose for Samples Irradiated 
within Different Temperature Ranges (a,b,c). 
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Note that v obtains the value ~3 %/dpa, Do and p decrease under temperature 

decreasing in a temperature range 390 - 550 ~ Figure 3. If we draw down a linear 
extrapolation of  dependencies Do(T) and p(T) up to cross with an axis of  temperatures 

we will obtain the values 295 and 261 ~ These values are close not only between 
themselves but also to temperature of  the beginning of  vacancy diffusion [6]. On 
physical sense these values should be equal between themselves and coincide with the 
inferior temperature boundary of  void formation (TH). Vacancies have no sufficient 
diffusion mobility in order to move at considerable distances at lower temperatures. 
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v, Do(T), and p(T) values, as well as a lower temperature at which swelling does 
not happen are presented in Table 1. Note that they are estimation values and do not 
take into account dependencies from radiation damage rate. Obtaining more accurate 
values requires to measure swelling of  a set of  samples with given radiation damage 
rates and irradiation temperatures. Using the described above treatment procedure of  
results and magnification of statistics it is possible to improve an accuracy. 

In order to analyze test dependencies of  swelling from radiation damage rate 
(dD/dt) data groups were selected from the whole file. In the each group the value 
(dD/dt) does not differ more than 0.5x 10 -8 dpa/c, and damage doses are identical with 
accuracy 0.5 dpa. These data groups plotted on a diagram in coordinates "irradiation 
temperature - swelling". We traced how maximum swelling temperature depends on 
radiation damage rate. As we have only a small amount of  points of  these groups 
(usually from two to four), some groups of  points corresponding to different 
irradiation doses are plotted in each diagram. In order to leave from a scattering 
connected with difference of  damage doses using Eq. (12) all data are reduced to one 
dose. Dependencies obtained are presented in Figure 4. Comparison of  diagrams 
concerning different radiation damage rates shows that a temperature of  maximum 
swelling is lower under a lower damage rate than at higher one. It is compounded with 
the Eq. (11). 

Conclusions 

Based both on test data on swelling definition of  cold work 16Cr-15Ni-2Mo-lMn 
steel as a material of  fuel element cladding of  BN-600 and on theoretical analysis the 
following was concluded. 
�9 Incubation swelling dose depends on neutron irradiation temperature and 

radiation damage rate. The incubation dose decreases with reduction of  these 
characteristics within tested temperature and dose rate interval. 

�9 A view of  the dependence of  sweUing value from damage dose was installed. 
The equation of  this dependence includes three parameters one of  them (rate at a 
stage of  stationary swelling) is material characteristics, others depend on both 
structural characteristics of  material and irradiation parameters. 

�9 Swelling rate increases with irradiation temperature growth in post-incubation 
period. 

�9 There is a lower irradiation temperature at which there is no void formation. 
The temperature is a material characteristic and depends on vacancy diffusion 
parameters. 

�9 Quantitative relations obtained between a swelling value and irradiation 
characteristics allow one to describe test data satisfactorily. Use of  the equations 
obtained to predict swelling in a wide irradiation condition spectrum needs more 
accurate definition of  parameters included in the equations and depended on 
irradiation temperature and radiation damage rate. 
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F i g u r e  4 - Temperature Dependence of  Swelling for Samples, Irradiated with 
Different Radiation Damage Rates, a) Damage Rate dD/dt = (1.19-1.22) E-06, Test 
Data; b) Damage Rate dD/dt = (1.19-1.22) E-06, Reduction to 60 dpa; c) Damage 
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Abstract: The effects of lower-dose-rate irradiation on the tensile properties of 12% 
cold-worked type 316 stainless steel hexagonal ducts which were irradiated in the outer 
rows of EBR-I1 were investigated. Tension tests were conducted on a total of seventeen 
irradiation conditions. Fractographic examinations were performed on four irradiation 
conditions which were selected based on the results of tension tests. The results of the 
tension tests and fractographic examinations showed that the 316 stainless steel 
hexagonal ducts exhibited irradiation hardening typical to 316 stainless steels irradiated 
at similar temperatures and retained respectable ductility after the irradiation. There was 
no significant effect of dose rate on tensile properties for the range of irradiation 
conditions of this study. 

Keywords: 12% cold-worked type 316 stainless steel, tensile properties, strength, 
ductility, failure mode, EBR-II reflector duct, lower-dose-rate irradiation, fast reactor 
core material 

Introduction 

Studying the effects of long-term, low-dose-rate neutron exposure on core 
structural materials is important because these conditions exist for many of the fixed or 
hard-to-replace components in the outer regions of fast reactor and light-water reactor 
cores. However, because of the difficulty of obtaining suitably irradiated samples for 
testing and characterization, these effects have not been extensively investigated. The 
Experimental Breeder Reactor-II (EBR-II) operated for approximately 30 years and has 
many components that experienced long-term, lower-dose-rate irradiation. During the 

Japan Nuclear Cycle Development Institute, 4002 Narita-cho, Oarai-machi, lbaraki 
311-1393, Japan. 

2 Argonne National Laboratory, 9700 South Cass Ave., Argonne, IL 60439. 
3 Argonne National Laboratory-West, P.O.Box 2528, Idaho Falls, ID 83403-2528. 
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470  EFFECTS OF RADIATION ON MATERIALS 

shutdown of EBR-II, some of its peripheral core components were retrieved to evaluate 
the effects of dose rate on properties especially at low dose rates. The focus of this study 
is to evaluate the effects of low-dose rate irradiation on mechanical properties, swelling 
and microstructural evolution in 12% cold-worked type 316 stainless steel irradiated as 
the hexagonal ducts of reflector subassemblies in EBR-II. In this paper, the tensile 
properties of such hexagonal ducts are reported. 

Experimental Procedure 

Material 

Materials used in this work are 12% cold-worked type 316 stainless steel, which 
were irradiated in the EBR-II as the hexagonal ducts of reflector subassemblies. Table 1 
shows the chemical composition. These ducts were finally annealed at 1121---1149~ and 
water-quenched to room temperature. Final cold-working level was 11.7%. 

To obtain samples irradiated to high dose at low dose rate, samples were prepared 
from two reflector subassemblies; U9861 and U9922 which were irradiated in row eight 
and row nine of the EBR-II core. The dose rate of U9861 is almost twice that of U9922 at 
same damage level. These two ducts had been irradiated at temperatures ranging from 
371 to 444~ depending on axial location. The fast neutron-damage dose was between 
0.9 and 40.5 dpa and the dose rate range was from 1.0 x 10 -8 to 3.52 x 10  -7 dpa/s. 

Specimen Preparation 

Tensile specimens were cut using a Charmille Andrew Electric Discharge 
Wire-Cutting Machine after machining rectangular strips with two holes from two 
hexagonal ducts in parallel with longitudinal axis of them. 

The tensile specimen was designed to meet both the American Society of 
Mechanical Engineers (ASME) and the Japanese Industrial Standards (JIS) specifications, 
and is shown in Figure 1. 

Tension Test 

Tension tests were conducted in air using an Instron Model "IT screw-driven 
tension testing machine which was installed in the Clean Transfer Area of the Alpha- 

Table 1---Chemical composition of 12% cold-worked type 316 stainless steel 

Element % by weight Element % by weight 

C 0.041 Cr 17.48 
Mn 1.19 Ni 11.34 
P 0.033 Cu 0.35 
S 0.023 Mo 2.61 
Si 0.64 Fe bal. 
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NOTE: I All dimensions in milllmeters. 

2. All dtmenslon~ +/- 0 2 mm 

W I = 3.00+/-0 13 mm 

W 2 = 0 02 to 0.2 mm greater ~han W I 

3 Nominal duc t  t h i o k n e s s  = 1 0 mm 

I= 60 ~"l 

A i,+, I I w7 -,'4"I -'~ 
19 

Figure 1---Dimensions of tension specimen 
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Gamma Hot Cell Facility (AGHCF) at Argonne National Laboratory. Test temperature 
was nominally 380~ or 430~ and selected to correspond to the irradiation temperature. 
Additionally two specimens were tested at room temperature and 430~ regardless of 
irradiation temperatures. All tests were performed at a crosshead speed of 1.9 x 10 -2 mm/s, 
which for the gauge length of 19 mm, resulted in a strain rate of 1.0 x 10 -3 s -1. 

Tensile specimens were carefully mounted onto the testing machine using an 
unique pair of electromagnetic specimen grips to prevent specimens from being dropped 
or bent. A thermocouple in contact with the lower specimen grip was used to monitor 
specimen temperature based on the relation between gauge temperature and the lower 
grip temperature which was established in separate furnace heating tests. To prevent 
undesirable specimen straining during heat up to the test temperature, the load was 
continuously monitored and the position of the actuator was adjusted to keep loads well 
below the load required for yielding. 

Yield strength was determined by the 0.2% offset method. Uniform elongation and 
total elongation were obtained from an engineering stress-strain curve. 

No archive material remains for these samples, but room temperature tensile 
properties are available from material certifications. 

Fractographic Examination 

In order to characterize the failure mode, scanning electron microscope (SEM) 
fractography of the fracture surfaces was conducted on four specimens which were 
selected after tension tests using an ETEC Model U1 Scanning Electron Microscope in 
the Electron Beam Laboratory of AGHCE In addition, optical metallography was 
performed on the samples. 
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YOSHITAKE ET AL. ON TYPE 316 STAINLESS STEEL 473 

Experimental Results 

Tensile Properties 

The results of the post-irradiation tension tests and the irradiation condition of each 
specimen are listed in Table 2. Since there were small gradients in dose and irradiation 
temperature along the specimen axis, the irradiation conditions listed were determined for 
the specimen midpoint. 

Figure 2 is a graph of yield strength as a function of fluence (dose). Yield strength 
increased with increasing dose and irradiation hardening was more obvious at 380~ than 
at 430~ Yield strength at 430~ is represented in two groups in which dose rate is above 
or below 2.0 x 10 -7 dpa/s. No noticeable dose rate effect can be observed in this graph. 
Yield strength of ET14, which was irradiated at 371~ and tested at 427~ was 
comparable with that of ET15 which was irradiated and tested at about 380~ It seems 
that strength is more strongly influenced by irradiation temperature than by test 
temperature in this temperature range. Data from the room temperature, low-dose test 
(NT15) revealed that significant hardening occurred very early in irradiation when 
compared with unirradiated tensile data from the inspection certificate of this duct. The 
trends in ultimate tensile strength appeared to be similar to the yield strength as a 
function of dose, with UTS having a higher stress level (Fig. 3). 

Uniform elongation and total elongation are shown as a function of dose in Figures 
4 and 5, respectively. Uniform elongation decreased modestly with dose in relation to 
irradiation hardening, and a decrease in elongation was more evident at 380~ than 430~ 
As with the yield strength, Figure 4 shows that there was no obvious dose rate effect on 
uniform elongation at 430~ Total elongation showed comparable trends with both dose 
and dose rate to uniform elongation. Total elongations ranged from 6.2% to 26.4% in this 
study, so it seems that all specimens retained respectable ductility and that no brittle 
failure was indicated under these irradiation conditions. 

Figures 6 and 7 show yield strength and uniform elongation as a function of dose 
rate respectively. In these figures, data at 430~ are represented in two groups, dose 
levels greater or less than 30 dpa. There is no significant dose rate effect on yield strength 
and uniform elongation under these conditions. Ultimate tensile strength and total 
elongation showed similar behavior to yield strength and uniform elongation respectively. 

Fractography 

SEM examinations were performed on four specimens; ET03, NT04, ET04 and 
NT05 which were selected as functions of dose and dose rate according to the results of 
tension tests. The results of the SEM examinations are given in Table 3, and fractographs 
of fracture surfaces are shown in Figure 8. All specimens showed significant area 
reduction ranging from 27% to 36% with no noticeable dose effect. Fracture surfaces for 
all four samples exhibited typical ductile fracture and indicated a ductile mode of failure. 

Figure 9 provides optical micrographs of the longitudinal surfaces of the gauge 
sections near fracture. Samples were electro-etched using 10% oxalic acid after polishing. 
The micrographs in Figure 9 indicate that twinning is more prominent in the lower dose 
specimen, ET04. 
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Figure 2---Yield strength of 12% cold-worked type 316 SS after irradiation 
in EBR-II (Legend indicates test temperature) 
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Figure 8---Scanning electron micrographs of fracture surfaces in tension 

specimens of 12% cold-worked type 316 SS irradiated in EBR-H 
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480 EFFECTS OF RADIATION ON MATERIALS 

Discussion 

Dose Effect on Tensile Properties 

Tensile properties of irradiated austenitic stainless steels have been investigated 
extensively [e.g. 1]. In this study, tensile properties of 12% cold-worked type 316 SS 
showed typical temperature and dose dependence for irradiated austenitic stainless steels 
and good agreement with that of 20% cold worked AIS1316 SS irradiated in EBR-II as 
reported by Garner et al. [2]. In previous work, yield strength saturated at fast neutron 
fluences ranging from 3 to 5 x 1026 n/m 2 (E>0.1MeV). In this study, yield strength and 
ultimate tensile strength irradiated and tested at 430~ slightly increased up to 40 dpa, 
although the strength at 380~ was saturated near 10 dpa. Doses of 10 and 40 dpa 
correspond to 2 and 8 x 1026 n/m 2 (E>0.1MeV) respectively in EBR-II, so it is indicated 
that saturation of strength at 430~ may be delayed in this case. Dupouy et al. conducted 
tensile tests on annealed 316 stainless steels after irradiation at 390~ in PHENIX and 
RAPSODIE. PHENIX operated at a dose rate that was about three times higher than that 
of RAPSODIE. The test result indicated that the 0.2% proof stress was higher and 
saturated at a lower damage level under higher dose rate conditions [3]. In lower dose 
rate conditions, irradiation hardening might be delayed because recovery is more 
effective compared to hardening from irradiation defects in these temperature ranges. 
These results can be interpreted in an alternative way. The irradiation temperature of 
tension specimens tested at 430~ ranged from 409 to 444~ Thus the moderate increase 
in yield strength with dose is suggested to be strongly reflected by the effect of irradiation 
temperature. As seen in Table 2, the irradiation temperatures were relatively low (409 - 
425~ in the higher dose region, while they were relatively high (432 - 444~ in the 
lower dose region. 

For studying the soundness and behavior of core and structural materials, the 
irradiation hardening and loss of ductility which results in embrittlement in such 
materials must be understood. Type 316 stainless steel still retained respectable ductility 
after the irradiation in this study as shown in Figures 4 and 5. For the irradiated austenitic 
steels, it is well-known that the yield strength approaches ultimate tensile strength with 
increasing dose [4] and that the total elongation approaches the uniform elongation at 
high dose condition where there is more than 6% swelling [5]. These results indicate 
concretely that work hardening is small after yielding and that reduction in area hardly 
occurs beyond the maximum load. The ratio of yield and ultimate tensile strength, 
YS/UTS, and the ratio of uniform and total elongation, UE/TE, are shown as a function 
of dose in Figures 10 and 11, respectively. YSAJTS reached about 0.92, although 
YS/UTS at 430~ increased moderately with dose up to 40 dpa in Figure 10. YSAJTS for 
unirradiated material tested at room temperature is 0.9 as provided in the vendor 
inspection certificate. This indicates that there was no significant decrease in work 
hardening under this irradiation condition and that the material still retained work 
hardenability after the irradiation. On the other hand, UE/TE was less than 0.8, and it 
suggested that specimens exhibited a certain reduction in area. But the amount of total 
elongation at 380~ was decreased to about 6%, while UE/TE was almost 0.5 at around 
10 dpa. These results indicate that it is necessary to take into account this phenomenon in 
order to evaluate the ductility of irradiated material. The results of SEM examination and 
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482  EFFECTS OF RADIATION ON MATERIALS 

reduction in area also suggest that the failure mode would be nearly ductile failure in this 
irradiation condition and that there is no significant effect of  neutron damage on failure 
mode in this study. 

Dose Rate Effect on Tensile Properties 

In Figures 6 and 7, the yield strength and uniform elongation were represented in 
two groups for which dose was either greater than 30 dpa or less than 30 dpa, in order to 
evaluate the dose rate effect on these properties roughly. But it is necessary to consider 
the dose level to evaluate the dose rate effect on such properties strictly, because the 
strength and elongation at 430~ seemed to have slight dependence of dose as mentioned 
above. The dose rate effect on strength and elongation is evaluated at three dose 
conditions of approximately 14, 19 and 30 dpa with a factor of two difference in dose rate 
for each dose pair. Yield strength, ultimate tensile strength, uniform elongation and total 
elongation are represented as a function of dose rate in Figures 12 to 15, respectively. 
These figures suggest that there is no noticeable effect of dose rate on strength and 
elongation under these irradiation conditions. Brager et al. [6] showed that the effect of 
dose rate on yield and ultimate tensile strengths was less remarkable on AISI 316 
stainless steel than on AISI 304 stainless steel. The results of this study agree with Brager 
et al., so it is suggested that the tensile properties of type 316 stainless steel are relatively 
insensitive to dose rate under these irradiation conditions. 

The swelling behavior of austenitic stainless steel may be enhanced at lower dose 
rates [7]. Thus it is important for evaluation of the soundness and irradiation behavior of 
core components which are fixed in the outer regions of the core for long periods during 
their service lives to consider the swelling and the effect of dose rate on material in such 
a low dose rate conditions. As mentioned in the introduction, the evaluation of swelling 
behavior and microstructural evolution of this duct material has also been investigated. 
Analysis of the immersion density measurements indicated that the maximum swelling 
was 1.6% (51.1 dpa, 407~ 2.82 x 10 -7 d p a / s ) ,  and that there was no statistically 
significant effect of dose rate on swelling behavior even though swelling was slightly 
increased with decreasing dose rate in the dose rate range from 1.31 x 10 7 tO 5.77 x 10 -7 

dpa/s [8]. 
The tensile properties of 12% cold-worked type 316 stainless steel in this study 

seem to reflect this microstructural feature which was essentially insensitive to dose rate 
in this case. From these considerations, it is suggested that the effect of neutron 
irradiation, especially dose rate on the mechanical properties of this material seems to be 
very small under these irradiation conditions and that the soundness of FBR core 
components such as reflector subassemblies and core vessels will be maintained in their 
projected lives. 

On the other hand, no dose rate effect on the tensile properties of this material was 
observed for the low temperature and the narrow dose rate range experienced by the 
samples in this study. From the view point of the evaluation of the irradiation effects on 
the core material and the development of the future high-performance core material, it is 
necessary to compare these results with the data at higher dose rates (on the order of 10 -6 
dpa/s) and higher irradiation temperatures (500 - 600~ which would be obtained in the 
fuel subassembly region. 
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Conclusions 

The following conclusions were drawn from this study: 
1. The 12% cold-worked type 316 stainless steel showed typical temperature and dose 

dependence on irradiation hardening, and retained respectable ductility after the 
irradiation. 

2. Fractographic examination indicated a ductile mode of fracture. 
3. There was no significant effect of dose rate on tensile properties under the 

irradiation conditions examined, and this suggested that the soundness of FBR core 
components such as reflector subassemblies and core vessels would be maintained 
for their projected lives. 
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steels was determined using the diamelral change of the fuel pins, which were irradiated under 
the fission gas pressurized condition in FF1T to a peak displacement damage of 107 dpa in 
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488 EFFECTS OF RADIATION ON MATERIALS 

core materials [1-3]. In PNC316 and 15Cr-20Ni, void swelling resistance and high temperature 
creep properties were improved by adjusting the minor elements such as titanium, 
niobium,phosphorous, boron and the amount of cold working [4]. 

In studies at irradiation creep behavior, it is reported [5, 6] that the behavior of austenitic 

claddings irradiated as fuel pins is not the same as for irradiated in pressurized tubes. The 

measured irradiation creep s ~ m  of a cold worked 316 Ti fuel pin irradiated in Phenix were 

three times higher than those predicted by using presstniT~ tubes irradiation test results. On 

the other hand, in the case of 200  cold worked 316 fuel pin kradiated in EBR-I/, the observed 

irradiation creep slrains were smaller than expected. Additionally, it was reported [6-9] that 
swelling coupling irradiation creep tended to decline when void swelling rate became higher. 

There is the possibility that the creep-swelling coupling coetiicient D diminishes with increased 
swelling rate. 

In this paper, the irradiation creep of the PNC316 and l 5Cr-20Ni base stainless steels were 

studied using the fuel pins irradiat~ in FFTF and compared with results of  pressurized tubes 
irradiated in FFTF-MOTA [10]. 

Experimental Procedure 

The chemical compositions, solution Irealment conditions and cold-worked levels of 
PNC316 and 15Cr-20Ni base fuel pin claddings irradiated in FFIT are shown in Table 1. In 
PNC316 (lots: 60MK and 60MS), the minor elements such as titanium, niobium, phosphorous, 

and boron were adjusted in the range ofJIS (Jatxmese Industrial Standard) 316 and the amount 

of  cold working was optimized in order to improve the void swelling resistance and high 
temperature creep slrengtk For further improvement in the swelling resistance, the ratio of 
nickel to chrominm and the amount of titanium were incwased beyond JIS 316 specification in 
15Cr-20Ni base stainless steels (lots: 60AK and 60AS). 

PNC316 and 15Cr-20Ni base fuel pins were irradiated in FF1T as MFA-1 (Monju Fuel 
Assembly-l) [11] and MFA-2 (Monju Fuel Assembly-2), respectively. The difference of 
MFA-I and MFA-2 assemblies is only the materials for the components, which are made of 

PNC316 for cladding, wrapper and wire in MFA-1 and 15Cr-20Ni in MFA-2. The as- 
fabricated specifications of MFAol and MFA-2 are listed in Table 2. The ntnnber of pins in the 

fuel assembly and dimensions of each component are exactly the same as those in the Monju 

fuel assembly. The irradiation conditions of  MFA-I and MFA-2 in FFTF are shown in Table 3. 
The peak displacement damage reached as high as 107 and 120 dpa, respectively. 

The outer diamc~rs of fuel pins were meaucred in a post kradialion examination (PIE) 
with a laser profilometer in order to determine the diamelral changes of claddings due to 
radiation-induced creep and swelling. Density moauements of claddings were also conducted 

to directly determine the swelling, which was used to subtract from the total diamelml change to 

give the amount of creep strain itself. Both diameter and density measurements were 

conducted for 6 pins in MFA-1 and 5 pins in MFA-2. Based on these PIE data, the creep 

compliance B0 and creep-swelling coupling coefficient D of PNC316 and 15Cr-20Ni were 
estimated. 
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Table 1--  The chemical compositions (mass %), solution treatment conditions and 

cold working levels of PNC316 and 15Cr-2ONi base fuel pin claddings. 

Lots 60MK 60MS 60AK 60AS 

(PNC316) ( P N C 3 1 6 )  (15Cr-20Ni base) (15Cr-20Ni base) 

C 0.054 0.057 0.057 0.064 
Si 0.78 0.79 0.41 0.75 

Mn 1.72 1.85 1.72 1.91 

P 0.028 0.026 0.026 0.028 

S 0.003 0.002 0.005 0.002 

Ni 13.45 13.72 19.66 19.73 

Cr 16.22 16.33 14.89 15.05 
Mo 2.35 2.54 2.55 2.56 

B 0.0039 0.0036 0.0044 0.0031 
N 0.0090 0.0030 0.002 0.002 

Ti 0.078 0.075 0.28 0.25 
Nb 0.080 0.095 0.09 0.11 

Solution 1353 K 1368 K 1398 K 1353 K 
treatment x2min x lmin  x2min x lmin  

Cold work 18.0% 20.6% 18.0% 15.6% 

Table 2 - -  As-fabricated specifications of MFA-1 and MFA-2 fuel assemblies. 

Number of fuel pins 169 
Cladding tube 

Outer diameter (mm) 6.5 

Inner diameter (mm) 5.56 
Wall thickness (mm) 0.47 

W ~ t u b e  

Distance from face to face (mm) 104.6 

Distance from comer to comer (mm) 110.6 
Wall thickness (mm) 3.0 

Fuel cohman length (mm) 914.4 

Table 3 - -  Irradiation conditions of MFA-1 and MFA-2. 

MFA-1 MFA-2 
Peak displacement damage (dpa) 107 120 

Peak bum up (GWd/t) 147 162 
Peak linear power (W/cm) 349 352 
Cladding temperature (K) 633 ~923 633 ~913 

Effective full power days 903 1004 
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Results and Discussion 

Calculation of Irradiation Creep Strains 

The typical examples for measured diarnetral changes and swelling strains in the 

representative PNC316 and 15Cr-20Ni base fuel pins are shown in Figs. 1 and 2. At the 

distance from core bottom (DFCB) of about 300 to 500 ram, the swelling swains contributed 

mainly to the total diametral changes. The relationship in total diametral change and swelling 

strain for the PNC316 and 15Cr-20Ni base fuel pins is shown in Figs. 3 and 4. The difference 

in the diametral change and swelling strain corresponds to the creep strain, and it seems to be 

almost constant even with increasing swelling strain. 
The hoop in'adiation creep strain, EH, is calculated by using the following correlation: 

CH m ( A D/Do) ~ - ( A D/Do)~g - ( A D/Do)~ma ( 1 ) 

where 
(AD/Do) ~ =total diameWal change 
(AD/Do)~g = swelling swain determined by density meaatrement 
( A D / D 0 ) ~  = thermal creep strain 

The amount of thermal creep strain was predicted by using the correlation based on 
PNC316 and 15Cr-20Ni base pressurized tubes irradiated in FFTF-MOTA. The contribution 
of thermal creep to the total diamelral change could not be negligible at the temperature above 

about 773 K. The hoop creep strain, ell, was converted to the equivalent creep strain, by using 
the correlation, e =2/f-3 e . ,  based on Henckey's flow rule. The following derivation is 

conducted using this equivalent creep strain and equivalent stress, o =f-3/2 o H. 

Determination of Irradiation Creep Compliance: Bo 

The irradiation creep is able to be expressed in the general form [6]: 

e / a =B0+DS (2) 
where 

e = instantaneous irradiation creep strain per displacement damage 
o" = S t r e s s  

B0 = irradiation creep compliance 
D = creep-swelling coupling coefficient 

= instantaneous volumetric swelling 

The average creep modulus, Bave, is defined as using displacement damage, ~ t, 

Bave = B0 + D S 
= ( d e / d  ~6t)/ a (3) 

Stress in a cladding tube of a fuel pin increases almost linearly due to release of generated fission 

gases from the fuel during irradiation, and the following correlation was determined at each 
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DFCB location of every MFA-1 and MFA-2 fuel pins, 
=a  ~ t + b  (4) 

where a and b are constant. Equation (3) is integrated using equation (4), and average creep 

modulus, Bave, can be expressed as: 
Bave = e' / (1/2 a ~6t' 2 +b  ~6t' ) (5) 

e' = irradiation creep swain at the end of irradiation 
t' = displacement damage at the end of irradiation 

Values of Bave at each DFCB location in all pins were calculated using equation (5). The 

typical results from fuel pin No. 186019 are shown in Fig. 5. Bave values tend to increase with 

increasing instantaneous volumetric swelling rate at the end of irradiation, since Bave values 

include creep-swelling coupling component. From equation (2) the iwadiation creep 

compliance, B0, can be determined when swelling rate becomes zero at the data nominal line as 

shown in Fig. 5. 

The data ranges of B0 derived for PNC316 fuel pins in MFA-1 and for 15Cro20Ni base 

fuel pins in MFA-2 are shown in Fig. 6, which compares them with PNC316 and 15Cr-20Ni 

base pressurized tubes irradiated in MOTA [10] and other austenitic stainless steels, such as 20% 

cold-worked 316 and cold-worked 316Ti from the literature [5, 6,12]. The creep compliances, 

Bo, of PNC316 and 15Cr-20Ni base fuel pins show similar behavior. The derived range of B0 

for PNC316 and 15Cr-20Ni base fuel pins is 1.1 to 3.0 x 10 ~6 MPa~dpa -~, which is located in the 

range of other austenitic stainless steels, although it tends to be slightly larger than PNC316 and 

15Cr-20Ni irradiated in MOTA. 

Determination of Irradiation Creep-Swelling Coupling Coefficient: D 

In this study, irradiation creep-swelling coupling coefficient D was estimated, based on 

equation (2) with the instantaneous swelling rate. The equation (6) can be derived using 

equation (3) and (4). 

de  = (B0 +D S)  (a~6t+b) d ~6t (6) 

The following equations are obtained by integrating Equation (6). 

e'=Bo(1/2a~t'2 +b ~f)+aD f S ~td ~t+bD f Sd ~t 

=B0 (1/2 a ~6ta +b  96t) + a D  f # t d S + b D S '  (7) 
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Figure 7 - -  Calculation of integral part in equation (8) to determine D 

from relationship between displacement damage and swelling 

where 

S '= volumetric swelling at end of irradiation. 

The second integral part of equation (7) can be expressed by the following equation, as shown by 
the shaded area in Fig.7. 

f r 1 6 2  f S d r  (8) 

Equation (8) can be approximately calculated by 

f Ctd S = S ' r  E {1/2 [S (i)+ S (i+l)] [ Ct (i+l)- r t (i)]} 
where 

(9) 

S (i) = volumetric swelling at (i) irradiation cycle 

S (i+ 1) = volumetric swelling at (i+ 1 ) hxadiation cycle 
t (i) = displacement damage at (i) irradiation cycle 

r t (i+ 1 ) = displacement damage at (i+ 1 ) inadiation cycle 

The creep-swelling coupling coefficient, D, can be finally determined using equation (10), which 
was obtained by substituting equation (9) to equation (7): 

D= (e'-B0 (1/2 a r +b Ct')} / [aS'  r t ' 

- a5~ {1/2 [S (i) + S (i+l)] [ Ct (i+l)- r t (i)]} +b S ' ] (10) 
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Figure 10-- Comparison of predicted diametral changes based on MFA-1 and 
MFA-2 fuel pins with measured changes 

The values of D derived for PNC316 and 15Cr-20Ni base fuel pins are shown in Figs,8 

and 9, respectively. It appears that the D values tend to diminish with increasing swelling. 

The swelling-creep coupling coefficient was demonstrated to decline and almost disappear with 

developing swelling. This disappearance of D values as swelling increases accounts for the 

measured constant creep strain even in increasing swelling as shown in Figs.3 and 4. Fig. 10 

compares the meaa~d diamelric changes and predicted ones using the derived Bo and D values, 

Both agree reasonably well. From these analyses it is suggested that the diametric increase of 

MFA-1 and MFA-2 fuel pins due to irradiation creep is due mainly to the creep compliance Bo 

term, and the contribution of the creep-swelling coupling D term is minor at the swelling 
dominant regime. 

In the MOTA irradiation tests with the pressurized tubes of PNC316 and 15Cr-20Ni, D 

values were also derived using both instantaneous and average swelling rates. It was shown 

that the D values for instantaneous swelling rates are declined from 9 x 1 0 - 3 M P a  -I to 2 x 1 0  -3 

MPa l with increasing swelling [10]. Therefore, it is concluded that in'adiation creep behavior 

of  PNC316 and 15Cr-20Ni in fuel pin cladding is almost same as that of pressurized tubes 
irradiation tests. 
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With regard to the creep-swelling coupling coefficient, D, which was shown to be declined 

with increasing swelling rate in this study, similar trends for D values are reported in AISI 316 

pressurized tuh~ irradiated in EBRoII and FFTF [6-9]. An analytical expl,~afion is provided 

by Woo and Garner, based on the anisotropic to isotmpic transition of dislocation micmstmcture 

associated with the void evolution [13,14]. It can be said that results of  this study substantially 
support earlier work conducted by Woo and Garner. More exact correlation will be necessary 

in terms of theoretical-basis interpretation. 

Conclusions 

In this study, the krradiation creep of PNC316 and 15Cr-20Ni base stainless steels was 

determined by means of fuel pins irradiated in FF1T. The results are amamafized as follows: 

(1) The creep compliance B0 and creep-swelling coupling coefficient D were found to be 1.1 to 
3.0 x lff 6 MPa-ldpa ' and up to 1.3 x 10 .2 MPa" for ingantaneous volumetric swelling rate, 

respectively. 
(2) D values tend to decrease and disappear with developing void swelling. 

(3) The k, rMiation creep behavior of Bo and D for fuel pin irradiation tests is the same level 
derived from the pressurized tubes irradiated in FFFF-MOTA. 
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Abstract: The main objective of  this paper is to summarize CEA data recently obtained 
on different kinds of  steels irradiated at 325~ in the Osiris experimental reactor in a 
typical PWR environment, that is, pressurized water - P=155 bars - with controlled 
PWR type chemistry. The different steels studied can be classified in four groups: 
304/316 type austenitic stainless steels, conventional 9-12%Cr(Mo,V,Nb) and reduced 
activation 7.5-11%Cr(W,V,Ta) martensitic steels, and two ferritic-martensitic alloys 
strengthened by oxide dispersion (ODS). Some of  those steels have been included with 
different initial metallurgical conditions, that is, (1) for austenitic steels : solution 
annealed and cold-worked structures; (2) for martensitic steels : tempered, cold-worked 
and as-quenched martensitic structures. This experimental irradiation, named 
"Alexandre', has been carded out in the Osiris experimental reactor (under a mixed 
fast/thermal neutron flux) for different neutron fluence levels with a maximum 
irradiation damage of-9dpa.  The main results obtained are discussed, with a special 
emphasis on the chemical composition and initial metallurgical condition effects on the 
tensile and uniform corrosion properties of  both conventional and reduced activation 
chromium-rich martensitic steels. 
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Introduction 

Type 304/316 austenitic steels are the actual reference materials for different nuclear 
applications (PWR in-core components, ITER Fusion reactor project . . . .  ). Nevertheless, 
these materials present limitations for in-service conditions at low irradiation 
temperatures (below 400~ such as hardening/embrittlement, irradiation assisted stress 
corrosion cracking (IASCC) and high residual activation due to their Ni (+ Co) content. 

As an alternative to conventional austenitic stainlees steels, 8-12% Cr martensitic 
steels are recognised to have good potential for both fission and fusion reactors structural 
component applications. These steels have an intrinsic high resistance to swelling under 
heavy neutron irradiation conditions and they display attractive mechanical properties 
(strength, toughness, ...) and interesting physical properties (low thermal expansion 
coefficient, adequate thermal conductivity, ...). However, they are prone to 
hardening/embrittlement for low in-service temperatures (less than ~ 350-400~ and, 
consequently, an important decrease of their toughness is generally observed with the 
increasing neutron fluence in this temperature range. Furthermore, if they have to be used 
in an aqueous environment, their corrosion resistance can be suspect when compared to 
that of austenitic stainless steels. 

The aim of this paper is to summarize some recent data obtained at CEA on the 
behavior of a great variety of steels including 304/316 type stainless steels (which are 
reference materials), conventional and reduced activation martensitic steels and two 
Oxide Dispersion Strengthened (ODS) ferritic-martensitic steels, irradiated at 325 +5/- 
10~ in the experimental Osiris reactor under mixed neutron spectrum and for a typical 
PWR environment, that is, pressurized water with the relevant controlled chemistry. One 
of the main objectives of this irradiation called "Alexandre" is to provide a direct 
comparison of the properties of all these types of steels, some of them under different 
metallurgical conditions, as a function of the fluence for neutron doses ranging from -4).9 
up to 9 dpa. This last dose is assumed to represent a "saturation" dose for the 
hardening/embrittlement of both austenitic [1] [2] and martensitic [3] steels. The 
properties studied are : tensile properties, including Reduction of Area (RA) 
measurements, in-pile and out-of-pile uniform corrosion and residual activation (dose 
rate measurements and ~/spectrometry). Moreover, Scanning Electron Microscopy 
(SEM) fractograph analysis, Transmission Electron Microscopy (TEM) and Small Angle 
Neutron Scattering [4] studies are in progress to understand the irradiation-induced 
evolution of properties. 

Experimental 

Materials 
Four groups of steels have been studied. Denominations, suppliers, nominal 

chemical compositions and metallurgical conditions of the alloys are summarized in 
Table 1. 
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Table 1 - Nominal chemical compositions and metallurgical conditions 
of  the different steels 

Alloys Suppliers Nominal chemical Initial metallurgical 
composition (*) conditions (**) 

Austenitic stainless steels : 
304-SA Creusot-Loire 1 8 . 7 C r - 9 . 8 N i  Solutioned 

Annealed 
316L(N)-SA "SuperPhenix" 17Cr-12.4Ni-2.5Mo Solutioned 

grade Annealed 
316-CW UGINE 17Cr- 10.7Ni-2.3Mo Cold-Worked 

316Ti-CW Creusot-Loire 17.4Cr- 12.8Ni- Cold-Worked 
2.4Mo-0.3Ti 

Conventional martensitic (+ one bainitic) steels : 
EM10(1) Aubert & Duval 9CrlMo(0.2Ni) N+T+CW+T, AQ 
EM 10(2) Imphy 9Cr 1Mo(0.5Ni) N+T+CW 

T91 MarreMndustrie 9CrlMo(Nb,V) N+T+CW 
MANET Saarstahl 10.5Cr0.6Mo(Nb,V) N+T 

HT9 Sandvik 12CrlMo0.5W(V) N+T, AQ 
"M3"-Experimental Imphy 9Cr0.5Mo N+T+CW+T 

"T5" - Exp. Imphy 9Cr(Nb,V) N+T+CW 
2 1/4Cr / 2.4Crl Mo Tempered bainite 

RA martensitic steels : 
F82H JAERI - NKK 7.5Cr2W(V,Ta) N+T, AQ 

LA12LC - Exp. UKAEA - B.S. 9Cr0.7W(V) N+T+CW 
LA13Ta - Exp. UKAEA - B.S. 9 C r 3 W ( V , T a )  N+T+CW 
LA4Ta - Exp. UKAEA - B.S. 11Cr0.7W(V,Ta) N+T+CW 

ODS ferritic-martensitic steels : 
EM 10+Y203 - Exp. CEA 9Cr 1Mo+Y203 Extruded+N+R 

MA957 Inco Alloys 13Cr0.3Mo0.9Ti As-extruded 
+Y203 

For martensitic steels : 
(*) Carbon concentration ranges from O. 1 to 0.2 wt%, 
(**) N: normalization at 980-1075~ T : tempering at 740-800~ CW: cold-working 
10-20% and A Q: as-quenched martensite (this last metastable metallurgical condition 
could simulate welds without post-weld heat treatments, for in-service structures 
repairing and~or replacement as examples). 

Irradiation conditions 
The "Alexandre" irradiation started in January 1996 and has been carried out in the 

"Coralline" high pressure water installation of the OSIRIS reactor at Saclay. Different 
partial unloadings of samples resulted in different neutron damage levels. The main 
characteristics of the irradiation conditions are summarized in Table 2. 

Post- Irradiation Examinations (PIE) 
The doses of~5.2 and -9.3 dpa were achieved at the end of 1999. As such, weighing 

of these samples has already been done but the tensile results are not yet available. 
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Table 2 - "Alexandre" irradiation conditions 

503 

Average reactor power 
Temperature 

Fast/thermal neutron flux ratio 
Maximum neutron flux 

Achieved doses (estimation) 

Environment 

65 MW 
325 ~ +5/-10~ 

1.1 
2 1014 n/cmLs - E>IMeV 
0.9, 2, 3.5, 5.2 and 9.3 dpa 

corresponding respectively to exposure 
times - 43, 97, 140, 252 and 361 days 

- Pressurized water (155 bars) 
- controlled PWR chemistry (02<10ppb) 

- water coolant flow ~ 2-4 1/h 

- Tensile testing - Tensile tests have been done on plate samples 2mm wide, l m m  
thick and 8 mm in gauge length at a conventionnal strain rate of  3 10 -4 s -1. Accurate and 
systematic quantifications of  the Reduction of Area (RA) to failure have been performed 
using an image analysis procedure (Figure 1). It is worth pointing out that RA can be 
correlated to the impact behavior (USE) as shown later, and so, is a ductility parameter of  
great importance to fully characterize the brittleness (or not) of  the samples after thermal 
ageing [5] [6] and/or after irradiation [7] [8]. This is illustrated in Figure 2 which 
compares two irradiated martensitic alloys showing nearly the same total elongation (TE) 
values (obtained from the engineering tensile curves) but very different RA (and UE) 
values. 

Figure 1 -304-SA irradiated at 3.5 
dpa => Determination o f  the 

Reduction o f  Area by image analysis 
procedure : 

* RA (325~ - 0 dpa.) ~ 80% 
* RA (325~ 3.5 dpa) = 52% 

Figure 2 - Post-irradiation tensile ductility at 
325~ for tempered HT9 and F82H steels, 

showing the same Total Elongation values but 
very different Reduction o f  Area values. 

- Uniform corrosion measurements - Systematic weighing of  the irradiated samples 
after Ultrasonic (US) cleaning has been performed without descaling. For comparison 
purposes and to get some insight of  a possible irradiation effect on the uniform corrosion 
kinetics, out-of-pile static autoclave tests have been carded out on the same materials and 
with the same environmental conditions (same temperature and water chemistry). For 
these last tests, two types of  experiments were used : 
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(1) 10 000 hours duration autoclave test without partial unloadings; 
(2) different autoclave opening times ranging from 500 up to 10 000 hours to 

provide the corrosion kinetics. 
For both experiments, weighing has been done before and after descaling of the 

oxidized layer. Visual examinations of the corroded samples were done to verify that no 
significant localized corrosion had occurred (which could make difficult the 
interpretation of the weight gain results). 

- Residual neutron activity - Systematic dose-rate measurements have been 
performed on the first unloaded samples - that is for a dose of--~0.9 dpa - and for different 
times of cooling ranging from 9 months up to 39 months. 

Results and discussion 

Post-Irradiation (PI) tensile properties at Trest=Tlrr. =325~ 
Post-Irradiation (PI) tensile properties of some of the alloys studied have already 

been presented in [9]-[11]. Here, the aim is to synthesize the tensile properties at 3.5 dpa 
(which is the maximum dose available for the tensile properties up to now) and to focus 
on the influence of chemical composition and metallurgical conditions for all the ferritic- 
martensitic steels studied. It must be pointed out that, for all the alloys studied, an 
important increase of strength and associated ductility loss is observed for doses as low 
as 0.9 dpa. Figure 3 shows the engineering tensile curves obtained on the EM10 
(9CrlMo) steel at 325~ It is obvious from this figure that the initial metallurgical 
conditions have a major influence on the PI tensile behavior. 

Figures 4 to 6 show all the tensile data obtained at 325~ - 3.5 dpa on the 
martensitic steels and for the three metallurgical conditions considered, as a function of 
the nominal Cr concentration. From these figures it should be noticed that : 

- for the "standard" tempered martensitic structures (Figure 4), increasing Cr 
concentration from 7.5-9% up to 10-12% is detrimental to the PI ductility parameters, as 
conventionally observed. It is worth noting that the HT9 - 12%Cr - steel retains quite 
good Uniform Elongation (UE) and Total Elongation (TE) values at 3.5 dpa but shows 
very poor RA values (below 30%). As mentioned earlier, this reflects the necessity to 
measure accurately and to take into account the RA mechanical parameter to be able to 
fully analyze the tensile properties of these alloys after irradiation. 

-for cold-worked martensitic structures (Figure 5), the Cr influence is not obvious 
and these metallurgical conditions are characterised by a lower strength and a lower PI 
ductility decrease (especially for LA12LC and "T5" alloys). As already proposed in [11], 
it could be argued that the initial high number of dislocations of CW structures should 
acts as effective sinks for defect annihilation, producing a partial recovery of the 
irradiation damage at lower irradiation temperatures than for conventional tempered 
martensitic structures. However, further work will be necessary to explain the apparent 
relative insensivity to the Cr concentration (up to 11% - see LA4Ta) of the CW 
martensitic structures. 

-for as-quenched martensitic structures (Figure 6), very high strength values are 
achieved at 3.5 dpa, that is, up to 1800 MPa for the HT9 steel. It is quite surprising that, 
for such hardened structures, UE and TE values remain high. Also, as shown on Figure 
6-c, the RA evolution is quite complex as a function of the neutron dose when compared 
to more conventional tempered structures: a RA decrease is observed for HT9 (showing 
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an evolution very close to the tempered martensitic structure one), nearly constant RA 
values are observed for EM10 and a slight increase of this parameter is observed for 
F82H with increasing irradiation damage. One can assume that all these contradictory 
RA evolutions are the mark of different competitive microstructural evolutions within the 
metastable as-quenched martensitic structure, that is : inclination to form Cr-C clusters 
(pre-precipitation of carbides phenomena, eventually assisted by the neutron flux), 
anhilation and/or interaction of radiation damage (point defects, dislocation loops, 
cascades . . . .  ) with the initial dislocation network due to the displacive martensitic phase 
transformation upon cooling, etc... It shows clearly that further fundamental studies must 
be carried out to get a better insight of these complex as-quenched martensite 
microstructural evolutions under neutron irradiation at low temperatures. Moreover, one 
must take into account that RA measurements from rectangular cross-sections are more 
complex than for cylindrical tensile samples. For this last point, some further finite 
element calculations are planned to determine the triaxiality ratio created in the 
specimens (with their particular geometry) after strain localization. 
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Fig. 3-a: Before irradiation 
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Fig. 3-b: After irradiation 

Figure 3 - Engineering tensile curves of EMl O (9Cr l Mo) for three initial metallurgical 
conditions, before and afier irradiation up to 3,5 dpa (Ttest=Ttrrad.=325~ 
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Fig. 4-a 

Fig. 4-b 

Fig. 4-c 
Figure  4 : Tensile properties at Ttest=Tirraa. =325~ for tempered martensitic 

structures before and after irradiation up to 3.5 dpa. 
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Fig. 5-a 

Fig. 5-b 

Fig. 5-c 
Figure  5 : Tensile properties at Ttea=Ti,raa. =325~ for Cold-Worked (10-20%) 

martensitic structures before and afier irradiation up to 3.5 dpa. 
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Figure 6-a Figure 6-b 
Reduction of Area (%) 8o ! 
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Figure 6-c 
Figure 6 : Tensile properties at Ztest=Tirrad =325~ for as-quenched 

martensitic structures (6-a, 6-b) and compared to tempered martensite (6-c), 
before and after irradiation up to 3.5 dpa. 

Finally, to compare the strength/ductility ratio of  all the materials and for all the 
metallurgical conditions studied, Figure 7 shows 0.2% Yield Strength (YS) values as a 
function of  RA values at 325~ - 3.5 dpa. The best YS/RA ratio are observed, 
respectively, for : 316L(N)-SA austenitic steel, EM 10(1) and F82H tempered martensitic 
steels, LA12LC and T5 CW martensitic steels. This last experimental alloy ,without Mo 
addition, shows a quite good PI tensile behavior, indicating that, Mo and/or W are not 
necessarily needed to optimize the mechanical properties of  chromium-rich martensitic 
steels for use under neutron irradiation at low temperatures. Moreover, as already pointed 
out in [11], the ODS ferritic MA957 steel shows a good PI tensile behavior at 2 dpa 
(which is the only neutron dose available for this particular steel up to now). This is quite 
surprising when considering its high Cr concentration - close to 13%. However, this 
trend has to be confirmed at higher radiation damage before drawing any definitive 
conclusion. 
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Figure 7 : Representation of  0.2% Yield Strength (YS) as a function of  
Reduction of  Area (RA) at 325~ for all the steels irradiated at 3.5dpa. 

Figure 8-a : SEM fractograph showing a 
mixed intergranular / quasi-cleavage / 

ductile failure mode for HT9-T steel 
irradiated at 3.5dpa and tested at RT 
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Figure 8-b : SEM fractograph showing a 
pure ductile failure mode for LA12LC-CW 
steel irradiated at 3.5dpa and tested at RT 
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Figure 9 : O. 2% Yield Strength (YS) as a function of  Reduction of  Area (RA) at 
Room Temperature for some of  the steels irradiated at 3.5 dpa. 
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Post-Irradiation (PI) tensile properties at Room Temperature 
Some of the irradiated tensile specimens have been tested at Room Temperature 

(RT). Figures 8-a, 8-b and 9 show typical SEM fractographs and associated 0.2%YS v.s. 
RA values measured at 25~ for an irradiation damage of 3.5 dpa. It is obvious that the 
HT9 steel has failed with a mixed mode, i.e., intergranular/quasi-cleavage/ductile mode 
(consistent with a poor RA value) and that the LA12LC-CW steel presented a 100% 
ductile failure mode at RT, in agreement with a limited increase of the DBTT for this 
steel, as already shown in [11] after irradiation up to 2.5 dpa in HFR at 300~ 

In-situ observations of  the strain localization during tensile tests at RT before irradiation 
The measurement of the Reduction of Area (RA) at rupture has been found to 

provide interesting information on the mechanical behavior of irradiated steels. For 
example, the LA12LC steel presents a very low uniform elongation before and after 
irradiation while its RA remained satisfactory. Moreover, Figure 10 shows the empirical 
relationship between RA and Upper Shelf Energy (USE, from Charpy impact test) values 
for a great variety of conventional [5] and reduced activation [6] martensitic steels before 
and after thermal ageing. Recently, such a correlation has been observed on irradiated 
martensitic steels [8]. 
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250 /o  RA steels - 450~ 

�9 RA steels - 20~ 

20C - Average relationship 

150 . . . . . . . . . . . . . . . . . .  
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Figure 10 - Empirical relationship between RA (from tensile tests (*)) and USE (**) 
parameters obtained on a great variety of  conventional and RA martensitic steels 

before and after thermal ageing at 400-600~ up to 10 000-20 000 hours. Note that 
each couple of  points has required the experimental determination of  a full Impact 

transition curve, that is, for test temperatures ranging from -200 up to +400~ 
(*) Tensile tests have been performed on cylindrical (diameter = 2ram) samples 

(**) Impact tests have been carried out on non-standard (3.5"10"55mm) V-notched samples 
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Therefore, it was decided to complete the study of the mechanical behavior by in- 
situ observations during tensile tests at room temperature. The first objective was to 
characterise the strain localization and the ductility. Moreover, image analysis has been 
performed in order to evaluate the elasto-plastic behavior after strain localization. 

As a first step, in-situ observations have been performed before irradiation. In 
figures 11 and 12 the results obtained on 304-SA austenific stainless steel and tempered 
EM10 steel are presented. In each case, image 1 refers to the specimen before tensile test 
and image 2 represents the maximum load situation. From image 3, we may observe that 
strain localization appears at elongations higher than the (usually called) uniform 
elongation (UE). This phenomenon is related to "diffuse necking" [12] leading to a 
slight decrease in load without strain localization. As a consequence, strain to necking 
(STN) is significantly higher than UE (for 304-SA steel STN = 85.1% and UE = 71.6 % 
and for EM10 steel STN = 12.8 % and UE = 9.0 %). In image 4 (last image before 
rupture), necking is observed at the centre of the specimen. We may observe that, after 
"diffuse necking" situation, the localization of the strain is faster for 304-SA than for 
EM10. Also, when compared to 304-SA tensile behavior, an important RA is reached for 
EM10 steel before rupture despite a reduced uniform elongation. 

Image analysis has been used to evaluate the plastic behavior of the specimen 
beyond necking. The results are plotted in Figure 13 for tempered EM10 steel. The 
stress-strain curve deduced from image analysis up to 50% strain differs from the 
behavior extrapolated from uniform elongation stage using a stress-strain law of the 
form : 

= 60 sn (with n = 0.146 and cr0 = 1091 MPa for tempered EM10) (1) 

This phenomenon can be attributed to the increase of damage after strain 
localization. A Bridgman correction [13] has been applied in order to estimate the effect 
of the neck curvature of the specimen on the equivalent stress. This calculation is only 
valid for a cylindrical specimen on the hypothesis of isotropic necking. Thus, as 
mentioned above, we intend to perform finite element calculations to determine the 
triaxiality ratio created in the specimens after strain localization for the specimen 
geometry used presently (rectangular cross-section). 

The analysis presented here will be performed shortly on specimens irradiated at 5.2 
and 9.3 dpa. This will enable us the determination of the onset of necking more precisely 
by taking into account the diffuse necking. Moreover, the stress-strain behavior on 
irradiated specimens beyond necking will be studied, in particular, when strain 
localization appears just after the yield stress. 
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Figu re  11 : In-situ observations and corresponding engineering tensile curve obtained on 
austenitic 304-SA stainless steel before irradiation. 
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Figure 12 : In-situ observations and corresponding engineering tensile curve obtained on 
tempered EM10 martensitic steel before irradiation. 
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Figure 13 : Stress-Strain behavior o f  tempered EMI O steel and calculations from in-situ 
image analysis results and using a "Brigman " [13.] corrected law. 

1n-pile and out-of-pile uniform corrosion 

- Uniform corrosion kinetics ." Figure 14 shows the typical weight evolution of  F82H 
steel as a function of the exposure time for both in-pile and out-of-pile conditions. 
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Figure 14 : Weight gain evolution o f  F82H as a function o f  the time at 325~ 
(*) dM/S = K.I n with K=-28,4mg/dm2 and n=0,24 

All the martensitic, bainitic and ferritic steels studied here behave qualitatively as 
shown in this figure, that is: 

=> a (quasi-linear) progressive and slight weight decrease is observed as a function 
of  the exposure time on samples irradiated in Osiris, without descaling; 
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=> no significant weight change is observed after out-of-pile autoclave tests without 
descaling ; 

=> after descaling and for a total exposure time of  10000 hours, the measured out- 
of-pile autoclave weight decrease ranges from - - 150 to - - 80 mg/dm 2 for the autoclave 
experiment (1) without intermediate unloadings, and from - - 300 to - - 170 mg/dm 2 for 
autoclave conditions (2) including intermediate unloadings. 

One can make the assumption that the different corrosion behaviors observed 
between autoclave tests (1) and (2) should be related to the influence of  the autoclave 
opening. This opening could promote some structural modifications of  the outer surface 
of  the oxidized layer, with a possible further detrimental effect on the corrosion barrier 
efficiency of  the layer. Also, it is generally assumed that uniform corrosion follows a 
parabolic kinetics (dM/S =K t n) where the n value is close to 0.4-0.5 [14] [15]. For the 
present out-of-pile autoclave (2) tests and after descaling, the fitted values of  time 
exponent seem to be systematically much lower (n-0.15-0.3), and their meaning is not 
yet understood. However, one can refer to the three basic corrosion processes as already 
proposed in [14] and [15]: 

(A) - loss of  iron (and other alloying elements ?) into the water (weight reduction) 
and formation of  an inner layer of  Fe-Cr spinel oxide ; 

(B) - deposition (weight gains) of  crystals of  magnetite ; 
(C) - deposition (weight gains) of"loose crud" from the water. 
Considering the antagonistic effects of  these different processes on the positive or 

negative weight gain evolutions as a function of  the exposure time, and taking into 
account that processes (B) and (C) could be partially erratic in nature, then the typical 
weight gain evolutions shown in Figure 11 can be qualitatively understood. Moreover, 
referring to [15], it is expected that the observed differences between in-pile Osiris 
corrosion results and out-of-pile autoclave results (without descaling) arise as a 
consequence of  two possible phenomena, that is, water radiolysis effect under neutron 
irradiation on one hand, and the influence of the flowing water in the case the of  Osiris 
loop experiment vs. the "static" confined environment for the out-of-pile autoclave 
testing on the other hand. 

- Alloys chemical composition influence on the uniform corrosion - Figure 15 shows 
the weight gain measurements from 10 000 hours out-of-pile autoclave tests and from in- 
pile Osiris tests for exposure times ranging from -3355 h. (-3.5 dpa) up to -8670 h. 
(-9.3 dpa). This figure shows the influence of  the nominal chromium concentration on 
the corrosion behavior of  all the martensitic, bainitic and ferritic steels studied. It can be 
observed that, despite a significant scatter of  the measurements, the Cr influence is slight 
for Cr concentration ranging from -7.5 % (F82H) up to ~10.5% (Manet). Only the HT9 
(Cr-12%) and the ODS MA957 (Cr-13%) steels display a significant gain on the 
uniform corrosion resistance. The autoclave results obtained on the 2 1/4Cr bainitic steel 
do not seem to be obvious when compared to alloys with higher Cr contents. However, 
preliminary SIMS analysis have shown a quite different outer oxidised layer with a lower 
adherence for this low Cr steel. 

For the other main alloying elements, Mo and/or W additions seem to have only a 
slight influence on the corrosion resistance of  chromium martensitic steels on the one 
hand. On the other hand, some chemical measurements of  the environmental water after 
corrosion tests gave some indications of  preferential release of  W from the corroded 
samples (and, to a less extent, of  Mo) for both in-pile and out-of-pile testing conditions. 
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Figure 15-a 

Nominal Cr concentration (in weight %) 
Figure 15-b 

(Autoclave (1) and (2) refer respectively to tests without and with unloadings) 

Figure 15 : Evolution of the measured weight gain as a function of  the 
nominal Cr concentration of the alloys: 

(1) after out-of-pile autoclave tests before (15-a) and after (15-b) descaling; 
(2) after in-pile (OSIRIS) exposure (without descaling) for different times 

corresponding respectively to irradiation doses of" 
3.5 dpa (3355 h.), ~ 5.2dpa (6050 h.) and ~9. 3 dpa (8670 h.) 
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Such a selective release of some of the alloying elements in the water seems to be of 
technological importance since activation of these elements could contribute to the 
"ambiant" dose rate level, in the case of applications of these steels to structural 
components in an aqueous environment. Consequently, the full analysis of the in-service 
activation of such components needs to carefully take into account the concentration and 
the chemical nature of the released elements and not only the nominal alloying elements 
concentration in the parent material. 

Finally, it must be noted that, the initial metallurgical conditions have no significant 
influence on the corrosion resistance, for the experimental conditions tested here. 

Post-Irradiation (P1) dose rate measurements 

PI dose rate measurements have been carried out on the first unloaded samples from 
Osiris for a corresponding dose of 0.9 dpa. These measurements were made for different 
cooling times. Figure 16 summarizes the dose rate measurements obtained for 39 months 
after irradiation of all the studied alloys (each bar of the graph corresponds to one 
sample). It is obvious from this figure that reduced activation martensitic steels display 
an attractive low level of the residual activity, especially when they are compared to 
austenitic stainless steels of the 304 and 316 types. 

Figure 16 : Dose rate values for  aH the steels irradiated at O. 9 dpa measured 
at 39 months after irradiation (each bar corresponds to one sample). 
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Conclusion and further work 

The present irradiation, named "Alexandre," has been carried out in the Osiris 
experimental reactor at 325~ for different neutron damage levels ranging from -0.9 dpa 
up to -9.3 dpa. Post-irradiation (PI) tensile and corrosion properties of 304/316 type and 
chromium rich ferrific-martensitic steels (including RA and ODS variants) have been 
established in PWR environmental conditions. 

Type 7.5-12%Cr martensitic steels have been studied for different initial 
metallurgical conditions, that is, tempered, cold-worked and as-quenched martensite 
conditions. It is then observed that increasing the nominal chromium concentration of the 
alloys from the 7.5-9% range to 10-12% induces an increasing hardening and, 
consequently, a more detrimental loss of ductility for steels with an initial tempered 
condition. For cold-worked initial condition, such behavior is not observed, indicating a 
strong influence of the initial dislocations network introduced by the cold-working. 
Moreover, as-quenched martensitic structures show a complex behavior. Competitive 
evolutions between hardening and recovery processes seem to occur within these 
metastable structures. All these data highlight the need for further microstructural studies 
to achieve a better insight of all the related physical phenomena. 

Moreover, careful measurements of the reduction of area show that this ductility 
parameter is of great importance to analyze the PI tensile behavior of the different kinds 
of steels studied. Then, preliminary in-situ image analysis observations of the strain 
localization during tensile testing at room temperature have been performed on samples 
before irradiation. For future work, this approach is planned to be applied on irradiated 
materials for the higher doses available, that is, 5.2 and 9.3 dpa. Also, associated finite 
element calculations are in progress to determine the triaxiality ratio created in the 
specimens after strain localization for the particular geometry of tensile samples 
presently used. 

Uniform corrosion properties are mainly defined by the Cr concentration of alloys. 
Nevertheless, only a slight effect is observed within the 7.5-11% Cr range. It is worth 
noting that some indications of selective release of W (and Mo) in the environmental 
pressurized water have been observed for both out-of-pile (autoclave) and in-pile 
(pressurized water loop of Osiris reactor) conditions. Further work including 
microstructural characterization of the oxidized layers will be necessary to quantify these 
selective alloying element release phenomena. 

Finally, the residual neutron activity measurements (dose rate measurements) of the 
samples unloaded at 0.9 dpa have been briefly summarized after 39 months of decaying. 
These measurements assess the attractive behavior of reduced activation martensitic 
steels showing a dose rate 10 times lower than that of conventional 304/316 type 
stainless steels. Complementary y-spectrometry measurements and activity calculations 
are in progress to identify the radionucleides responsible for the observed dose rate 
evolutions. 
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Post-Irradiation Deformation Microstructures in Fe-9Cr 
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Microstuctures in Fe-9Cr," Effects o f  Radiation on Materials: 20 th International Symposium, 
ASTM STP 1405, S. T. Rosinski, M. L. Grossbeck, T. R. Allen, and A. S. Kumar, Eds., American 
Society for Testing and Materials, West Conshohocken, PA, 2001. 

Abstract: The deformed microstructures of both irradiated and unirradiated Fe-9Cr 
uniaxial tensile specimens have been examined to identify controlling mechanisms. 
Deformation following irradiation is found to occur in poorly defined channels, causing 
formation of discrete steps at surfaces and delineated by nonuniformly distributed highly 
elongated voids. Deformation is by motion of ~-<111> dislocations, which interact with 
and decompose irradiation-induced a<100> loops. The structure formed after extensive 
deformation consists of highly complex cell walls and moderate densities of individual 
slip dislocations. 

Keywords: post-irradiation deformation, ferritic steel, fractography, dislocations, voids 

Introduction 

Martensitic steels provide excellent radiation damage resistance for fission and fusion 
reactor applications. Significant hardening results from irradiation at temperatures of 
400~ and below, but total elongation remains in the 7% range even in simple Fe-Cr 
binary alloys[/]. Hardening is understood to arise due to the formation of voids, 
precipitates, and dislocation loops with both a< 100> and ~-< 111> Burgers vectors. 
However, microstructural understanding of" post-irradiation deformation behavior in 
ferritic/martensitic steels represents an important field for research that has been largely 
unexplored. This is in part due to limitations imposed by specimen availability, imaging 
challenges, and as will be shown, localized flow limitations. We have previously 
attempted to examine post-irradiation deformation in Fe-6Cr and -12Cr specimens, 
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without success (as will be shown, because of the limited extent of the behavior)[/], but 
are unaware of any other similar efforts. In the previous attempt, specimens of irradiated 
and deformed miniature sheet tensile specimens were prepared about 1.5 mm from the 
fracture surface, but the microstructures found were characteristic of undeformed 
material. This topic is of importance because post-irradiation deformation in general, and 
embrittlement in particular, are expected to define the low temperature limits for fusion 
structural applications. The topic is of particular interest because ferritic steels provide 
an unusual example where irradiation produces a Burger's vector (a<100>) that is not 
normally encountered in unirradiated steels, nor is it found in most other body centered 
cubic metals. Furthermore, it is not clear how slip dislocations of type 5-<111> can 
interact with a<100> Burger's vectors so as to annihilate all a<100> segments. 

Experimental Procedures 

Miniature sheet tensile specimens of Fe-Cr alloys with nominal gauge dimensions of 
5.1 mm x 0.25 mm x 1.0 mm were irradiated in fusion irradiations in the Fast Flux Test 
Facility (FFTF), Richland, WA, and were tested to provide understanding of post- 
irradiation deformation response in simple alloys[I,2]. Later irradiation experiments 
duplicated these conditions with the intention of going to higher dose levels, but did not 
exceed the dose previously attained because FFTF was shut down prematurely. As the 
conditions being irradiated were duplicates, they were ignored and further deformation 
testing of these specimens was terminated. From those available specimen conditions, 
the two listed in Table 1 were easily accessible and were chosen for this study. It was 
decided to limit the present study to Fe-9Cr in order to best match with the Fusion low 
activation candidate alloy compositions. This meant that two specimens were available 
from capsule ZP-1 and four were available from ZR1. Unirradiated control duplicates 
could not be found, so SS-3 control samples that are somewhat larger with nominal gauge 
dimensions of 7.62 m m x  0.76 m m x  1.5 mm but with identical heat treatment were 
substituted in order to provide control condition microstructures. The heat treatment 
given was intended to duplicate standard normalization and tempering: 1040~ 
+760~ 

Table 1 - Irradiation Conditions for Miniature Sheet Tensile Specimens 
Capsule ID MOTA/Basket Irr. Temp (~ Fluence Dose (dpa) 

(n/era 2) 
ZP 1 1E/BCB- 1 370 2.79x 1022 10.4 
ZR 1 1E/2C-3 403 9.46x 1022 40.5 

Specimen flats were mechanically polished to Linde 600 grit and deformed at room 
temperature either to failure on the first test (UE and/or TE given) or to about 2% for the 
irradiated specimens and 8% for the unirradiated specimens without failure. Testing 
details are provided in Table 2 with elongation estimated from test data. 

Following deformation, specimens were examined by scanning electron microscopy 
(SEM) to identify regions that were deformed. Unirradiated SS-3 specimens were then 
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ground from 0.030" (0.75 mm) to about the thickness of the miniature specimens: 0.010" 
(0.25 mm). Disks 1 mm in diameter were then punched from promising areas so that the 
edge of the specimen was retained on one side to allow determination of the stress axis. 
Each disk was then mounted in a 3 mm stainless steel disk using recently developed 
procedures [3] and prepared using normal polishing procedures. Transmission electron 
microscopy (TEM) was performed on a JEOL 1200EX TEM operating at 120 KeV and 
using a double tilting +45 ~ goniometer stage. Imaging included procedures for 
identifying each of the a<100> and -~<111> Burgers vectors in a field of view[4]. All 
micrographs were digitized and stereo images were prepared as anaglyphs. 

Table 2 - Test Details for Deformed Tensile Specimens 

Specimen ID Condition Yield (MPa) Max. load Elongation (%) 
(MPa) 

6721 unirradiated 194 326 16.4 UE, 27.3 TE 
6720 " 139 250 8.5 
6724 " 142 239 7.2 
ZR01 40.5 dpa at 403 534 534* 4.1 TE 
ZR02 " 540 554* 2.3 
ZP01 10.4 dpa at 370 619 619" 2.6 

Maximum load response as per reference 2, page 1240. 

Results 

Surface Features 

SEM revealed that surfaces of both irradiated and unirradiated specimens had 
developed clearly defined steps. The vertical surfaces of these steps were not fiat, but 
instead showed fine structure. However, the irradiated specimens showed no other 
features whereas the unirradiated specimens developed more rounded step edges and 
more structure on the original surfaces. Examples are provided in Figures 1 and 2. 
Figure 1 compares the specimens at low magnification and Figure 2 shows examples of  
specimen surfaces at higher magnifications. 

Figure 1 shows the unirradiated specimens on the left and the irradiated samples on 
the right at decreasing strain from left to right. From Figure 1 it can be shown that strain 
is much more localized following irradiation. In fact specimen ZP02, second from right 
is about to fail in the necked region with little indication of deformation elsewhere. Slip 
steps can be identified only at the ends of in the gage sections, even in the failed 
specimen. Horizontal arrows define neck regions and diagonal arrows denote individual 
channel traces. From this figure, the reason for the previous inability to find deformation 
in reference 1 studies is apparent; deformation is so localized that material 1.5 mm from 
the fracture surface shows few slip steps. Deformation in the unirradiated specimens is 
much more uniform. 
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Figure 1 - Low magn~)qcation examples of deformed tensile specimens with unirradiated 
specimens on the left. Note differences in magnification 

Figure 2 shows the fracture surfaces at higher magnification with unirradiated 
specimen 6721 on the left and irradiated specimen ZR01 on the right. Dimple rupture is 
apparent on the fracture surface following irradiation. The grain size is on the order of 
200 ~tm and each grain contains slip steps appearing as wavy lines, but these lines are 
difficult to resolve in the unirradiated condition at lower magnification. Slip step spacing 
increases with distance from the fracture surface. At higher magnification in the lower 
images, it is apparent that in the irradiated case, the surface is stepped with no features on 
the original surface and fine structure on the step surfaces. In general, the fine structure 
is ridged, but several examples can be found where steps appear on this surface. 
Therefore, once deformation initiates on a plane, it tends to continue without change on 
that plane. In comparison, the unirradiated sample shows undulations on the original 
surface, step edges that are rounded and step surfaces that are more uneven. (Scratches 
are on the lower left and should be ignored). Therefore, in the unirradiated case, 
deformation is less restricted to deformation channels. 
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Figure 2- - Higher magnification examples of the fracture surfaces and slip steps with 
unirradiated conditi, m 6721 on the left and irradiated condition ZRO1 on the right. 

Microstructural Examination 

The unirradiated deformed condition was found to contain a moderate density of 
straight screw ~-<111> dislocation line segments, but ~-<111> loops produced by 
deformation were also found. An example demonstrating procedures that allow 
identification of all ~-<111> Burgers vectors, is given in Figure 3 for an area in specimen 
6724 deformed approximately 7%. Figure 3 provides comparison of the same area 
imaged using ~=01]- (vertical) in Figure 3a and 200 (horizontal) in Figure 3b taken near 
(011) orientations and ~= 10T (with ~ as shown) in Figure 3c taken near (131)[4]. In 
Figure 3a only ~[1T1] and ~-[1 IT] are in contrast, in Figure 3b, all ~-<111> dislocations 
are in contrast and in Figure 3c, only ~[T11] and ,~[1 IT] are in contrast. Therefore, those 
dislocations that appear in Figures 3a and 3b, but not in 3c, that tend to lie on the 
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diagonal from lower left to upper right, are of type ~[1T1] and are of screw configuration. 
A small loop, most visible in Figure 3a just above and to the right of center, appears to be 
an edge loop with ~-[1T1] Burgers vector. 

Figure 3 - Dislocation structure in unirradiated deformed specimen 6724C 

Except in samples that were taken where necking was occurring, the microstructures 
observed in irradiated samples were typical of the as-irradiated structure, as found in 
earlier work[/]. That structure consisted of equiaxed voids, a<lO0> loops, ~-<111> line 
segments, and possibly large ~<111> loops that are as large as foil dimensions. 
Examples are provided in Figure 4 from specimens ZPO1 away from the necked area and 
ZR01 near the fracture surface, showing bright field images with ~=01T (horizontal) and 
200 (vertical) taken near (011) orientations, the lower dose and temperature on the left. 
For Figure 4, it can be noted that in ~=200 contrast, all ~-<! 11> dislocations are weakly 
visible and one set of a<100> are visible in strong contrast, those on the (200) plane, 
whereas in ~=01T contrast, only two sets of ~-<111> dislocations and the remaining 
a<100> dislocations are visible (with a[ 100] invisible)[1,4]. Therefore, Figure 4 shows 
loops on the order of 50 nm predominantly of a<100> type with a few ~-<111> 
dislocation segments. Similar microstructures were reported previously in undeformed 
specimens[I,5-8]. These observations therefore demonstrate that procedures used to 
prepare areas of  interest did not introduce extraneous deformation. 

Figure 5 provides an example of the structure found in a deformed region of  specimen 
ZR02, under various imaging conditions: ~---O1T (horizontal), 200 (vertical) and in void 
contrast taken near a (011) orientation. In Figure 5, it can be noted that the contrast from 
a<lO0> dislocations is very different from that in Figure 4, in that voids are often linked 
to dislocations, and many examples of highly elongated voids can be identified. 
Therefore, post-irradiation deformation effectively removes the a<lO0> loops created by 
irradiation but strain is very nonuniform, resulting in severe distortion of  many voids but 
negligible distortion of neighboring voids. 
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Figure 4 - Microstructures in apparently undeformed regions for ZPO1 in a) and b) and 
ZROI adjacent to the fracture surface in c) and d) 

Figure 5 - Microstructures in a deformed region of ZR02 in 017 (horizontal), 200 
(vertical) and void contrast 

The imaging procedures that allow identification of all ~<111> Burgers vectors were 
applied to post-irradiation deformation structures with less success because lattice 
rotation due to localized deformation was more severe and because a[100] Burgers 
vectors are present. Examples are given in Figures 6 and 7. Both use the same imaging 
conditions as those used in Figure 3 with ~--O1T horizontal in a and 200 vertical in b 
taken near (011) orientations but with either ~=ITO or 10T (with ~ as shown) in c taken 
near (113) or (131 ), respectively[4]. In Figures 6a and 7a, only ~-[ 1T 1], -~[ 1 IT], a[O 10] 
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and a[O01] dislocations are in contrast, in Figure 6b, all ~-<111> dislocations and a[100] 
dislocations are in contrast, in Figure 6c, only ~[T11], ~[1TI], a[lO0] and a[010] 
dislocations are in contrast and in Figure 7c, only ~[T11], ~-[1 IT], a[100] and a[001] 
dislocations are in contrast. Figure 6 was selected to show behavior in an early stage of 
deformation and Figure 7 to show more advanced stages of development. [Note that this 
is possible because local deformation was much greater in the necked region of specimen 
ZR02 than for that in specimen ZP01 (see Figure 1).] Examination of Figure 6 
demonstrates structure at the lower left with several features similar to that shown in 
Figure 3, consisting of a<100> loops. However, much of this structure appears different, 
indicating that many of the a<100> loops have been altered. Other regions of Figure 6 
are quite different in that no a<100> loops remain. Therefore, early in the deformation 
process, it is possible to remove the a{ 100} loop structure. 

Figure 6 - Microstructures in the necked region of irradiated condition ZP01 in Ol T 
(horizontal), 200 (vertical) and 1TO (as shown) 

Figure 7 indicates that lateran the deformation process the dislocation structure coarsens 
and develops a subgrain structure. Dislocations are found to be predominantly of 
-~<111> Burgers vector type and of screw configuration. The subgrain boundaries appear 
to be linked to voids and are non-planar as indicated by the subgrain structure appearing 
on the center left of Figure 7a. However, the major deformation channels, as defined by 
the presence of highly elongated voids, are not parallel to nearby subgrain boundaries. 

Discussion 

It is now apparent that this work was only possible because novel specimen 
miniaturization procedures have been developed. Deformation in irradiated specimens is 
extremely localized, at least for the miniature specimens used in this study. Furthermore, 
it is straightforwardly possible to relate the dislocation structure available for analysis 
with reference to the tensile direction. However, no attempt has yet been made to relate 
Burgers vector anisotropy to the stress state. Instead, the emphasis was placed on 
understanding the dislocation reactions that lead to alteration of the irradiation-induced 
dislocation structure and channel deformation. 
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Figure 7 - Microstructures in the necked region of irradiated condition ZR02 in 017- 
(horizontal), 200 (vertical) and 107-(as shown) 

Deformation is found to remove irradiation-induced a<lO0> edge dislocation loops. 
That process can be envisioned as follows. A moving ~-<111> dislocation with the 
correct sense will interact with an a<lO0> loop according to the following reaction: 

~[]-1 l] + a[lO0] = ~ [ l l l ]  (1) 

Replacement of a section of the a[100] loop with an ~-[111] line segment by this process 
can take place with significant reduction in energy, and it can be expected to continue 
rapidly, replacing the entire a[100] loop with an ,~[111] loop lying on the (100) plane. 
This replacement reaction can occur with any moving ~-<111> dislocation but its sense 
will determine which side of the a<100> loop it will be attracted to. Figure 6b provides 
excellent demonstration that this reaction occurs easily upon post-irradiation deformation. 
However, stereoscopic examination of features in Figure 6b reveals that most of the 
~<111> loops present are not on { 100} planes, and therefore, once formed, such loops 
are able to glide to more favorable configurations. 

Reduction in dislocation density then occurs with further interaction between these 
loops and moving dislocations of similar Burgers vector. However, interactions between 
-~<111> loops and dislocations of a different Burgers vector will not be energetically 
favorable, representing the reverse of the above interaction, and therefore, such loops will 
represent barriers to dislocation slip. 

It is apparent that with sufficient deformation, all irradiation-induced loops can be 
destroyed, leaving a dislocation structure with screw component characteristics similar to 
those created in deformed unirradiated conditions. Even after the irradiation-induced 
dislocation structure is removed, localized deformation continues, resulting in a higher 
density of surface steps and a transition into necking response. This may be a 
consequence of favorable dislocation nucleation or enhanced dislocation glide because 
the remaining microstructural obstacles to dislocation glide, the voids, are distorted. 

It has been shown that some voids are elongated or, at least, deformed from the 
original equiaxed and faceted shape. The deformed elongated cavities are located in 
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regions that form narrow bands that are 
about 100 nm wide as shown in Figure 8. 
The analysis of the shape of the elongated 
cavities allowed measurement of the local 
strain applied. The local strain is given by 
the ratio of length of the cavity, measured 
from top to bottom in the direction of the 
strain, and the original size, as measured by 
the size of the cavity at mid-height 
perpendicular to the strain axis. The average 
strain for highly elongated voids is about 
300 %, which represents the passage across 
a 25 nm cavity of about 100 dislocations. 

Even though these bands are poorly 
defined, they clearly indicate deformation of Figure 8 - Microstructure in the 
the material occurring by localized shear, necked region of irradiated condition 
When these bands are correlated with the ZR02 showing typical elongated 
stepped traces revealed by the SEM cavities in poorly defined narrow 
analysis, it is clear that the irradiated bands. A band is delineated by the 
material deforms via a channeling dashed lines. 
mechanism. Although channeling has been 
demonstrated in a number of irradiated fcc and ferritic materials[9-10], this is to our 
knowledge the first evidence for this mechanism in a Fe-9Cr type ferritic alloy. 

Conclusions 

A novel specimen preparation procedure has made it possible to examine post- 
irradiation deformation in Fe-9Cr miniature sheet tensile specimens. It is found that 

1) Deformation in irradiated specimens is highly localized so that specimens 
prepared more than I mm from the fracture surface usually showed no evidence 
of deformation. 

2) Surface slip steps created during post-irradiation deformation are clearly defined 
with no other apparent surface damage whereas in unirradiated specimens the 
steps are more poorly defined and other surfaces show evidence of local 
deformation. The surface steps in irradiated specimens are nonplanar but features 
created early in the deformation are reproduced during further deformation 
creating ridges on the steps that are rarely altered with further deformation. 
Therefore, once localized slip is established in irradiated specimens, it generally 
continues without change. Localized necking occurs in irradiated specimens as 
slip steps get larger and slip planes increase in density. 

3) Transformation of a<100> loops created during irradiation of ferritic alloys 
appears to proceed easily based on observed rapid disappearance of such features. 
It is proposed that this transformation is based on the reaction 
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~[Tll] +a[lOO] =~[1111 (1) 

4) Continued post-irradiation deformation removes all irradiation-induced 
dislocation structure, replacing it eventually with ~-[ 111] screw dislocations 
typical of deformation in unirradiated specimens. However, evidence for highly 
localized plasticity is found in the void structure so that some voids become 
highly elongated but nearby voids remain undistorted. 

5) As local strains increase during post-irradiation deformation, a highly defined 
subgrain structure develops, whereas such structure is not found in unirradiated 
specimens deformed to about 8% uniform elongation. 
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Abstract: Small Specimen Testing Technology ( s s T r )  and related remote-control testing 
techniques are indispensable for the effective use of the limited volumes of material 
testing reactors and proposed intense neutron sources. As a part of this work, a new 
fatigue test machine with a laser extensometer for hot-cell usage has been developed. 
Materials used in this work were Japanese reduced activation ferritic/martensitic steel, 
JLF-1 (Fe-9Cr-2W-V-Ta) and its weldment. Correlations between fatigue life 
characteristics and fracture mechanisms were investigated for full- and mini-sized 
hourglass type specimens to clarify the effect of specimen size on fatigue properties. 
These tests revealed that there was not significant difference in the number of cycles to 
failure in both specimens. 

Keywords: reduced activation ferritic/martensitic steel, JLF-1, fatigue, TIG welding, 
small specimen testing technology 

Introduction 

Many outstanding accomplishments in the areas of fusion science and plasma 
physics over the past several decades emphasize the urgent needs of R & D activities in 
the area of fusion engineering/technology. The consensus that materials is the "Queen 
Technology to Fusion" or that materials are the key to fusion engineering/technology has 
been widely recognized and many IEA activities on fusion materials have been initiated 
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in the recent years. Presently, reduced activation ferritic/martensitic steels (RAFs), 
vanadium alloys and SiC/SiC composite materials are considered to be the most 
promising candidates [1,2]. Among them, the RAFs R & D is placed at the highest 
priority in the Japanese and the European programs [3,4]. To accelerate the development 
of  RAFs, a working group under Annex-II of the International Energy Agency (IEA) 
implementing agreement on a program of research and development on fusion materials 
has been formed to coordinate a collaborative program between the European Union 
(EU), the USA and Japan. As one of  the steels for the IEA test program, JLF-1 (9Cr-2W- 
V-Ta) steel has been provided from the Japanese university activity JUPITER program. 
The second large heat of  JLF-1 was produced in 1996. The 1.5 metric ton heat of  JLF-1 
steel was produced into plates with thickness of 15 and 25 ram. The f'trst large heat was 
mainly used to obtain basic mechanical properties and neutron and charged particle 
irradiation experiments including HFIR irradiation [5,6]. The emphasis on the second 
large heat was to investigate joining technology and performance of the welded joints. 
Fracture toughness tests using 25-mm-thick plate are another important issue for the 
second heat [7]. In fusion applications, structural materials will suffer from cyclic stress 
caused by thermal cycling during reactor operation [8]. Therefore investigation of fatigue 
properties is very important, although only limited data on fatigue properties of RAFs had 
been obtained [9]. 

The objectives of  this work are to investigate the fatigue properties of the second 
heat of  JLF-1 and its welded joints, and to investigate the effect of specimen size on 
fatigue properties, in order to establish postirradiation and in-situ fatigue test methods, as 
an important part of small specimen test technology (SSTT) R & D. For a clear 
understanding of fatigue properties under the anticipated fusion environment, the effect 
of  specimen size on the fatigue properties was studied utilizing the reduced activation 
ferritic steel JLF-1 and its weldment. The correlation between fatigue life characteristics 
and fracture mechanisms was investigated for full- and miniature-sized specimens. Based 
on the comparison of fatigue characteristics between the two sizes, the effects of 
specimen size on fracture mechanisms and their consequences on fatigue life times are 
discussed. 

E x p e r i m e n t a l  P r o c e d u r e  

Materials 

The materials used were a reduced activation steel (JLF-1) and its weldment 
fabricated by tungsten inert gas (TIG) arc welding. Table 1 shows the chemical 
composition and heat treatment conditions. 

Table 1 Chemical composition (mass%) and heat treatment condition of JLF-1 
C Si Mn P S A1 Cr W V Ta N Ti B 

BM l 0 .10  0.05 0.45 0.003 0.002 0.003 8.85 1.99 0.20 0.080 0.0231 - -  0.0002 
WM 2 0.061 0.13 0.43 0.005 0.003 0.003 9 16 1.91 0.25 0.081 0.02590.019 0.0001 
WW 3 0.061 0.10 0.45 0.003 0.003 0.002 8.96 1.82 0.25 0.084 0.03320.028 0.0001 
'BM:  Base metal, 2WM: Weld metal, 3WW: Welding wire 
Normalizing: 1323K x lh/A.C., Tempering: 1053K x lh/A.C. 
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The TIG welding was performed using wire having a diameter of 1.2ram. The 
heat input was 14.5-15.8kJ/cm. Post welding heat treatment condition was 1013K x 
3h/F.C. More detail on the JLF-1 second large heat are presented elsewhere [10]. 

Specimen 

The shape and dimension of the specimens are presented in Figure 1. It is well 
known that the hourglass type specimen has good resistance to buckling, which is a very 
important issue in to miniaturized specimens for push-pull tests. Moreover it is desirable 
for ion irradiation experiments, because fracture initiation site was limited to around the 
specimen's waist portion. Full-sized and mini-sized hourglass type fatigue specimens 
were machined from the 25ram t x 320 w x 500tram TIG welded plate. The width of the 
weldment was about 20mm. Both BM and WM specimen were oriented in the transverse 
direction. As mentioned above, the width of the welding line was narrow. In the case of 
full-sized WM specimen, the hourglass specimen was fabricated across the weldment. All 
relevant gauge volume consisted of the weld metal, with the heat affected zone (HAZ) 
being located outside of the test section. A mini-sized WM specimen made entirely of the 
weld metal was also prepared. In order to ease stress concentration, the root radius to 
minimum diameter (R / d) ratio of both specimens was selected to be 8, which is the 
upper limit of the ASTM E-606 recommendation of 4 to 8. The minimum diameter of 
full- and mini-sized specimen was 6mm and 1.25ram; respectively. The mini-sized 
specimens, called SF-1 (Small Fatigue) are proposed to use in accelerator driven D-Li 
stripping reaction neutron sources, such as IFMIF [11]. But also other proposed neutron 
source like the Gas Dynamic Trap (GDT-ns) requires the application of SST]" [12]. 

Development of Fatigue Test .Machine for Hot-cell Usage 

To develop mechanical testing machines for irradiated specimens, easy and remote 
handling process is indispensable. Especially for fatigue tests, gripping of specimens and 
attaching of extensometers by remote handling is considered to be difficult. In this work, 
remote handling issues were regarded as the most important. For measuring strain, a laser 

ASTM recommendation R/d =8 

(a) (b) 25.4 

I~ ~6 ~16 tl .25 
- -  . _ .  " 

2.8 " thic'~~ess = ' t 4 8 4 8  / ~M12xl '75 ~ 2 ~  al0"100/ ~ 1.5"~ 5 

Dimension:mm 
Figure 1 -Dimensions of fatigue specimens (a) Full-sized specimen, (b) Mini-sized 

specimen. 
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Figure 2 -Fatigue test machine for hot-cell usage (a) Fatigue machine, (b) Inside of  
vacuum chamber 

extensometer was applied, which enables monitoring deformation during the test without 
any specimen contact [13]. Figure 2 shows newly developed fatigue test machine for hot- 
cell usage. As shown in this figure, the laser extensometer consists of a transmitter and a 
receiver joined to an actuator. Laser measures change of  minimum diameter during tests. 
Strain measurement was carded out by measuring the deviation from the reference value 
at the waist portion. Diametral strain, E d, was deemed as follows 

Ed= ( D - D o ) / D o  (1) 

where 
D = specimen's minimum diameter during test 
D O = reference diameter, specimen's minimum diameter with unloaded condition 

A measurement accuracy of  0.1pan was obtained by averaging the measured values. 
The measured strain value was also used for controlling the actuator during the test. The 
upper limit of distance between the transmitter and receiver was about -500mm~ which is 
enough to install vacuum chamber in between. Strain measurement is carried out outside 
of  the chamber. A unique clamping device was developed in order to grip SF-1 type 
specimen strictly during the test. The specimen needs to stay parallel to load direction to 
avoid buckling. The clamping device consists of  two counter plates. One plate has a 
groove along the load direction and a hole for guide pin. The other plate has a serrated 
surface and a hole for the pin. SF-1 specimen is clamped between these plates. The 
groove and the guide pin help to keep the specimen parallel to load direction. This device 
enables easy operation with remote handling. 

Test Condition 

For full-sized specimens, an electrohydraulic servo-controlled testing machine with 
a 10kN load-cell was used. For mini-sized specimen, an electromotive testing machine 
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with a 2kN load-cell was used. Load controlled fatigue tests were carried out at 0.1-10Hz, 
with sinusoidal stress waveform at push-pull condition. Diametral strain controlled 
fatigue tests of  full- and mini-sized specimen were carried out with a triangular stress 
waveform and a total diametral strain range, AEd of  0.2% - 3.0%. The diametral strain 
rate was 0.01%Is, the stress condition was push-pull. AE d was converted to total axial 
strain range, AE,, by the following formula described in ASTM E-606 

ae. = (c / E)(1- vo) - 2ae. (2) 

where: 
a = applied stress 
E = Elastic modulus 
v e = Elastic Poisson' s ratio 

The number of  cycles to failure was defmed as a point where a tensile peak stress 
decreased by 25% from the tensile peak stress at the first cycle and as a fracture cycle in 
the case that the specimen was broken. Al l  tests were performed at an ambient 
temperature in air. 

Results and Discussions 

Effect of Heat Treatment 

It is well known that fatigue tests are quite sensitive to specimen geometry and 
surface conditions including residual stress and strain introduced by machining. Although 
extreme care was taken during specimen preparation, there still remained a concern about 

Figure 3 -Effect of post machining heat treatment (PMHT) on fatigue life of JLF-1. 
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this influence on the results. To see the influence, three types of  full sized fatigue test 
specimens; (1) as fabricated, (2) 873K x 1 hr Post Machining Heat Treatment (PMHT) as 
standard stress relief condition and (3) 1013K x 3 hr PMHT as full stress relief condition, 
were tested. Figure 3 shows the results of  the fatigue test on full sized specimens. The 
results of the specimens with three types of  PMHT were almost identical. This looks 
sufficient to consider that residual stress and strain induced by machining has no effect on 
fatigue properties. Still the rest of  the fatigue tests in this work have been done with 873K 
x 1 hr PMHT for the full-sized specimens and without PMHT for the mini-sized 
specimens. 

Prediction of Fatigue Limit by Vickers Hardness Test and Tensile Test 

As shown in Figure 4, it was found that fatigue life curve (S-N curve) couldn't be 
drawn by a single linear line with a slight decline toward a shorter lifetime at larger stress 
amplitude. The origin of  this slight declination was interpreted to be the influence of 
cyclic creep. Reduction of  area was significant in higher stress conditions. Therefore, 
under the true strain controlled condition, there will be no concern about this out of 
linearity. Another important information shown in this figure is the effect of  welding on 
fatigue properties. Comparing with fatigue life of  base metal (BM) and weld metal (WM), 
the value for WM is considerably longer than that of  BM. It is commonly well known 
that there are good correlations of  fatigue limit with Vickers hardness and tensile strength 
[14]. 

two -= 1.6 Hv =!: 0.1 Hv ( Hv _< 400) (3) 
two --- 0.5 6B (4) 

where 

Figure 4 -Results of load controlled fatigue tests, Estimation of fatigue limit. 
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t~,o = fatigue limit (in MPa) 
Hv = Vickers hardness 
t~ B = tensile strength (in MPa) 

According to the results of Vickers hardness test and tensile test [7,9], G,o was 
predicted to be 304+19 MPa and 384+24 MPa, for BM and WM, respectively. These 
values appear to successfully predict the result of fatigue test with enough accuracy. This 
method could be applied to irradiated materials. 

Diametral strain controlled tests 

All specimens broke in the vicinity of the specimen's waist. Full-sized WM 
specimens broke in the weld metal. Typical hysteresis loops obtained by laser 
extensometry are presented in Figure 5. As shown in these figures, the laser extensometer 
was successfully applied to diametral strain controlled fatigue tests. Furthermore, 
emphasis has been put on a strictly parallel alignment of the specimen axis to the load 
direction. The clamping device was successfully applied, because buckling did not occur 
even at large strain range of Ae,=6%. The shape of hysteresis loop revealed that stress 
range and plastic strain range in each cycles did not depend on specimen size. Plastic 
strain range of BM and WM did not change during tests except for the end of tests. This 
phenomenon was observed in both full- and mini-sized specimen [15]. Significant 
difference between BM and WM in fracture apparatus was not observed. Defects 
introduced by welding, such as blowhole, did not affect to fracture apparatus. 

The Nf values with the mini-sized specimens were compared with those of full- 
sized specimens. The relationship between Nf and the converted total axial strain range, 
Ae,, is presented in Figure 6. As shown in this figure, fatigue lifetime of WM was slightly 
shorter than BM. However, the difference between the lifetime of BM and that of 

~u~ a =1% (~d =0.5%) ~JE a =6% (~u~ d =3% ) 

Total strain range, ~ d  Total strain range, Ae d 

600 i-" ~ 600 i �9 -~! 

= 400 m 400 O .  Q. 

"~ 200 - "~ 200 
(/J ~/J 

o o 

.2oo -2oo 

-400 ~- 4 0 0  

-600 . . . . . .  ~ -600 

-0.4 -0.2 0 0.2 0.4 -2 -1 0 1 2 
Diametral strain (%) Diametral strain (%) 

Figure 5 -Typical hysteresis loops of  JLF-1 base metal mini-sized specimen, obtained by 
laser extensometer. Around Nr/2 cycle. 
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Figure 6 -Fatigue life curves for  JLF-1 and its weldment. 

10 4 

WM was not significant. Significant size effect on fatigue lifetime was not observed in 
this work [16, 17]. 

Cyclic stress response curves are presented in Figure 7. As shown in this figure, 
cyclic softening was observed in all tests. The tensile stress increased, however, at initial 
stage in several tests performed at higher strain range. It implies that the difference in 
both stress range and inclination of  stress range did not depend on specimen size. The 
difference in stress range and inclination between specimen sizes was less than 5%. 
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Figure 7 -Cyclic stress response curves for  JLF-1 and its weldment obtained from 
mini-sized specimen. 
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According to these results, fatigue properties are not sensitive to the specimen sizes 
studied in this work. 

Summary 

A miniature fatigue specimen test machine for a hot laboratory has been 
successfully developed and the specimen size effect was studied. According to load 
controlled fatigue tests, the fatigue limit could be predicted by the well-known correlation 
between fatigue limit and Vickers hardness, and/or tensile slrength. Fatigue life property 
was not obtained by a single linear line, but was slightly deviated downward with 
increasing applied stress amplitude. This can be attributed to the influence of cyclic 
creep. 

So far, there is no significant specimen size effect on fatigue properties. Strain 
conlrolled fatigue tests on JLF-1 and its weldment were carded out using full-sized and 
mini-sized specimens. Fatigue life of JLF-1, TIG weldment was longer and the fatigue 
strength was larger than those of JLF-1 base metal. Number of cycles to failure, plastic 
strain range and applied stress are independent of specimen size. Cyclic softening was 
observed in both BM and WM. Fatigue lifetime of WM was shorter than that of BM. 
According to these results, fatigue properties were not sensitive to specimen size studied 
in this work. Neutron irradiation of JLF-1 steel and its weldment is ongoing in Japanese 
fission reactors, such as the JMTR and the JOYO. Post-irradiation fatigue tests will be 
carded out in the near future. 
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Abstract: Reduced activation ferritic steels (RAFs), JLF-1 (9Cr--2W-V,Ta steel) had been 
studied as one of the reference materials in the lEA RAF R&D activity, because of its 
superior resistance to high-fluence neutron irradiation up to 100 dpa. 

Recently, JLS-series (9Cr--xW-V,Ta steels; x=2.5, 3.0 and 3,5) have been 
produced as options for RAFs for use at higher temperatures in advanced blanket systems, 
In this series, improved high temperature mechanical properties were intended by 
increased tungsten contents. 

The creep properties improved with the tungsten contents. A microstmctural 
examination after creep rupture test revealed differences with a increase of tungsten 
content from 2.0 QLF--1) to 3.0 wt% (JLS--2). According to the examination of tested 
specimens (100 MPa, 700~ more intragranular fine precipitates and more intergranular 
precipitates formed preferentially on prior austenite boundaries and martensite lath 
boundaries were found in JLS-2 than in JLF--1, martensite lath widths became narrower 
and dislocation density increased with the increase of tungsten content. 

Such microstructural features are likely to improve the creep properties by 
inhibiting grain evolution, microstructural recovery and strengthening grain boundaries at 
elevated temperatures. 

Keywords: reduced activation ferritic/martensitic steels, creep property, microstructure, 
precipitates, carbide, Laves phase 
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Reduced activation ferritic/martensitic steels (RAFs) have attracted attention in as 
a means simplifying the special waste storage of the highly radioactive blanket and first- 
wall structures from fusion reactors after service. From the viewpoint of decreasing 
components such as molybdenum, niobium and nickel which transmute to long-lived 
radioactive nuclides upon irradiation with 14 MeV high-energy neutrons in D-T fusion 
reactors, molybdenum, niobium and nickel must be severely restricted and molybdenum 
is replaced with tungsten. 

RAFs have the superior swelling resistance, high heat flux capacity and so on. 
One of the RAFs, it was reported that JLF-1 has been developed and proven to have good 
resistance against high-fluence neutron irradiation up to 100 dpa and good phase stability 
[1]. 

As an option of RAFs for use at higher temperatures in advanced blanket systems, 
JLS--series (9Cr-xW-V,Ta; x=2.5, 3.0 and 3.5) have been prepared. In this series, 
improved creep and tensile properties at elevated temperatures were intended by 
increased tungsten contents. Tungsten composition in JLF-1 is 2.0 wt%, but in the JLS- 
series, it increases to 2.5, 3.0 and 3.5 wt% designated as JLS--1, JLS-2 and JLS-3 
respectively. 

In the present work, creep properties of JLS-series and JLF--1 were first 
characterized to obtain fundamental high temperature mechanical properties. Correlations 
between microstmctural features and creep properties were then studied by means of 
transmission electron microscopy (TEM) and energy dispersive X-ray spectrometry 
(EDS) on the creep rupture-tested specimens as well as on as--received specimen, 
normalized, tempered and post weld heat treatment (NT+PWHT) specimens. 

Experimental procedure 

Materials 

Table 1 shows chemical compositions and heat treatments of JLF-1 and JLS- 
series. 

Table 1 -Chemical composition and heat treatments of JLF--1 and JLS-series 
C Cr W V Ta Mn Ti N Si Ni Mo AI p S 

JLF--1 0.097 9.04 1.97 0.19 0-700 0.46 0.001 - <0.1 <0.1 <0.1 - - 
JLS-1 0.094 9.19 2.50 0.24 0.810 0.99 ~ 0.0267 0.050 0.003 0.0020 0.0004 
JLS-2 0.096 8.99 2.97 0.24 0.810 1.00 ~ 0.0259 0.048 0.003 0.0020 0.0004 
JLS.-3 0.097 8.96 3.59 0.25 0.810 0.90 - 0.0270 0.048 0.003 0.0020 0.0005 

Normalized at 1323 K x 3.6 ks followed by air-cooling 
Tempered at 1033 K x 3.6 ks followed by air-cooling 

Post Weld Heat Treatment (PWHT) at 1013 K x 10.8 ks followed by furnace cooling 
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The addition of tungsten instead of molybdenum improves creep rupture strength 
in high chromium steels, but excess tungsten addition leads to formation of 5--ferrite 
phase. 5-ferrite phase is known to degrade the toughness. Therefore the manganese 
content, an austenite former, was modulated in JLS-series up to 1.0 wt%. In addition, 
Laves phase (Fe2W) tends to form with increasing of tungsten. This is known to have a 
bad effect on mechanical properties by coarsening at elevated temperature. Therefore the 
optimum amount of tungsten addition should be defined. 

Vanadium addition also improves high temperature creep rupture strength, 
however excess vanadium addition leads to mechanical property degradation by causing 
significant carbide coarsening at high temperature. The optimum vanadium concentration 
is thought to be around 0.2 wt%. Niobium has same effect as vanadium, but it is 
detrimental element from the standpoint of RAFs. Tantalum has an equivalent effect to 
niobium, so tantalum is added instead of niobium. 

Nitrogen is considered to be a less desirable element from the view of RAFs, but a 
small amount of nitrogen produces a remarkable improvement of high temperature creep 
strength by forming very fine nitride precipitates. Therefore, 0.025 wt% nitrogen is added 
in JLS-series. 

The reason that a PWHT is that the heat treatment is performed for all actual 
structures which contain both weld joints and parent materials. 

Specimen and test condition 

Creep rupture tests were carried out in air at 650~ and 700~ by Nippon Steel 
Corporation. 

For the microstructural observation, 3 mm TEM disks were cut from tested 
specimens as close to the fracture surface as possible with the normal to the tensile 
direction. After polishing mechanically with emery paper to about 0.1ram in thickness, 
electrolytic polishing was performed in a solution of 10 vol% sulfuric acid and 90 vol% 
ethyl alcohol. 

In order to identify precipitates in creep rupture-tested specimens as well as on 
NT+PWHT specimens, the carbon extraction replica method was used. Extraction 
replicas were taken from polished surfaces etched in Villela solution. After carbon 
evaporation, the replicas were released in Villela solution. The carbon films were 
investigated with TEM and EDS. Additionally, extracted residues were investigated. X -  
ray diffraction analysis was carried out by using Cu K,~ (L=0.1545 nm) radiation. 
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Result and discussion 

Starting Material 

The heat treatment given to these steels produces a tempered, fully martensitic 
structure in both JLF-1 and JLS-2. Figure 1 shows the martensite with a high density of 
transformation dislocations. A narrower martensite lath width and a finer distribution of 
precipitates were found in JLS-2 than in JLF-1. Most of the precipitates existed along 
prior austenite grain boundaries and martensite lath boundaries, but few very fine 
precipitates were found within the grain [2]. Such changes in microstrucural features with 
the increase of tungsten content are likely to improve mechanical properties. 

Micrographs of extraction replicas are shown in Figure 2. From the result of EDS 
and selected area diffraction analysis, two different type carbides were present in both 
specimens: M23C6 and MC. Block-like precipitates (>100 nm) were identified as M23C6 
type carbides and these carbides were revealed to be Cr-rich. 

Figure 1 - Microstructure of NT + PWHT specimen 

Figure 2 -Micrograph of NT + PWHT specimen's extraction replica 
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The results of quantitative analysis by EDS are presented in Table 2. Very fine 
dot-Ilk precipitates (<10 rim) were considered to be MC type carbides. These precipitates 
were (Ta, V)C type carbides. Ta-rich precipitates were dominant, but several were V-rich. 

Creep properties 

Figure 3 shows the results of creep rupture tests of JLF--1 and JLS--series. The 
tests are performed in atmosphere at 650~ and 700~ It can be seen that rupture time 
become longer with increasing of tungsten content. These creep rupture test results were 
summarized by Larson--Miller parameter and Figure 4 shows the result. According to it, 
the improvement of creep life can be seen with increasing tungsten content. JLS-3 (3.5 
wt% W) demonstrated the best creep resistance. 
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Figure 3 The Result of creep rupture tests 
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Correlation between microstructure and creep properties 

551 

650~ Creep rupture tested specimen 

Figure 5 shows the result of microstructural observation by TEM in JLF-1 and 
JLS-2. Its creep test condition is 100MPa, 650~ Here, the rupture time of JLF-1 was 
772 h and that of JLS-2 was 1640 h. 

Figure 5 - Microstructure of 650 ~ crept specimen 

Figure 6 - Micrograph of 650~ crept specimen's extraction replica 

In both specimens, dislocations were recovered and precipitates on grain 
boundaries were particularly coarsened. Martensite lath structures could not be found. 

Very fine intragranular precipitates (<10 nm) and intergranular rod and block-like 
precipitates were found. Some rod and block-like precipitates (>100 nm) within 
recovered grain lay along a preferred direction. It seems that they existed on prior 
austenite grain boundary or martensite lath boundary before creep rupture test. These 
intragranular precipitates were found in JLS-2 rather than in JLF-1. It can be said that 
these precipitates hindered prior austenite grain and m~rtensite lath subgrain from 
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evolution at elevated temperatures. Since intragranular fine precipitates are known to 
strengthen mechanical property, it can be considered that not only such intragranular fine 
precipitates (<10nm) but also rod and blockqike precipitates contributed to the 
improvement of creep properties with increasing tungsten content. 

The results of XRD analysis of extracted residues to identify precipitates are 
shown in Figure 9. In this condition, M23C6 type carbide was identified only in JLF-1 and 
JLS--2. M6C type carbides were not found. It has been reported that blockqike and 
globular MrC type carbides exist on grain boundaries and affected creep properties 
similarly to M23C6 type carbide [3]. Major precipitates in these specimens can be 
considered to be M23C6 type carbide, but all of the precipitates could not be defined by 
the method. 

Micrographs of extraction replicas are given in Figure 6 for closer identification 
to precipitates. Two different type carbides were found: M23C6 and MC type carbides in 
both specimens. This result was the same as in NT+PWHT specimens. In addition to 
these cartgides, intermetallic compound Laves phase (FeEW) was found. Laves phase was 
found at the same places where M23C6 exists. They aggregated with each other and the 
size of aggregation was about 1 t~m. They were found in both JLF--1 and JLS-2 specimens 
[41. 

The M23C6 type carbide was identified to be Cr-rich and very fine dot--like 
precipitates MC type carbide was identified as (Ta, V)C type carbide [5]. Most of MC 
type carbides were Ta-rich, but several were V-rich [6]. From the result of quantitative 
analysis with EDS (in Table 2), chromium, iron and tungsten content in M23C6 type 
carbide decreased after creep rupture test. This was the result of Laves phase formation. It 
can be assumed that tungsten, not merely in M23C6 type carbide, but also in the matrix 
was used by forming Laves phase. 

Mechanical property degradation at elevated temperature like softening occurs by 
recovering excess dislocations produced by quench-induced martensitic transformation. 
Excess dislocations recover by dislocations climb, interacting with the carbides and other 
dislocations. The rate-determining process of softening due to dislocation climb is 
considered to be self-diffusion [7]. It can be considered that more tungsten content in the 
matrix of JLS-2 than in JLF-1 contributed the improvement of creep properties. 

700 ~ Creep rupture tested specimen 

Figure 7 shows the result ofmicrostructural TEM observation in JLF--1 and JLS--2. 
Its creep test condition was 100 MPa at 700~ Here, the rupture time of JLF--1 was 8.7 h 
and that of JLS--2 was 19.7 h. 

Martensitic structure was recovered somewhat during creep rupture test and lath 
width increased to more than about 2.0 I, tm in both specimens. 

These structures didn t recover sufficiently as well as structures of the tested 
specimens at 6500C in spite of higher temperature 700~ This is the result of creep 
rupture time, creep rupture time was much longer at 650~ than at 700~ Holding at 
elevated temperature affected microstructural recovery more than temperature. 
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Comparing between JLF-1 and JLS-2, microstructural recovery in JLF-1 
advanced further than JLS-2 and many dot-like precipitates in recovered grains were 
found in JLS-2. These very fine intragranular precipitates can improve creep properties. 

In this condition, according to XRD analysis of extracted residues (in Figure 9), 
M23C6 type carbide was identified in both JLF-1 and JLS-2, which is same as at 650~ 
Micrographs of extraction replicas are shown in Figure 8. Two different type carbides 
were present in both specimens: M23C6 and MC. The result of carbide precipitation was 
the same NT+PWHT and tested at 650~ 

Figure 7 - Microstructure of 700~ crept specimen 

Figure 8 -  Micrograph of 700~ crept specimen's extraction replica 

Laves phase was found only in JLS-2. Laves phase was found on the same place 
where M23C6 type carbide exists. They aggregated with each other and the size of 
aggregation was about 0.5 Inn. This precipitation morphology was the same as at 650~ 
but this size in tested at 700~ specimen is smaller than in specimen tested at 650~ It 
was influenced by retention time at high temperature as well. 

M23C6 type carbide was revealed to be Cr-rich and dot-like very fine precipitates 
MC type carbide was identified as (Ta, V)C type carbide. Most of MC type carbides were 
Ta-rich but several were V-rich. These results were the same as in specimens tested at 
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650~ It can be assumed that tungsten dissolved in the matrix prevented microstructural 
recovery by inhibiting iron self-diffusion. Therefore, microstructural recovery in JLF--1 
was faster than in JLS-2. Many fine MC type carbides were found within the grains in 
JLS--2. This precipitation morphology was likely to contribute to the improvement of 
mechanical properties at elevated temperature. 
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comt~osition o[l~recipitates in JLF 4 and JLS-series 
Fe O W Mm" V Ta 

2Z91-ZS.37~7.14--50.61 11.25-t4.94 - " 0534.1 0.49-1.06 10A6-~13..42 

0-0.99 1.29-7.33 1.93-5.60 0 -0 .25  0.60-33.38 5650-0250 

15.1747.84 39.91-46.63 14.02-16.69 043.5 0 12345.9 

0.33-1.84 0.42-7.98 1.82--3.70 0--7.24 0.78--39.79 73.09-04.77 

22.06=21.93 5.14--7.11 50.96--54.20 0 0 18.98--2202 

18.%-23.27 47.87-55.64 14.02-16.69 0.134.31 0.36-0.89 10.26--14.49 

0.304.24 3.8340.35 3.9941.34 0-0.99 23.34~7.49 52.45-59.73 

17.64-21.46 4285-47.74 15.38-t857 L48-252 0.68-4.3 10.944246 

0-0.72 0.53-8.48 0.86-:2.38 0-0.47 19.28-56.64 3Z42-04.68 

12.2144.34 42.02-46.86 12.52-t4.77 13.6346.82 0-8 .35  9.37-16.22 

0.094.27 0.51-8.91 058-0.08 0--2.47 17.09-63.60 90.02-03.44 

17.68-22.49 4.284.76 40.26-52.~ 0-1.30 0 19.05--35.22 

18.17-:23.27 48.35-52.51 12.5244.77 13.6346.82 0-8 .35  9.3746.22 

0.304.24 3.83-t0.35 3.99-tl.06 0-0.99 23.34-29.77 5Z45--59.73 

23.03--2552 4.68-5.44 4&19-47.15 059-0.69 0.15-Z21 21.48-2288 
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Consideration of observation on crept specimen 

555 

In the present work, microstmctural observations were carried out for only the 
creep rupture tested specimens. For example, in 9Cr-4W steel after tempering at 773 K 
for 3.6 ks, precipitation of W2C occurred uniformly in the matrix, which also typical 9Cr- 
1W and 9Cr--2W steels. W2C precipitates are most likely responsible for the secondary 
hardening in 9Cr--xW steels [7]. Such a secondary hardening caused by W2C during creep 
rupture test can occur sufficiently in the JLF--1 and JLS-series. 

Summary 

Creep properties improved with increasing tungsten content. JLS-3 (3.5 wt% W) 
had the best creep resistance. 

In NT+PWHT specimens, differences in microstructure between JLF--1 and JLS--2 
were the decrease of martensite lath width and finer distribution of precipitates with 
increasing tungsten content. 

In tested specimens (100 MPa, 650~ microstructures in both JLF--1 and JLS--2 
showed fully recovered structure. Block-like M23C6 type carbide and very fine dot-like 
MC type carbide were found. M23C6 type carbide was coarsened by holding at high 
temperature during creep rupture test. Laves phase existed and aggregated with M23C6 
type carbide and with each other in both specimens. 

In tested specimens (100 MPa, 700~ Mz3C6 and MC type carbides were found 
in both JLF--1 and JLS--2, but Laves phase existed only in JLS--2. Martensite lath width 
was more than about 2 ~m. Many fine intragranular MC type carbides were found in 
JLS-2. 

From the results, microstructural features contributing to the improvement of creep 
properties with the increase of tungsten content were as follows: 

1. The decrease of martensite lath width and finer distribution of precipitation in as- 
received specimens 
2. Finely distributed grain boundary precipitates, such as M23C6 type carbide, decelerated 
the grain evolution until significant coarsening took place. 
3. Tungsten dissolved in the matrix and the fine intragranular precipitates (e.g., MC type 
carbide) inhibited self-diffusion and dislocation motion. 
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Abstract:  Pressurized creep tubes were used to evaluate the thermal creep behavior and 
the irradiation creep behavior of several variants of HT9 ferritic-martensitic steel in the 
temperature range from ~490~ to 605~ Examination of the thermal creep data as a 
function of time showed classic thermal behavior at all the test temperatures. A creep 
transient was followed by a period of steady state creep which, in some instances, was 
then followed by tertiary creep. The irradiation creep behavior also displayed a transient 
followed by steady state creep, but no tertiary creep was observed. 

While the thermal creep behavior and the irradiation creep behavior were 
qualitatively similar, the magnitude of both the transient and the steady state creep rate 
were often different. At ~490~ the thermal creep specimens exhibited a greater 
transient strain, while at 600~ the irradiation creep specimens exhibited a greater 
transient strain. For both the thermal creep specimens and the irradiation creep 
specimens, the transient strain was observed to increase with increasing applied stress. 
The steady state creep rates of both the thermal creep specimens and the irradiation creep 
specimens were observed to increase with increasing temperature. At lower stresses, the 
steady state creep rates of the thermal creep specimens and the irradiation creep 
specimens were often equal. At the higher test stresses, the steady state creep rate of the 
irradiation creep specimens was always higher. 

At -490~ the steady state thermal creep rate was observed to have a linear stress 
dependence up to the highest applied stress of 250 MPa. At 575~ the stress exponent 
was between 1.5 and 2 for effective stresses less than 200 MPa. At 605~ the stress 
exponent was ~ 1 for effective stresses less than 70 MPa. For the irradiation creep 
specimens, a stress exponent between 1.5 and 2 was observed at -490~ and 550~ At 
600~ the stress exponent was observed to be ~ 1. 

Keywords: ferritic-martensitic steels, thermal creep, irradiation creep 
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Background 

In the open literature, the results of many neutron irradiation creep experiments have 
been published [ 1-6]. However, in only a few of these experiments have the irradiation 
creep data been compared to thermal creep data obtained under otherwise identical 
experimental conditions [6-10]. In the present work, for temperatures between -490~ 
and 605~ neutron irradiation creep data from several heats of the ferritic-martensitic 
steel HT9 were compared to corresponding thermal creep data. Pressurized tube capsules 
were utilized for both the irradiation creep and thermal creep experiments. The data were 
obtained from the liquid metal reactor (LMR) irradiation creep program conducted at the 
Pacific Northwest National Laboratory between 1980 and 1994. 

Experimental 

Materials, Specimens, Stress State, and Deformation 

Three different heats of HT9 with very similar compositions were studied. The 
compositions are shown in Table 1. These materials were formed into a tubular shape by 
gun drilling of billet stock. After gun drilling, tubing was taken to its final dimensions 
through repeated drawing and annealing. The final tubing dimensions are shown in Table 
2. After the final anneal, the materials were heat treated. Two different heat treatments 
were used which led to four different combinations of material and heat treatment as 
shown in Table 2. In the present work, these four combinations will be referred to as 
HT9-1, HT9-2, HT9-3, and HT9-5. 

Pressurized tube capsules were constructed by cutting tube sections from the tube 
stock, and electron beam welding plugs to the ends of the tube sections. Tube 
pressurization was accomplished by introducing helium gas through a small entrance hole 
in one of the plugs. After setting the appropriate pressure, the entrance hole was laser 
welded shut [ 11]. The pressurization procedure was performed at room temperature, and 
thus it was necessary to select a room temperature pressure that would give the desired 
pressure at the test temperature. Between room temperature and the maximum test 
temperature utilized in the experiment, helium behaves as an ideal gas behavior [ 12-14], 
and thus the required pressure at room temperature was calculated using the ideal gas 
law. 

Table 1 -- Composition 
Alloy 

f the HT9 variants. Heat number is in ~arentheses. 
Fe Cr Ni Mo Mn V W 

HT9-1 (84425) Bal 11.8 0.51 1.03 0.50 0.33 0.52 
HT9-2,3 (91353) Bal 11.8 0.57 0.94 0.54 0.24 0.52 
HT9-5 (92235) Bal 11.8 0.60 1.06 0.62 0.33 0.52 
Alloy Si C Ti AI S P N 
HT9-1 (84425) 0.21 0.21 < 0.01 0.03 0.003 0 . 0 0 8  0.006 
HT9-2,3 (91353) 0.28 0.17 < 0.01 0.05 0.003 0.007 0.006 
HT9-5 (92235) 0.29 0.21 --- 0.01 0.002 0.011 --- 
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Table 2 -- Heat treatments for each of the HT9 variants. Heat number is in parentheses. 
Alloy Thermomechanical Treatment Tube Dimensions (cm) 
HT9-1 
(84425) 

1038~ min/air cool, 760~ min/air cool 0.457 
0.020 
2.24 

HT9-2 1038~ min/air cool, 760~ min/air cool 0.457 
(91353) 0.020 

2.24 
HT9-3 1100~ min/air cool, 650~ hr/air cool 0.457 
(91353) 0.020 

2.24 
HT9-5 1100~ min/air cool, 650~ hr/air cool 0.686 
(CDE Heat, 0.055 
92235) 2.82 

outside diameter 
wall thickness 
length 
outside diameter 
wall thickness 
length 
outside diameter 
wall thickness 
length 
outside diameter 
wall thickness 
length 

For each target temperature, a set of capsules with each capsule having a different 
pressure were constructed. For the present work, a set of capsules shall be called a tube- 
set. The range of pressures, and thus stresses, was chosen based on the test environment 
(irradiation or thermal) and the target test temperature. In general, a tube-set consisted of 
between four and eight capsules. For the tube-sets designated to be irradiated, a "stress- 
free" capsule was included in each tube-set to monitor swelling. 

The uncertainty in the magnitude of the stress in the tube-wall arises mainly from 
deviations in the actual test temperature (Ttest) from the target test temperature (Ttarget). 

First order error analysis shows that the uncertainty in the stress is given approximately 
by 

AO" Ttest - Ttarget 

ff Ttarget 
(1) 

where the temperature is in Kelviia. 
The stress state in the wall of a capped thin-wall pressurized tube is well known [ 15], 

and for net internal pressure inside the tube, Pg, the principle stresses in the cylindrical 
coordinate system are 

Pgr 
ff  H = - -  ( 2 )  

t 

O z = OH (3) 
2 

O r = 0 (4) 

where r is the inner radius of the tube and t is the tube wall thickness. The "H" subscript 
is meant to represent the hoop stress. To aid in comparing creep data obtained from 
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pressurized tube capsules with creep data obtained from other specimen geometries, the 
von Mises effective stress is used. For the biaxial stress state in a pressurized tube 
capsule, the von Mises stress ( ~ )  is given by 

= " - o H  (5) 
2 

Due to the 2:1 ratio of the hoop stress to the axial stress, and due to the fact that creep 
involves only deviatoric deformation, a plane strain deformation condition exists when a 
pressurized tube undergoes creep. The deviatoric deformation lies in the r0 plane, and 
there is no deviatoric deformation along the z-axis. 

Creep strains are obtained from the change in the outer-wall diameter of a tube. This 
measured outer-wall strain is converted into a mid-wall strain which is an average of the 
strain across the tube wall thickness. For the tube geometries utilized in this experiment, 
the conversion factor is of the order of 1.1 and is essentially constant for outer-wall 
strains up to 10%. The mid-wall strain (eM) is then converted to an effective plastic strain 
[16]. Assuming plane strain deformation (in the r0 plane), the effective plastic strain is 
given by 

2 
= ~ e M  (6) 

~ 3  

Because of the plane strain deformation and the conservation of volume which occurs 
during creep of a pressurized tube capsule, the pressure and wall thickness both decrease 
in such a way that the stresses in the tube wall remain nearly constant for uniform strains 
as large as 10%. This is in contrast to typical uniaxial creep tests where the load remains 
constant and the stress increases as cross-sectional area of a specimen decreases. 

Thermal Creep and Irradiation Creep Environment 

For both the thermal creep tests and the irradiation creep tests, the selected 
temperatures were -490~ 550~ and 600~ The time that the irradiated specimens 
spent in reactor was very similar to the time that the thermal creep specimens were held 
at temperature. 

Irradiations were performed at the Fast Flux Test Facility (FFTF) located in Richland, 
Washington using the Materials Open Test Assembly (MOTA) [ 17, 18]. Specimen 
irradiation temperatures were achieved using an actively controlled gas-gap method 
which permitted temperature control to within _+5~ [18]. In most every instance, 
capsules in a tube-set were placed side-by-side in the reactor to provide nearly identical 
irradiation conditions for each capsule in a tube-set. However, a tube-set was not 
necessarily kept in the same position from one irradiation cycle to the next which 
occasionally resulted in small temperature differences from one irradiation cycle to the 
next. Depending on the location in reactor and the particular MOTA cycle, the dose rate 
for this experiment ranged from - 0 . 8 X 1 0  -6 dpa/sec to -1.7x 10 .6 dpa/sec. Diameter 
measurements were performed at the conclusion of each irradiation cycle. 
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Results  and  Discuss ion  

At all three test temperatures, both the thermal creep and the irradiation creep 
specimens displayed typical creep behavior defined by an initial transient which was 
followed by a region of steady state creep. Several of the higher stress thermal creep 
specimens also showed a transition to tertiary creep. Tertiary creep was not observed in 
the irradiation creep specimens, but this is probably due to the irradiated specimens not 
being in reactor for a sufficient amount of time. Examples of creep from each test 
temperature are shown in Figs. 1-3. The neutron irradiation creep data were plotted as a 
function of "effective full power hours" (EFPH) which represents the time during which 
the reactor was running at full power during an irradiation cycle. EFPH is very close to 
the actual irradiation cycle time. Without exception, the irradiation creep data had less 
scatter. While the data here do not provide an explanation of this behavior, it is 
reasonable to assume that the homogenous microstructures which result from neutron 
irradiation caused this behavior. The stress-free capsules which were included in each of 
the irradiated tube-sets showed no evidence of swelling. 

A comparison of the thermal creep data and the irradiation creep data leads to several 
observations. For the same applied stress, the magnitude of the total creep strain is 
generally greater for the irradiated specimens. At higher stresses, this difference is 
greater. As the temperature increases, the difference in the total creep strain between 
thermal creep specimens and irradiation creep specimens also increases. While the creep 
strain in the irradiated specimens is generally larger for the range of temperatures in this 
experiment, the strains are still within the same order of magnitude. 

The magnitude of the transient strains are compared in Figs. 4-6. Since the dose rate 
in the irradiated specimens varied from one tube-set to the next, and irradiation creep is 
known to be dependent on the dose rate, the dose rates are shown in the figures. At 
~490~ it can be clearly seen that the transient strain in the thermal creep specimens is 
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Figure 1 -- Creep as a function of  time for pressurized tubes in a thermal environment or 
in a neutron irradiation environment at ~490~ 
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Figure 2 -- Creep as a function of  time for pressurized tubes in a thermal environment or 
in a neutron irradiation environment at 550~ 

greater than the transients in the irradiation creep specimens at any given stress. At 
550~ the transient strains are nearly equal, and at 600~ the transient strains are by far 
greater for the irradiation creep specimens. Creep transients are generally considered to 
be due to a relaxation or a re-orientation of the dislocation microstructure which is 
followed by an increase in dislocation density due to strain hardening [ 19]. The transient 
ends when resulting strain hardening reduces dislocation mobility and thus the creep rate. 
A comparison of  precipitate evolution in thermally aged and in irradiated HT9 shows that 
at lower temperatures (below 600~ precipitates form in irradiated HT9 that do not form 
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Figure 3 -- Creep as a function of time for pressurized tubes in a thermal environment or 
o in a neutron irradiation environment at 600 C. 
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Figure 4 -- The magnitude of the creep transient as a function of stress for HT9 thermal 
creep specimens and HT9 neutron irradiation creep specimens at ~490~ 

during thermal aging at the same temperature (e.g., G-phase, or', and Z) [20, 21]. It also 
appears that at thermal aging temperatures below 600~ precipitate formation occurs 
only after relatively long aging times [21]. If the creep transients are due to dislocation 
re-organization, then it may be possible that the precipitate formation which occurs in the 
irradiated materials may be hindering the dislocation re-organization process or perhaps 
accelerating the increase in the dislocation density. This would at least explain why 
transients are smaller in the irradiated materials at ~490~ At 600~ the difference in 
precipitate evolution between irradiated and thermally aged ferritic-martensitic steels is 
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Figure 5 -- The magnitude of the creep transient as a function of stress for HT9 thermal 
creep specimens and HT9 neutron irradiation creep specimens at 550~ 
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Figure 6 -- The magnitude of the creep transient as a function of stress for HT9 thermal 
creep specimens and HT9 neutron irradiation creep specimens at 600~ 

not as great as at lower temperatures, but this would only suggest that the transients 
should be similar at this temperature. Thus, some other unidentified mechanism must be 
contributing to the transient strain behavior. Chin has also performed a comparative 
study of thermal creep and irradiation creep of HT9 using pressurized tubes [ 10], and in 
his study, he observed transient behavior in the thermal creep specimens but not in the 
irradiation creep specimens. This is in contrast to the results presented here where 
transients were observed in both the thermal creep and the irradiation creep specimens. 
The reason for the difference in transient behavior between Chin's irradiation creep 
specimens and the specimens studied for the present work is not known. 

The steady state creep rates as a function of applied stress for the thermal creep and 
for the irradiation creep specimens are compared in Figs. 7-9. As with the transient data, 
there is some variability in the steady state creep rate data. For the irradiation creep 
specimens, it is possible that the difference in dose rate from one tube-set to another 
contributed to the varied behavior, and in fact, the irradiation creep specimens with the 
lowest creep rate were irradiated at the lowest dose rate. While there is some variability 
in the data, the thermal creep data and the irradiation creep data behave differently with 
the thermal creep data and the irradiation creep data forming different trend bands. At 
lower stresses, the steady state creep rates of the thermal creep specimens and the 
irradiation creep specimens overlap, but at the higher stresses, the steady state creep rate 
of the irradiation creep specimens is greater. 

In considering the contributions to creep during irradiation, it should be recognized 
that the amount of thermal creep which occurs in an irradiated specimen is probably less 
than which occurs in a thermal environment. Irradiation can cause the formation of 
microstructures that are very different from the microstructures which occur in a thermal 
environment. Several ion-irradiation based studies of creep have shown that for materials 
which form precipitates or other extended defects during irradiation, the post-irradiation 
steady state thermal creep rate is lower than the steady state creep rate of a corresponding 
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Figure 7 -- Steady state creep rate of  l iT9 pressurized tubes as a function of  stress for 
specimens in either a thermal environment or an irradiation environment at -490~ 

specimen exposed only to a thermal environment [22, 23]. This has been attributed to the 
formation of precipitates and dislocation loops which hinder the motion of dislocations. 
Thus, the amount of thermal creep which occurred during irradiation is likely to be less 
than that which occurred in the thermal creep specimens, and the majority of the creep in 
the irradiated specimens may be due mainly to the irradiation-induced increase in point 
defect concentrations and diffusion. The decrease in the difference between the steady 
state thermal creep rate and steady state irradiation creep rate at 600~ can be explained 

Figure 8 -- Steady state creep rate of  l iT9 pressurized tubes as a function of  stress for 
specimens in either a thermal environment or an irradiation environment at 550~ 
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Figure 9 -- Steady state creep rate of l iT9 pressurized tubes as a function of stress for 
specimens in either a thermal environment or an irradiation environment at 600~ 

by the collapse in radiation-induced point defect supersaturations which occurs at higher 
temperatures. 

The stress dependence of the thermal creep rate is varied for low to moderate stresses. 
At 490~ and 600~ a stress exponent of one provides the best fit, while at 575~ a 
stress exponent between 1.5 and 2 provides the best fit. For the irradiated specimens at 
-490~ and 550~ a stress exponent between 1.5 and 2 provides the best fit, and at 
600~ the stress exponent has a value of 1. These results sometimes match and 
sometimes do not match Chin's study of thermal creep and irradiation creep of HT9 [ 10]. 
Within the same range of stresses, Chin observed a stress exponent of 1.75 between 
425~ and 600~ for both the thermal creep and the irradiation creep specimens. The 
observed stress exponents are indicative of either a diffusion dominated deformation 
mechanism (n= 1) or a climb-glide based deformation mechanism (n=2). 

Summary and Conclusions 

Over the temperature range from -490~ to 605~ irradiation creep of HT9 was 
compared to thermal creep using identical materials and identically fabricated specimens. 
The data show that for the higher applied stresses, the combined transient and steady state 
creep strains of the irradiated specimens are greater than the thermal creep strains at all 
temperatures. At lower stresses, the combined transient and steady state creep strains are 
comparable for the irradiation creep specimens and the thermal creep specimens. At 
-490~ the transient strains are greater in the thermal creep specimens, whereas at 
600~ the transient strains in the irradiated specimens are greater. For the steady state 
creep rate, the opposite situation occurs; at ~490~ the steady creep rate of the irradiated 
specimens is greater, but at 600~ the steady state creep rates of the thermally aged 
specimens and the irradiated specimens are comparable. For both the irradiated 
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specimens and the thermally aged specimens, the stress exponent for the steady state 
creep rate varied between the values of 1 and approximately 2. 

The data suggest that precipitate formation at lower temperatures may be causing the 
reduced transient strain in the irradiated specimens. It is also probable that precipitate 
formation in the irradiated specimens is leading to a steady state thermal creep 
contribution in the irradiated specimens that is lower than what occurs in the thermally 
aged specimens. The difference in steady state creep rates between the thermal creep 
specimens and the irradiation creep specimens can be explained by the variation in the 
radiation induced point defect supersaturation with temperature. The observed stress 
exponents are indicative of either a diffusion-dominated deformation mechanism (n= 1) or 
a climb-glide based deformation mechanism (n=2). 
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Examination of 304L Stainless Steel to 6061-T6 Aluminum Inertia Welded 
Transition Joints after Irradiation in a Spallation Neutron Spectrum 
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Abstract: Tritium target/blanket assemblies were irradiated for six months at the Los 
Alamos Neutron Science Center (LANSCE). Stainless steel to aluminum inertia weld 
transition joints were welded to the target/blanket assemblies to simulate expected 
transition joints in the Accelerator Production of Tritium (APT) where as many as a 
thousand SS/A1 weld transition joints will be used. No leaking at the inertia-welded 
interface was observed following irradiation. The galvanic interaction at the 6061 A1 to 
304L stainless steel inertia-welded interface did not present significant degradation as a 
result of the irradiation or the cooling water chemistry. General corrosion was evident 
along the entire length of the aluminum piping and pitting corrosion was present along 
the aluminum piping and is attributed to the conductivity of and the copper deposits in 
the cooling water. The reduction or elimination of impurities in the cooling water will 
aid in corrosion control of the aluminum piping. 

Keywords: corrosion, irradiation, inertia weld, weld, pitting, interface, galvanic corrosion, 
aluminum, stainless steel, spallation 

Introduction 

The Accelerator Production of Tritium (APT) program is coordinated by Los Alamos 
National Laboratory (LANL) for the Department of Energy (DOE)/Defense Programs 
(DP). As part of this program, the Savannah River Technology Center (SRTC) designed 
and fabricated tritium target/blanket assemblies which were sent to LANL and irradiated 
for six months at the Los Alamos Spallation Radiation Effects Facility (LASREF) at the 
Los Alamos Neutron Science Center (LANSCE). Cooling water was supplied to the 
assemblies through 2.54 cm. diameter 304L stainless steel (SS) tubing. To attach the 
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304L SS tubing to the assemblies, a 304L SS to 6061-T6 aluminum (A1) inertia-welded 
(friction welded) transition joint was used. Four SS/A1 weld transition joints were 
attached to each of the two assemblies called Mark I and Mark II (two inlet and two 
outlet cooling lines) and two were attached to each of the three "High Flux" Assemblies 
(one inlet and one outlet). While the interior of the tubing was exposed to the cooling 
water, the exterior of the tubing was exposed to an ambient air environment. 

Several thousand of these inertia welds are currently in the design for the APT 
target/blanket (T/B). In the APT design, aluminum piping in the target/blanket region 
houses the 3He/3H gas. During production, this gas is transferred to the extraction and 
purification facility, where SS piping is used. The A1/SS inertia weld provides the path 
for gas flow between these two systems. Materials compatibility between the 304L SS 
and the 6061-T6 A1 in the radiation environment as well as the corrosion associated with 
the cooling water that will interact with the piping in the APT facility are major 
concerns. 

Examination of the interior of the cooling water piping irradiated at LANSCE 
indicated that the cooling water chemistry provided a noticeable influence on the 
corrosion of both the inertia weld and the parent material. The effect of radiation on the 
inertia weld and surrounding area was evaluated against the cooling water effect. In 
addition, corrosion on the outside of the piping was investigated. This exterior corrosion 
was accelerated by the presence of nitric acid, which was formed by the radiolysis 
products of air and water from other components leaking during the irradiation. 

Analyses of the irradiated 304L to 606 l-T6 A1 inertia welds included a variety of 
methods including visual examination, microstructural analysis, hardness measurements, 
optical microscopy, Scanning Electron Microscopy (SEM), Energy Dispersive 
Spectroscopy (EDS) and electrochemical corrosion testing. The data were used to 
evaluate the concepts and methods for target/blanket manufacturing, materials and weld 
metal properties for spallation neutron environments, and joining methods for aluminum 
and aluminum to stainless steel. 

Experimental Design 

Several prototypical target/blanket assemblies were fabricated for irradiation testing 
in the LANSCE facility at LANL. These target/blanket assemblies consisted of lead 
encapsulated in aluminum. The lead surrounded A1 tubes filled with either helium-3 
(3He) gas, or solid aluminum-lithium targets. The lead 
provided an additional source of neutrons from n,xn spallation 
reactions. Cooling water was supplied to the target/blanket 
assemblies in the LANSCE facility via 2.54 cm. diameter ~ S  
304L SS tubing. In order to transition from the SS cooling 
water tubing to the A1 cooling water piping, a 304L SS to 
606 l-T6 A1 inertia-welded transition joint was utilized [1]. ~ l  
The transition joint was machined from an inertia-welded part 
made by Interface Welding [2], a commercial vendor. 
The inertia-welded part was made by inertia 
welding solid cylinders of 304L SS and Figure 1. Schematic of inertia 
606 l-T6 A1. Certification data sheets, welded piping. 
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supplied by the vendor, showed that the solid state welds had a tensile strength 
equivalent to the 6061-T6 aluminum base metal and a 3He leak rate of  approximately 10 
9cc/s. A piping schematic is shown in Figure 1 and the solid inertia-welded piece prior 
to machining is shown in Figure 2. 

The SS/A1 inertia-welded transition joints 
were welded to the inlet and outlet cooling 
lines of all test assemblies. A 304L sleeve 
was placed over the inertia-welded section 
and gas tungsten arc welded (GTAW) to the 
stainless steel to prevent bending stresses 
during installation of the assembly. 

To ensure the appropriate analyses were 
being conducted, a task plan was developed 
for the overall target/blanket materials 

Figure 2. Solid inertia welded piece characterization which included the analyses 
prior to machining, of the irradiated transition joints [3]. 

A fixture and cutting apparatus (Figure 
3) was designed, fabricated, and mocked up at SRTC to support the sectioning of  the 
irradiated inertia-welded samples in the Chemical and Metallurgical Research (CMR) 
facility at LANL. The cutting apparatus was designed to provide ease of operation in the 
hot cells while working with hand operated remote manipulators. A mock-up cutting 
operation was performed on non-irradiated inertia-welded transition joints at SRTC to 
ensure the cutting apparatus would operate smoothly in the hot cells. Once the mock-up 
operation at SRTC was complete the cutting apparatus was transferred to the LANL 
CMR hot cells. 

Figure 3. (a) Fixture used to section 
pieces in the hot cell. (b) Sectioned 
pieces. 

Metallographic preparation equipment, which would be compatible with the hot cell 
environment, was purchased and mocked up at SRTC prior to transfer to the LANL hot 
cells. Remote handling of the samples and the limited use of fluids in the hot cells 
needed to be considered for the operation. Several modifications to the equipment were 
made to make the equipment compatible with the hot cells. These modifications included 
the attachment of remote water lines to allow for the introduction of water from outside 
the hot cells and the displacement of the power operation to the exterior of  the hot cells. 
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Once the modifications and mock-up were completed the equipment was transferred to 
the LANL hot cells. 

Experimental Setup 

The prototypical lead/aluminum blanket assemblies were attached to the shielding 
inserts by welding the stainless steel water cooling lines to just above the transition joints 
as shown in Figure 4. The inserts were placed in a location downstream of the primary 
target inserts and outside of the direct proton 
beam. Over the course of the six-month 
irradiation, the Mark I and Mark II assemblies 
saw a neutron fluence of approximately 8x1019 
n/cm 2. The fluence from secondary protons was 
very small (<3.0x1018 p/cm2). The High Flux 
assemblies, located closer to the tungsten 
spaUation target, saw approximately lx  1020 
n/cm 2 with a negligible proton fluence as well. 
The cooling water used for this particular 
irradiation at LASREF was the XO2 water 
source, which was a recirculating water system 
that cooled many areas during the irradiation 
including a copper beam stop. Thermocouples 
placed on the outside of the cooling lines for the 
Mark I and Mark II, as well as the high flux 
assemblies, indicated that the temperatures were 
maintained at approximately 30~ 

Following irradiation, the assemblies were 
detached from the shielding inserts and 
transferred in a cask from LANSCE to the hot 
cells in the CMR facility at LANL. 

The fixtures and cutting apparatus were 
used to separate the sleeve from the transition 
joints prior to sectioning the samples for further examination. Once the sleeve was 
removed, the inertia-welded transition joints were placed in the fixtures and sectioned in 
half and then one of the cut pieces was sectioned in half again, creating two ~/~ sections 
and one Y2 section. After visual examination, a ~A section of each transition joint was 
mounted for metallographic preparation. The remaining two pieces were available for 
additional testing, such as SEM/EDS or x-ray analysis. 

Metallographic preparation of these specimens was not straightforward because of  
the dissimilar metals at the weld interface. Rounding of the aluminum edges was a great 
concern because A1 6061-T6 is a softer material than stainless steel. Therefore, 
metallographic preparation of the specimen using standard techniques for aluminum 
samples would not ensure that the stainless steel microstructure would be properly 
prepared for examination. An added intricacy was the fact that this metallographic 
preparation took place in the hot cells at LANL where remote handling was used and a 
minimum amount of liquids was allowed. Under these conditions, a metallographic 
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technique was developed that provided the optimum operating parameters to ensure a 
properly prepared sample (Table 1 and Table 2). A baseline characterization of non- 
irradiated A1-SS inertia-welded transition joints was completed to support the 
characterization of the irradiated transition joints [4]. 

A sample from each inertia-welded transition joint was mounted and prepared 
metallographically. In addition, a non-irradiated inertia-welded transition joint (control 
sample) was prepared metallographically in the hot cells to compare to the irradiated 
specimens. 

Table 1 - Sample preparation sequence for metallographic analysis using automated 
grinder~polisher. 

Grinding/Polishing Sequence Preparation Application Force (N) 
Time (seconds) 

500, 600, 800, 1200, 2400 grit 90 (Each) 100,150,100 (Each) 
SiC Papers 
6 [am Diamond Nap Cloth 240 200,150,100 

1 [.tm Diamond Nap Cloth 240 200, 150, 100 

Table 2 - Exposure times and compositions of etchants used in metallographic analysis. 

Poulton's Etching Solution 
(AI etchant) 

50 mL Poulton's Reagent ~ 
40 mL chromic acid solution 2 

25 mL HNO3 
Exposure Time: 10 sec. 

12 parts HC1, 6 parts HNO3, l part HF, 1 part H20 
23 g chromic acid per 10 mL H20 

Oxalic Acid Solution 
(SS etchant) 

10 g oxalic acid 
100 mL H20 

(6V applied to solution) 
Exposure Time: 60 sec. 

Electrochemical corrosion tests were performed to evaluate the corrosion process at 
the weld interface of non-irradiated samples as a function of water chemistry. The 
galvanic interactions between A1 and SS were suspect. The corrosion tests included 
potential and galvanic current monitoring and potentiodynamic polarization. Samples 
for electrochemical testing were obtained from the same as-received inertia-welded slugs 
that were used for the irradiated sections. Additional test samples included the A1 parent 
metal, the SS parent metal, and the heat affected zone (HAZ) of the AI. The samples 
were prepared as metallographic mounts with electrical connections for the 
electrochemical tests. 

The water chemistries were simulated conditions for XO2 water, dirty APT water 
and APT water. For the simulated APT water, laboratory distilled water was used since 
the impurity levels were low and similar to that anticipated for the APT. The dirty APT 
water contained 2 ppm C1- and 7 ppm SO4. The XO2 water was a derivative of  the dirty 
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APT water with added copper, either 1.0 ppm Cu (XO2b) or 0.1 ppm Cu (XO2a). All  
the waters were adjusted to a pH 5 with nitric acid and had hydrogen peroxide levels of 
0.001 M. 

Testing was conducted in a blackened glass cell equipped with gas spargers. When 
deaerating, nitrogen gas was used. A Ag/AgC1 electrode was used as the potential 
reference and graphite rods were the counter electrodes. A temperature regulated stir/hot 
plate was used for agitation and heating. All tests were conducted at 30 ~ C. 

Experimental Results and Discussion 

Corrosion 

Over the course of the irradiation some leaks developed from other components in 
Area A. These leaks produced a spray of the cooling water to the exterior of the 
target/blanket assemblies. Radiolysis of this water in the air environment created a nitric 
acid spray on the components. Corrosion on the outside of the assemblies was clearly 
evident following irradiation and has been attributed, primarily, to the presence of  the 
nitric acid, Figure 5. 

Figure 5. Mark 
I and Mark H 
following 
irradiation 
showing 
corrosion 
product. 

Visual examination of the sectioned inertia-welded transition joints showed the 
presence of corrosion on not only the exterior of the cooling water tubing but also on the 
interior of the tubing. The corrosion on the interior of the tubing was evident both on the 
aluminum section of the cooling water tubing and at the inertia-welded interface, Figures 
6-7. The stainless steel was relatively unaffected. Differences in the appearance of the 
corrosion on the aluminum metal and at the inertia-welded interface were clearly evident 
among the different samples. The inside wall of cooling water piping from Mark II 
assembly had a black corrosion product on the aluminum that appeared to be relatively 
thick. The inside wall of cooling water piping from the High Flux assemblies had a 
grayish oxide appearance on the aluminum. These differences are attributed to the 
different flow rates of the XO2 cooling water through the Mark II and Mark I (7.5 and 
7.0 gpm, respectively) and through the high flux assemblies (25.86 gpm). 
Understanding these results required further characterization through metallographic 
examination and electrochemical testing. 
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Figure 6. Inside wall of cooling line 
from Mark II assembly. Note black 
corrosion product on aluminum. 

Figure 7. Inside wall of cooling line 
from High Flux Assembly. Note the 
greyish oxide on aluminum. 

Metallographic Examination 

Samples from each assembly (Mark I, Mark II, and High Flux Assemblies) were 
sectioned, prepared metallographically, and examined in the CMR hot cells. Because A1 
and SS are dissimilar metals, the inertia-welded interfaces were susceptible to galvanic 
corrosion. Metallographic examination of the irradiated inertia welds indicated that 
some of the samples did exhibit degradation at the interface, however because the 
degradation is equally damaging to the SS as the AI, it is not seen as galvanic corrosion, 

Figure 8. Slight degradation at inertia welded interface on the cooling water side of 
the High Flux inlet piece (a) macrograph and (b) higher magnification of inside at 
interface. 

Figure 8. General corrosion along the length of the aluminum piping and pitting 
corrosion was more prevalent, Figure 9. The pitting corrosion appeared to be the most 
severe aspect of corrosion. This pitting corrosion, which was located along the piping 
away from the interface to a depth of 75 I.tm, indicated that the effects of the cooling 
water chemistry, flow rate, and irradiation on corrosion needed a closer analysis than the 
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Figure 9. Pitting corrosion along the length 
of the aluminum on the cooling water side of 
the Mark I outlet piece (a) macrograph and 
(b ) higher magnification of inside aluminum 
wall showing representative pitting. 

effect of the 
galvanic 
couple at the 
SS/AI inertia 
weld interface. 
The cooling 
water used for 
the Mark I, 
Mark II and 
high flux 
assemblies 
was provided 
from the XO2 
system. This 

XO2 system contains more 
impurities than are expected in the 
APT facility where the water 

chemistry will be more stringently controlled. Flow of the XO2 cooling water through 
the 9A and 9C inserts (Mark II and Mark I) was 7.5 and 7.0 gpm, respectively, while the 
flow through the 18B insert (high flux assemblies) was 25.86 gpm. As a result of these 
different cooling water flow rates, general corrosion oxide thickness on the inside wall of 
the cooling water piping from the 9A and 9C inserts was approximately 50/am, while the 
oxide layer on the cooling water piping from the 18B insert was approximately 15 lain, 
Figure 10. The predominant oxide layer was Bayerite, (13-A12Oa*3H20) because the 
temperature of the cooling water was maintained at approximately 30~ Initially, 
Gibbsite (t~-A1203*3H20) is formed before a phase change to Bayerite [5]. Fifty 
microns was the maximum oxide thickness from general corrosion expected for the 
LANSCE test conditions [6]. 

Another observation made during the metallographic examination was the effect of 
the recrystallization of the HAZ in the aluminum at the inertia-welded interface and 
grain growth in the aluminum parent material. In each of the unirradiated inertia-welded 
samples prepared for 
the baseline study, as 
well as the control 
inertia-welded sample 
that was prepared in 
the CMR hot cells, 
the HAZ did not 
show the presence of 
individual grains in 
the structure, Figure 
11. In addition, the 

grain structure in the Figure 10. Oxide buildup on inside wall of aluminum 
A1 parent material of cooling water piping near the inertia weld (a) high flux 
the unirradiated section (25.86 gpm) (b) Mark I section (7.0gpm). 
samples showed 
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small equiaxed grains along the exterior length of the samples with an elongated grain 
structure near the center of 
the samples, Figure 12. 
However, all of the irradiated 
inertia-welded samples 
showed grain definition in the 
HAZ of the aluminum, 
indicating recrystallization, 
and grain growth in the A1 
parent material (Figure 9(a), 
10(a) and 13). The gr;,.;n 
growth in the parent material 
resulted in a fairly consistent 
grain size throughout the 
microstructure. 

Other inertia welded 
samples, prepared for tensile testing, were irradiated 

Figure 12. Grain size variation across solid 
aluminum parent metal from inertia welded 
specimens. 

performed on the non-irradiated as 
well as the irradiated inertia-welded 
samples to evaluate differences as a 
result of the recrystallization and 
grain growth. Hardness values on the 
aluminum side of the non-irradiated 
samples were higher than the 
hardness values in the irradiated 
samples, as shown in Figure 14. 
These hardness results indicated an 
overaged structure in the aluminum 
side of the irradiated samples and, 
hence, a reduction in strength. 
Presumably, this reduction in strength 
occurred during fusion welding. It 

Figure 11. Control sample metallographically 
prepared in CMR hot cells. Solid inertia welded 
piece machined to simulate "irradiated sections. 

during the same time frame as these 
assemblies. Recrystallization and 
grain growth was not observed with 
the tensile samples. All of the 
irradiated samples received a low 
dose and the temperatures measured 
during irradiation were 
approximately 30~ Therefore, 
recrystallization and grain growth 
associated with the test assemblies 
is best explained by heating during 
welding prior to irradiation which 
was done to connect the transition 
joints to the connector water piping. 

Hardness measurements were 

Figure 13. Irradiated piping from High Flux 
outlet section showing evidence of 
recrystallization at inertia welded interface 
(HAZ) and grain growth across the Al parent 
metal. 
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did not produce a leak at the inertia weld interface during the six-month irradiation. 
However, the method of attaching the inertia-welded joints to adjacent sections of tubing 
needs to be considered to avoid obtaining such an over-aged and recrystallized 6061 A1 
grain structure. 

Preliminary measurements of the effects of irradiation on the strengths of inertia- 
welded tensile specimens with comparable test conditions indicate that irradiation had a 
minimal effect on the strength or ductility of the joint. These studies showed, however, 
that yield strengths of the inertia welds were controlled by the behavior of the 6061 A1 
microstructure (resulting from the inertia welding process) and do not reflect the strength 
of the starting T6 condition. Inertia welding lowered the yield strength from 275 MPa, 
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Figure 14. Hardness vs. Position for Stainless Steel~Aluminum Inertia Welds 

typical of 6061-T6 A1, to approximately 170 MPa. To prevent additional losses in yield 
strength during attachment of the bi-metallic joint, proper cooling techniques will be 
needed when joining the inertia-welded 6061-T6 aluminum to the aluminum tubing in 
the target/blanket region of the APT facility. 

Scanning Electron Microscopy and Energy Dispersive Analysis 

The SEM and EDS study was used to investigate and characterize the inertia-welded 
specimens. The exterior of the piping of the samples generally indicated corrosion 
product consistent with an aluminum oxide, Figure 15. The interior of the inertia-welded 
specimens showed a high degree of oxidation on the aluminum portion of the specimens, 
Figure 16, consistent with the previous visual examinations. Several areas observed had 
portions where the aluminum oxide had flaked off of the surface, exposing another layer 
below the outer layer, Figure 16, which again is consistent with earlier findings. The 
presence of a "mud-fiat cracking" appearance was evident on several samples, Figure 17. 
This flaking of the oxide layer and "mud-fiat cracking" is consistent with the presence of 
Bayerite, which does not adhere well to the surface of the aluminum substrate. 
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Figure 15. Mark H inlet piece 
exposed to atmospheric air 
during irradiation. Circled 
area, above, shown in top 
right and EDS spectrum at 
bottom right indicates 
aluminum oxide. 

As discussed in the "Metallographic Examination" section, flow rates of the three 
assemblies placed in the Area A irradiation were different. Flow of the XO2 cooling 
water through the 9A and 9C inserts (Mark I and Mark II) was 7.5 and 7.0 gpm, 

respectively, while the flow through the 
18B insert (high flux assemblies) was 
25.86 gpm. The oxide layer adjacent to 
the weld interface shown in Figure 16 
and 17 (high flux) has flaked off leaving 
a thin oxide layer while the oxide layer 
shown in Figure 18 (Mark II) does not 
indicate flaking. This observation is 
consistent with the increased agitation 
from the flow rate with the High Flux 
assemblies and the observation made 
visually and with metallography (Figures 
6, 7 and 10). 

Another observation with the SEM 
was the presence of copper (Cu) rich 
deposits on the surface of the stainless 
steel, Figure 19. No evidence of  the 

Figure 16. SEM of inside weld taken from copper deposits was observed on the 
aluminum material. However, the 

High Flux Assembly on inertia welded 
interface. Note the region of 'flaked-off' A1203*3HzO oxide layer was fairly thick 
corrosion product adjacent to the and may have masked the presence of the 
interface, copper deposits. Copper deposits on 

aluminum are known to cause pitting, 
which would explain the pitting 
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corrosion observed in the metallographic examinations, Figure 9. The copper was 
present in the water system as a result of the corrosion of the copper beam stop, which 
was also cooled by the XO2 cooling water system. 

Figure 17. Mudflat 
cracking of oxide layer in 
high flux sample. 

Figure 18. SS/AI interface of 
Mark H with AI oxide adhering 
to the surface. 

Figure 19. Copper deposits found on 
stainless steel portion of the inertia 
weld. 
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Electrochemical Testing 

Corrosion processes characterized through the electrochemical testing were found to 
be consistent with those observed on the irradiated inertia welds from the Mark I, Mark 
II, and high flux assemblies. Galvanic and pitting corrosion were the primary 
mechanisms, similar to the irradiated inertia welds. These processes were more 
aggressive in the water chemistries with higher impurities. XO2 water chemistries 
produced the most significant pitting and the highest galvanic currents. The test results 
are summarized in Table 3, which includes the nominal galvanic current of the SS/A1 
couple and open-circuit potentials. The XO2a and XO2b water chemistries contained 
0.1 and 1.0 ppm copper ions, respectively. 

Open-circuit potential measurements were made on samples of the parent material as 
well as a section of the weld. As expected, 304L stainless steel was more electropositive 
than aluminum. The potential of the weld fell between that of the two parent materials. 
The potential of aluminum was variable due to the oxide formation dependence on the 
water chemistry. The presence of copper in the XO2 water chemistry caused the 
potential of both stainless steel and aluminum to shift to more electropositive values. 
This shift was attributed to the increase in the cathodic reaction due to the reduction of 
copper. 

As the impurity level of the water increased the galvanic current increased. This 
large galvanic interaction led to more significant pitting on the aluminum samples. The 
worst pitting was observed in the XO2 water chemistries. In the XO2 water chemistries, 
the high degree of  pitting was associated with the deposition of copper. The stainless 
steel sample had the most deposits. Some pitting was also observed on the stainless steel 
in the XO2b water. These pits were associated with copper deposits on the surface. Few 
copper deposits were observed on the aluminum sample. The results show that 304L 
stainless steel is the cathode in the couple where the reduction of copper occurs. These 
results are consistent with those observed on the irradiated inertia welds. 

Table 3 - Galvanic current and potential measurements 

Water Test Galvanic 
Solution Cur ren t  (btA) 

0.75 
5.5 

Typical APT 
Dirty APT 
XO2a 
XO2b 8.75 

Aluminum Stainless steel Weld 
potential (V) potential (V) potential (V) 

-0.375 0.375 -0.290 
-0.250 0.330 -0.23 
-0.225 0.400 ND 
-0.250 0.410 ND 

Summary 

No leaking at the inertia-welded interface was observed following irradiation. The 
galvanic interaction at the 6061 A1 to 304L stainless steel inertia-welded interface did 
not present significant degradation as a result of the irradiation or the cooling water 
chemistry. General corrosion was evident along the entire length of the aluminum 
piping after irradiation in a high conductivity water system. Pitting corrosion was 
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present along the aluminum piping and is attributed to the conductivity of and the copper 
deposits in the cooling water. The reduction or elimination of impurities in the cooling 
water will aid in corrosion control of the aluminum piping. 

Water chemistry and flow rate are important considerations for the APT design. 
Static or low flow rate of cooling water produced a greater oxide buildup on the 
aluminum portion of the inertia weld while a higher flow rate induced flaking of the 
aluminum oxide layer. 

Welding of these inertia-welded sections to the aluminum cooling water piping 
caused recrystallization at the aluminum HAZ and grain growth in the parent material. 
This recrystallization and grain growth in the A1 material resulted in a reduction in 
hardness of the aluminum material. The quality of the welding used for the design and 
construction of the APT facility will have to be controlled via procedures that outline 
appropriate cooling mechanisms for the inertia welds. 
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Abstract: Several candidate alloys (nickel-based Alloy 718, iron-based 316 L and 
304 L stainless steels) have been exposed to mixed proton-neutron particle fluxes and 
spectra at the Los Alamos Neutron Science Center (LANSCE), with the radiation 
conditions similar to those expected in the proposed Accelerator Production of Tritium 
(APT) facility. All alloys developed a high density of small black-spot damage and 
larger Frank loops, even at the lowest dose examined, producing rapid hardening and 
concurrent loss of ductility. The radiation-induced evolution of both microstructure and 
mechanical properties in the 300-series stainless steels is relatively simple, whereas that 
in Alloy 718 is rather more complex,. Superlattice spots corresponding to the age- 
hardening precipitate phases 3" and T"  are lost from the diffraction patterns for Alloy 
718 by only 0.6 dpa, the lowest proton/neutron-induced dose level achieved in this 
experiment. Examination of neutron-irradiated samples to doses of only -0.1 dpa 
showed that precipitates are faintly visible in diffraction patterns but are rapidly 
becoming invisible. It is proposed that the 3" and 3' " first become disordered (by <0.6 
dpa), but remain as solute-rich aggregates that still contribute to the hardness at relatively 
low dpa levels, and then are gradually dispersed at higher doses. 

The two 300-series stainless steels (SS) appear to exhibit essentially identical 
evolution both in their microstrncture and mechanical properties. In the 300-series 
stainless steels, there is an initial strong decrease in uniform elongation at very low dose 
levels, followed by a second, rather abrupt contribution to ductility loss at higher doses 
(>3dpa) that is not accompanied by any observed new or enhanced microstructural 
development. This may he a manifestation of gas-induced loss of ductility resulting from 
large levels of hydrogen and helium generated by irradiation in these alloys. Although 
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the retained gas levels approached -1 at% at the highest exposure levels, no discernible 
cavities were observed in any of the alloys. 

With one significant exception, all observed features of radiation-affected 
properties can be explained in terms of the observed developments in irradiated but 
undeformed microstructure. Explanation of the remaining feature will require 
observation of post-deformation microstructure. 

Keywords: structural alloys, proton irradiation, neutron irradiation, Alloy 718, stainless 
steels, 316 L, 304 L, microstructural evolution, helium, hydrogen 

Introduction 

An understanding of the response of candidate materials to the proton and 
spallation neutron irradiation conditions they would experience in the Accelerator 
Production of Tritium (APT) facility is essential to proper development of APT 
components [1]. Almost no information was previously available for materials 
applications in such severe environments. Those environments produce high radiation 
damage levels, concurrent with high rates of helium and hydrogen generation, at 
relatively low irradiation temperatures. The data already available were derived, in 
general, from irradiations involving relatively low particle energies, much lower gas 
(He/H) generation rates, and much lower doses, compared to those expected in APT. 

Therefore, specimens of APT candidate materials were irradiated at the 800 MeV 
100 iliA LANSCE accelerator to relatively low exposures, and to displacement levels as 
high as ~ 15 dpa in the direct proton beam in order to simulate APT conditions [1 ]. 
Nevertheless, even the high exposure data obtained will have to be extrapolated to doses 
two to three times higher, in order to predict materials performance in APT conditions for 
the expected service life. A good understanding of the microstructural changes 
responsible for changes in mechanical behavior is essential, if the mechanical property 
data are to be extrapolated to higher exposures with confidence. 

Changes in tensile strength of the materials irradiated in the mixed proton and 
spallation neutron spectra at LANSCE have been reported by Maloy and coworkers [2]. 
The yield stress of Alloy 718 increases rapidly with increasing dose up to -0.5 dpa, and 
then decreases slowly thereafter with further increases in dose. The uniform elongation, 
however, decreases drastically at very low doses (< 0.5 dpa), and does not recover when 
the alloy softens at higher doses. Both 304 L and 316 L stainless steels also exhibit an 
initial strong hardening at the low (<0.1 dpa) damage levels attained in the neutron 
furnaces, where the specimens are far away from the proton beam. At the higher doses 
the 300-series stainless steels maintain the initial radiation-induced hardening. The 
uniform elongation of the 300-series stainless steels falls slowly with increasing dose, 
and then drops precipitously at doses around 3-4 dpa. 

Helium and hydrogen measurements on these materials have also been reported 
[3]. The retained helium increases continuously at a rate of -150 to 180 appm/dpa, 
depending on the alloy, while the hydrogen retention is -50-100% higher. For example, 
in Alloy 718, -1830 appm helium and ~5000 appm hydrogen are retained at 13.4 dpa. 

To investigate the microstructural evolution of the materials in a mixed proton and 
spallation neutron environment, specimens irradiated between 0.1 and 13.4 dpa were 
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examined by transmission electron microscopy (TEM). The present paper describes the 
radiation-induced microstructural evolution of these alloys and its role in the concurrent 
changes in mechanical properties. 

Experimental Conditions 

The compositions of the Alloy 718 and 300-series stainless steels are given in Table 
1. Alloy 718 specimens were electro-discharge-machine (EDM) cut from the as-received 
material (annealed condition), then wrapped in Nb foil and encapsulated in a quartz tube 
(evacuated and back-filled with Ar). The specimens were then heat treated with the 
following steps: annealed at 1065~ for 30 minutes and air cooled, aged at 760~ for 10 
hours, furnace cooled to 650~ and held for a total time of 20 hours, with a final air cool 
to room temperature. The 316 L and 304 L stainless steel samples were also EDM cut 
from as-received (annealed) material, and received no further heat treatment. 

Table 1- Composition of the materials (in wt.%). 

ELEMENT ALLOY 718 SS 316L SS 304L 

AI 0 . 4 8  . . . . . . . .  

C 0.04 0.019 0.02 

Cr 18.13 17.26 18.23 

Cu 0.08 0.26 0.38 

Fe Bal. Bal. Bal. 

Mn 0.13 1.75 1.77 

Mo 3.06 2.57 0.33 

Ni 53.58 12.16 9.68 

P 0.008 0.022 0.026 

S 0.001 0.006 0.002 

Si 0.11 0.65 0.54 

Ti 1 . 0 3  . . . . . .  

(Nb+Ta) 4 . 9 8  . . . . . .  

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  S u n  D e c  2 0  1 8 : 1 8 : 2 1  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .
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The irradiation was conducted in LANSCE at Los Alamos National Laboratory. 
Details of the irradiation were published previously [I]. Doses were determined by 
analysis of the isotopes produced in activation foils placed alongside the specimens [4]. 
The irradiation temperatures were determined from thermocouples placed in each 
reference tube [5]. Irradiated specimens were chosen for microstructural evaluation 
depending on their locations relative to the proton beam. The materials examined, 
together with the irradiation temperatures and doses, are given Figure 1. Figure I also 
shows which types of energetic particle were primarily responsible for the radiation 
damage to the materials. 
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Figure 1- The materials examined, together with the irradiation temperature, dose and 
type of energetic particles responsible for radiation damage. At high doses (_>9.6 dpa), 
the flux is mainly high-energy protons, at medium doses (3-5 dpa) protons and spallation 
neutrons, and at low doses (<1.4 dpa) increasing amounts of spallation neutrons. 

Thin-foil samples were prepared for transmission electron microscope (TEM) 
examination by conventional jet electropolishing methods, in 5% perchloric acid, 95% 
ethyl alcohol at - 25~ and 55V for Alloy 718, and in 5% perchloric acid, 95% methanol 
at - 20 ~ and 50 V for the stainless steels. TEM examinations were conducted with a 
JEOL 2010F (FEG-STEM, 200KeV) for high resolution, and a JEOL 2000E (200 KeV) 
and JEOL 1200EX (120KeV) for the diffraction-contrast microstructural characterization 
and energy-dispersive x-ray spectrometry (EDS). 
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Results 

Microstructural Evolution of Alloy 718: 

Unirradiated - Alloy 718 is a ?'-?"  age-hardenable alloy. It develops high strength 
during thermal aging by precipitating finely dispersed NiaNb-?" and Ni3(Ti,Al)-?' in an 
austenitic ? matrix. The ? '  and ? "  phases represent ordered variations of the fcc lattice. 
?" has a cubic L12 ordered structure based on Ni3Al, with Ti and some Nb substituting on 
Al sites. ? "  has a tetragonal DO22 ordered structure based on NiaNb, with minor AI and 
Ti substitutions on the Nb sites. From consideration of the Nb, Al, and Ti atom positions, 
it is apparent that the DO22 structure can also be described as having body-centered 
tetragonal (bet) symmetry, while the L12 structure can be considered as having cubic 
symmetry. The ? "  precipitates have a disc-shaped morphology, while ? '  particles are 
spheroidal. The ? "  precipitates have a definite orientation relationship with the 
austenitic ?matrix: (001)~,,//{001 }~ and [100]~,,//<100>~ [6,7]. 

As shown in the bright-field (BF) image in Figure 2(a) the high density of 
precipitates (7' and ? " )  and the excessive coherency strain contrast around individual 
particles make them difficult to resolve. A typical [001] diffraction pattern is also shown 
in Figure 2(b). 

Figure 2 - (a) Bright-field image of unirradiated Alloy 718, and (b ) [0011 electron 
diffraction pattern showing the superlattice reflections. 

The y '  / y "  precipitates can be clearly shown by dark-field (DF) analysis with 
specific superlattice reflections. Reflections of the type (100), (010) and (110) could arise 
from either y" or specific variants of the y ". The ?" supedattice reflections in this pattern 
have been indexed with respect to the fcc matrix. Reflections of the form (11 / 20 ) are 
allowed for the DO22 bct phase, but not for ? ' .  Thus, the observation of such reflections 
in Figure 2 (b) clearly demonstrates that a bct ? "  precipitate is present. 
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A systematic dark-field analysis is shown in Figure 3. Here the (010), (1/210 ), 
(110), ( 11 / 20 ) and (100) reflections were used. These dark-field images (all from the 
same region in the foil) are shown along with their corresponding diffraction patterns. 
The (010), (110) and (100) dark-field images (Figure 3 (b,d,f)) clearly reveal the presence 
of three different variants of a fine, disc-shaped precipitate. In Figure 3 (b,f), two 
different variants are lying along the (010) and (100) planes. The third variant, lying in 
the (001) plane of the foil, is visible in Figure 3 (d). The orientation and selective 
imaging of the different precipitate variants are consistent with the bct y" .  The (1 / 210 ) 
and (11 / 20 ) dark-field images (Figure 3 (c,e)) identify the disc-shaped precipitate as bct 
7 ". The [ 100] 11" variant is imaged with both the (100) and ( 1 / 210 ) reflections (Figure 
3 (c,f)) while the [010] variant is imaged with the (010) and (11 / 20 ) reflections (Figure 3 
(b,e)). Existence of 7 '  can also be seen by comparison of the dark-field images produced 
by, for example, (1/210 ) and (100) superlattice reflections, as shown in Figure 4. 

Figure 3 - Unirradiated 718, [001] orientation. (a) Electron diffraction pattern of  [O01]; 
dark-fieldmicrographs with (b) g = (010) (y'+ y"); (c) g = (1/110) (y"); (d) g =(110) 
(y "+ y "); (e) g = (11/20)(y "); (39 g = (100)(y "+ y "). 
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Figure 4 - Unirradiated 718, dark-field micrographs with g = (1/210) (y ') and g= (100) 
(7"+ 7 ")from the same area of the grain. 

Lattice imaging of the unirradiated Alloy 718 confirmed that the intragranular 7 '  and 
T"  particles occur in pairs, each 7 '  particle sharing an interface with a y "  particle. In the 
[001] lattice image shown in Figure 5, the y '  is distinguished from the fcc matrix by its 
doubled lattice spacing. The T"  has a different structure, and shows evidence of 
coherency strain along its interface with the matrix. 

Figure 5 - High-resolution electron micrograph of unirradiated Alloy 718. [001] lattice 
image showing y'-- y"precipitates. 
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TEM-EDS analysis was performed on unirradiated Alloy 718 samples in order to 
identify the carbides that are also present in the material. Because electropolished thin- 
foil TEM samples are random sections through material containing embedded precipitate 
particles with widely varied sizes, the particle analysis generally contains contributions 
from an unknown thickness of superimposed matrix material. The results of 
compositional analysis for representative particles that appeared nearly free of matrix 
contributions indicated that the particles were Nb-rich carbides with an average 
composition of 80-87%Nb, 7-1 l%Ti, 2-7%Ni, l-3%Fe, 1-3%Cr, 0-2%Mo, < 0.5% A1, Si 
in wt.%. 

Irradiated Inconel 718 

"and ~ " Phase Instability - ~ '  and ~/" phases in Alloy 718 exhibited 
instabilities under proton irradiation between 32 and 55 ~ After doses as low as 0.6 dpa, 
all evidence of the ~,' and ~," particles in the matrix had disappeared from the electron 
diffraction patterns. As shown in Figure 6, the "t' and T"  superlattice diffraction spots, 
clearly evident for unirradiated samples, were absent after irradiation. No other 
precipitate spots (that would correspond to irradiation-induced phases) appeared in 
electron diffraction patterns from the irradiated samples. 

Figure 6 - [0011 Selected-area electron diffraction patterns from Alloy 718 
(a)showing ), "and 7 "reflections, (b),(c),(d) showing disappearance of ~" "and )," 
reflections after irradiation. 
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In order to investigate further the disappearance of the ~/' and "t", samples of 
Alloy 718 were examined that had been neutron irradiated to a lower dose of -4).1 dpa at 
~72~ ~/' and ~t " reflections were still faintly visible in the diffraction patterns, as 
demonstrated by Figure 7 in which diffraction patterns from unirradiated and ~0.1 dpa 
samples are compared. As seen in Figure 8, precipitate dark-field images from these 
reflections confirmed that the precipitates were still present, although they gave a more 
patchy, discontinuous contrast. 

Figure 7 - [100] electron diffraction patterns of Alloy 718 a) unirradiated and 
b) - 0.1 dpa, 72~ 

Figure 8 - Dark-field images from close to [100] zone axis in Alloy 718, g= (010) 
(7"+7") precipitate dark-field images a) unirradiated and b) - 0.1 dpa, 72~ 
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Radiation-Induced Defects - { 111 }-faulted dislocation loops, i.e. Frank loops, were 
present at all dpa levels. In the case of  neutron-irradiated samples (~0.1 dpa), small black 
spots were visible in addition to the precipitates (Figure 9). The loops produced 
distinctive satellite spots around the fundamental matrix spots on diffraction patterns. 
The satellite spots arise from extended diffraction streaks (relrods) perpendicular to the 
four sets of  { 111 } planes. Similar intensities of  satellite diffraction spots from the four 
<111> relrods indicated essentially equal Frank-loop populations on all four { 111 } 
planes. Dark-field images of  the loops taken with such satellite spots revealed faulted 
Frank loops, as shown in Figure 10. More than 75 loops from dark-field TEM 
micrographs were measured to obtain an average loop diameter. Average loop diameter 
was ~ 10.6 nm at 3.8 dpa and ~ 23.7 nm at 13.4 dpa. Figure 11 shows the [011] lattice 
image of a nearly edge-on faulted Frank loop at 1.5 dpa. 

Figure 9 - Black-spot damage in Alloy 718 (-0.1 dpa) (a) g=200 s> >o bright-field 
contrast, b) g=200 s>O bright-field contrast c) g=200 g/4g weak-beam image 
d) precipitate dark-field contrast. All images are from the same area of the grain. 
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Figure 10 - Faulted Frank i gops in Alloy 718, imaged with one of the <111> relrods, in 
(a) 3.8 and (b) 13.4 dpa sat,pies. Corresponding diffraction patterns are shown as insets. 

Figure 11 - High-resolution electron micrograph of radiation-induced Frank loop in 
irradiated Alloy 718, 1.5 dpa, [0111 lattice image. 

The possibility of cavity formation was investigated in near-kinematic conditions 
(Fresnel contrast). Several through-focal images were taken, as shown in Figure 12. 
Examination of  the samples irradiated to the higher dose (13.4 dpa) showed that no cavity 
formation had occurred, down to a resolution of - 1 nm [8]. 
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Figure 12 - Kinematic through-focal image series from 13.4 dpa Alloy 718. From left to 
right: under-focus, near-focus and over-focus, showing that no cavities are observed in 
the matrix. 

Microstructural Evolution of 316 L /304 L Stainless Steels 

Proton and spaUation neutron irradiation produced a significant change in the general 
microstructure of both 316 L and 304 L stainless steels. Black-spot damage was present 
at all dpa levels. Figures 13 and 14 show small black-spot damage and larger faulted 
Frank loops in bright-field (BF) and weak-beam dark-field (WBDF) images of 316 L at 
1.4, 3.9 and 10.3 dpa respectively. Relrod images of faulted Frank loops are shown in 
Figure 15 for 316 L at 1.3, 3.9 and 10.3 dpa. Microstructural evolution of 304 L is shown 
in bright-field (BF) images in Figure 16, and in weak-beam dark-field images in Figure 
17, at 0.7 and 9.8 dpa. Relrod images of faulted Frank loops are shown in Figure 18 for 
316 L at 0.7, 3.8 and 9.8 dpa. 

Figure 13 - Bright-field TEM micrographs of 316L SS, showing small defect clusters and 
larger faulted Frank loops, g = 200, s>O at a) 1.3, b) 3.9 and c) 10.3 dpa. 
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F i g u r e  14 - WBDF g = 200 (g/4g) images of 316L SS, showing black-spot damage and 
larger faulted Frank loops, taken with beam direction close to <110> zone axis, at 
a) 1.4, b) 3.9 and c) 10.3 dpa. 

F i g u r e  15 - TEM m,~crogr~ohs of 316L SS showing faulted Frank loops, taken with beam 
direction close to < 110> zone axis. (a), (b) and (c) are DF images taken from one ofthe 
<111> relrods for sample; at a) 1.3, b) 3.9 and c)10.3 dpa. 
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F i g u r e  16 - Bright-field TEM micrographs of 304L SS, showing small defect clusters and 
larger faulted Frank loops, g = 200, s>O, at a) O. 7 dpa and b) 9.8 dpa. 

F i g u r e  17 - WBDF g = 200 (g/4g) images of 304L SS, showing small defect clusters and 
larger Frank loops, taken with beam direction close to <110> zone axis, at a) O. 7 dpa 
and b) 9.8 dpa. 
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Figure 18 - TEM micrographs ,)f SS 304L showing faulted Frank loops, taken with beam 
direction close to <110> zone ~xis. (a), (b) and (c) are DF images taken from one of the 
<111> relrods for samples at 0.7, 3.8 and 9.8 dpa respectively. 

Electron diffraction pattenas did not show any precipitate reflections. The possibility 
of cavity formation was investigated in Fresnel contrast. However, no cavity (bubble 
and/or void) formation was observed in the samples examined between 0.7 and 10.3 dpa. 

Dislocation loop size was estimated from the size of the outside loop contrast. The 
loops tended to appear elliptical, depending on their orientation in the TEM foil. More 
than 150 loops from high-magnification dark-field TEM micrographs were measured to 
obtain an average loop diameter. Frank loops were imaged by the relrod technique, 
which makes it possible to measure Frank loops down to very small sizes (1-2 nm). This 
does not, however, eliminate the possibility that there may be smaller dislocation loops or 
defect clusters of other types present. This technique images only the faulted Frank loops, 
and also there is a resolution limit below which smaller faulted Frank loops are either not 
visible in the relrod image, or cannot be confidently identified. 

Loop densities were determined from several micrographs. The corresponding foil 
thickness was determined from convergent-beam electron diffraction (CBED) patterns. 
Quantitative measurements are given in Table 2. Figure 19 shows loop size distributions 
for 304 L and 316 L. Average loop size and the density of loops, as well as the total 
dislocation density (associated with the loops) are shown for both steels in Figures 20, 21, 
and 22, respectively. 
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Table 2 - Summary of dislocation loop densities, mean loop diameters, and total 
dislocation densities for 316 L and 304 L. 

Loop Number Density Mean Total Dislocation 
(m 3) Loop Density (Loops) 

Material Dose Diameter (m -z) 
(dpa) (nm) 

316 L 1.4 2.1x1022 4 2.6x1014 

316 L 4.1 4.8x1022 10.2 1.54x1015 

316 L 10.3 1.9x1022 23.6 1.41x1015 

304 L 0.7 1.6x10 z2 1.8 9.0x1013 

304 L 3.8 5x1022 9.6 1.35x1015 

304 L 9.8 2.1x1022 20.1 1.32x1015 
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3 0  

i.~ 
g l o  

i 
0 �9 , i i n i n n i n i ~ i ' ' n , , , �9 I r � 9  ' i I i n i I n i i I i i h L , ' ' n 

0 2 4 6 8 10 12 

D o s e  ( d p a )  
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Figure 21 - Number density of loops as a function of dpa for two 300-series stainless 
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Figure 22 - Total dislocation density as a function of dpa for two 300-series stainless 
steels. 
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Discussion 

A l l o y  718  - The most interesting and complex evolution of both microstructure and 
mechanical properties occurred in Alloy 718. The stability of T' and T"  phases in Alloy 
718 is affected by irradiation with mixed spectra of protons and spallation neutrons at low 
temperatures (32-55~ even at doses as low as 0.6 dpa. All evidence for these phases 
had disappeared from the electron diffraction patterns after proton-induced doses ranging 
from 0.6 through 13.4 dpa. The microstructure of irradiated Alloy 718 was dominated 
instead by small black-spot damage and larger faulted loops at all dose levels, the average 
loop size increasing with increasing dose. These microstructural trends might, at first 
thought, suggest a very different evolution of mechanical behavior from what is actually 
observed in tensile tests [2] and microhardness measurements [9]. If all the age- 
hardening precipitates were completely lost by 0.6 dpa, one would expect an initial 
softening of the material. This would then be followed by hardening, as the loop density 
and sizes increased. In practice, however, the opposite trend is seen in the evolution of 
mechanical behavior [2]. After an initial hardening, the yield stress decreases with 
increasing dose; in other words, the material softens for all doses > 0.6 dpa. 

Carsughi et al. [9] have investigated a similar softening behavior (based on 
microhardness data) in Alloy 718 after irradiation with 800 MeV protons to ~10 dpa at 
temperatures that were somewhat variable and higher, but below 250~ The 
disappearance of ~/' and T", and the presence of "q-phase (which can form as a product 
of overaging in irradiated or unirradiated 718) were reported. The presence of Wphase 
was suggested by Carsughi to be a possible cause of softening of the material. In the 
present study at lower temperatures, however, no evidence of rl-phase was found, 
although faulted Frank loops were imaged with the <111> relrods (see Figure 10). 
Identification of rl-phase in the work of Carsughi et al. [9] is thought to be questionable, 
possibly resulting from misidentification of faulted loops as "q-phase. 

Between -0.6 and ~ 13.4 dpa, in the present study, lack of T' and T"  precipitate 
reflections in diffraction patterns gave the initial impression that the precipitates 
disappeared at very low (<0.6 dpa) doses. To investigate further the behavior of these 
precipitates, Alloy 718 samples irradiated to -0.1 dpa with only spallation neutrons were 
examined. In these samples, ~/' and ~'" precipitates were found to be losing their 
superlattice intensity, becoming only faintly visible in electron diffraction patterns, and 
difficult to image with precipitate reflections. The next available dose for examination 
was ~0.6 dpa (protons and spallation neutrons). The precipitate reflections were totally 
absent from diffraction patterns by 0.6 dpa, and no additional spots from new phases 
were observed. This finding strongly suggests that T' and ) ' "  disappeared well before 0.6 
dpa. The question then becomes how to interpret this disappearance. 

One interpretation would be that the ~/" and ~/" have dissolved, but this is inconsistent 
with the changes in mechanical behavior, as explained above. It is also difficult to 
envisage complete dissolution occurring at such a low dose, in the absence of significant 
thermal diffusion. Another interpretation, however, would be that the precipitates have 
only lost much of their ordered structure, with the local solute concentrations remaining. 

The loss of order may result from the displacement cascades that occur during 
radiation damage [10]. At low irradiation temperatures, thermal diffusion is limited, and 
cascade-induced mixing may become the most important short-range transport 
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mechanism. Under 800 MeV proton irradiation, very large cascades are thought to be 
produced. As a result of cascade formation, atomic mixing occurs, along with interstitial 
and vacancy production [11]. Such processes might not be detrimental to solution- 
hardened material, but, in the case of ordered intermetallic phases, extensive mixing and 
defect formation will lead to extensive disordering. Complete dissolution by 0.6 dpa 
would lead to a softening that is inconsistent with the observed initial increase in 
hardening [2]. It is therefore proposed that the precipitates become disordered, but are 
retained in the range of 0.0 to -0.6 dpa as regions of locally high solute concentration that 
can still harden the material similar to GP (Guinier-Preston) zones. Thus, for low doses 
there is no significant softening associated with the disorder, and the concurrent 
development of black-spot damage leads to an overall increase in hardness. 

Alloy 718 exhibited a partial softening between - 0.6 and -13.4 dpa. This is 
attributed to gradual redistribution of the solutes as the dose increases over this range. 
The observed mechanical behavior might be explained as follows. The early study of 
Silcock et al. [12] on GP zones in binary aluminum-copper alloys showed that the main 
contribution to hardness comes not from the ordering of GP zones, but from segregation 
of solute atoms to the GP zones. Therefore, by analogy, the disordering of ~/' and T"  
alone should not remove the hardening associated with the precipitates. Subsequent 
dissolution of the solute concentrations could, however, produce substantial softening 
that might be sufficient to outweigh hardening due to further formation of Frank loops, 
and hence result in a net softening effect at doses > 0.6 dpa. 

A drastic loss of ductility was observed in Alloy 718 at all dose levels examined [2]. 
The early loss of ductility may be attributed to radiation-indnced hardening, as loops are 
formed. What is perhaps more surprising, however, is that there is no recovery of 
ductility as softening of the material occurs at higher doses. Some increase in ductility 
might be expected to accompany the decreases in yield stress that are seen as dose 
increases beyond 0.6 dpa, but this is not the case. A possible explanation for this is as 
follows. In the unirradiated condition the ~ '  and ~," particles are hard particles that 
induce Orowan hardening. At low dose, they become disordered, and start to become 
shearable by dislocations. This allows strain localization (dislocation channeling), which 
gives considerable loss in uniform elongation and less hardening. Increasing dose 
reinforces strain localization, and the loss in elongation does not recover. It must also be 
remembered that substantial amounts of helium and hydrogen accumulated in the 
samples during the LANSCE irradiations [3]. TEM examination revealed a complete 
absence of cavity formation in Alloy 718, even though levels of -1830 appm helium and 
-5000 appm hydrogen were reached at 13.4 dpa. It appears that there is insufficient 
mobility of helium atoms in the temperature range 32-72~ to allow nucleation and 
growth of bubbles or voids. Thus, the helium and hydrogen must be dispersed on a very 
fine scale within the material. The high gas levels within the lattice may also contribute 
to the continued loss of ductility of the material, even as the yield strength and hardness 
decrease. Hydrogen accumulation is initially greater in Incone1718 than in the 300-series 
stainless steels [3]. 

316 L and 304 L Stainless Steels - Combined proton and spallation neutron irradiation 
produced less pronounced, but still significant changes in the microstructure of both 304 
L and 316 L. Black-spot damage was the most common feature, together with larger 
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faulted Frank loops. Black-spot damage was present at all dpa levels, while the larger 
faulted Frank loops became more numerous at higher doses. At 0.7 dpa the predominant 
microstructural feature is black-spot damage or small Frank loops, almost all of which are 
smaller than 6 nm. Loops grow larger as a function of dose, reaching 50 nm at 9.8 dpa in 
304 L. The average loop diameter at 0.7 dpa is smaller by a factor of ten than that at 9.8 
dpa. Neither electron diffraction patterns nor stereo-micrographs revealed any evidence 
of radiation-induced precipitation in the matrix or at the grain boundaries. 

The microstructures of 316 L and 304 L austenitic stainless steels are remarkably 
similar after irradiation under similar irradiation conditions at LASREF. Both materials 
essentially contain black-spot damage and larger faulted Frank loops. Comparisons of 
the average size and density of the Frank loops, and total dislocation densities are shown 
in Figures 20, 21, and 22. 

The density of loops increases quickly at very low doses, and changes only a little 
with increasing dose thereafter. Dislocation loop densities for both alloys appear to be 
the highest at about 3 - 4 dpa. At - 4 dpa, the densities of loops in both 316 L and 304 L 
are identical within the scatter of the data. For both alloys, the overall microstructure 
coarsens as a function of increasing dose. 

The microstructural response of the two steels to the irradiation is so similar that it is 
not surprising to see similar trends in the mechanical behavior [3]. If the observed 
radiation-induced changes in mechanical properties are to be explained in terms of the 
microstructural alterations induced by radiation, it is important to check whether the 
hardening observed in the 300-series stainless steels can be explained in terms of only the 
microstructural alterations observed. According to the theory of hardening based on a 
hard-sphere model (Orowan model) [13], the change in yield stress change due to 
dislocation loops, Arty, is expressed by 

A O  y = Mal . lb (Nd  ) l/2 , 

where 

M = Taylor factor, 
t~ = barrier strength of obstacles, 
~t = shear modulus, 
b = Burgers vector, 
N = density of dislocation loops, 
d = mean diameter of dislocation loops. 

The ~ values required to produce the observed hardening were calculated from the 
yield stresses [2], loop densities, and loop sizes. Calculated t~ values (0.3-0.5) between 
~4 and 10.3 dpa are close to the expected values [14]. Nothing can be said about the 
possible contribution of the accumulating gas atoms to the hardening, but the fact that the 
Frank-loop hardening contributions saturate, as does the yield strength, tends to argue 
that the increasing gas (in either atomistic form or subresolvable clusters) is not 
contributing significantly to the hardening. There were no precipitates or cavities 
observed; only black spots and larger Frank loops were formed. 

The results of the electron microscopy indicate that the evolution of radiation damage 
in undeformed specimens can account for all the features observed in the radiation- 
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induced evolution of mechanical properties, except for the second and most precipitous 
drop of uniform elongation in 304 L and 316 L stainless steels at -3 dpa. It is proposed 
that accumulation of gas, especially hydrogen, may be the cause of this abrupt decrease. 
To address this issue further, it is planned to examine the deformed microstructure of 
these alloys at two dpa levels, just below and just above the dpa level where the uniform 
elongation suffers the second round of reduction. Previously tested tensile specimens 
will be used to prepare the TEM specimens for further investigation. 

Summary 

In general, it appears that, with only one exeption, the major features of the radiation- 
induced evolution of mechanical properties of all three alloys can be explained in terms 
of their individual microstructural evolution. To summarize: 

Alloy 718 

By - 0.1 dpa, images of T '  and T"  precipitates lose some of their intensity, and show 
discontinuous contrast, indicating disordering, while T '  and T"  superlattice reflections 
are still faintly visible in the electron diffraction patterns. No new phases are precipitated 
from T'  and ) '".  A dose of -0.1 dpa is thought to be sufficient to induce partial 
disordering of the precipitates at - 72~ 

All evidence of the ~/' and T"  precipitates disappears from the diffraction patterns by 0.6 
dpa. If complete dissolution of the precipitates were to occur, the material should soften, 
but, on the contrary, Alloy 718 hardens up to ~ 0.6 dpa. It is proposed here that the 
precipitates are essentially disordered by 0.6 dpa, but that the solutes they contained are 
not yet fully redistributed into the matrix. Thus the precipitates retain the majority of 
their original hardening contribution. 

At low doses, the dominant microstructural features are black-spot damage and remnants 
of the ~" and T"  phases. Together, the black-spot damage and remains of the precipitates 
result in a net hardening up to 0.6 dpa, since both are obstacles to dislocation movement. 

At doses between - 0.6 and ~ 13 dpa, the observable microstructure of Alloy 718 is 
dominated by only black-spot damage and larger faulted Frank loops. No evidence of 
any new phase was found in the diffraction patterns. 

At doses between 0.6 and ~13 dpa, Alloy 718 softens somewhat. The gradual softening is 
attributed to mixing-induced redistribution of the solutes from the former), '  and T"  
precipitates as the dose increases. 

In spite of the large levels of retained helium and hydrogen, no cavities are produced at 
doses as high as ~ 13 dpa. The gas atoms must be dispersed in the matrix as single atoms 
or very small complexes. 
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316 L/304 L Stainless Steels 

Proton and spallation neutron irradiation induces the formation of both black-spot 
damage and larger faulted Frank loops in 316 L and 304 L stainless steels. Radiation- 
induced precipitation did not occur in either steel. 

At ~ 4 dpa, mean loop sizes, loop number densities and total dislocation densities are 
identical for the two steels, within the scatter of the data. There was no significant 
difference in the microstructural evolution of 316 L and 304 L under these irradiation 
conditions. 

In spite of the large levels of helium and hydrogen retention, no cavities were found even 
at the highest dose examined. 

The increase in yield stress in both steels is due primarily to formation and evolution of 
faulted Frank loops, with gas playing no large role either in solution or in cavities. 

The loss of ductility observed in both steels is due to a combination of, first, radiation- 
induced hardening by black-spot damage and larger loops, and, second, to gas 
accumulation at higher doses (>3dpa). 
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Abstract: A series of irradiations were conducted at relatively low temperatures 
(<100~ in the Los Alamos Neutron Science Center (LANSCE) as part of the test 
program supporting the Accelerator Production of Tritium Program sponsored by 
USDOE. In this irradiation campaign, a variety of candidate structural alloys were placed 
in various particle spectra, ranging from 800 MeV protons, to mixed energy distributions 
of both protons and spallation neutrons, and finally to distributions consisting primarily 
of high energy neutrons. At proton energies on the order of hundreds of MeV, 
exceptionally high levels of gas atoms are generated in all elemental constituents of 
typical iron-based and nickel-based structural alloys, with helium typically on the order 
of ~l 50 appm per dpa and hydrogen at approximately an order of magnitude greater. 
Since both of these gases are considered to exert a negative influence on structural 
properties of interest, their retention after both energetic recoil loss and subsequent 
diffusional loss is of strong programmatic interest. 

Helium is essentially immobile at all temperatures of nuclear interest, but hydrogen 
has some limited temperature-dependent mobility, even at <100~ To assess the degree 
of generation and retention, each gas was measured in a number of highly irradiated 
specimens of different alloy compositions and dpa levels. The results show that helium 
production is relatively insensitive to composition. The retained hydrogen levels, 
however, are somewhat sensitive to composition, reflecting different levels of diffusional 
loss, but are still at rather large concentrations. 

The measured helium concentrations are larger than calculated using a calculational 
code optimized for prediction of neutron/proton ratios in the target tungsten source rods. 
The use of these gas measurements to provide benchmarks for determination of gas 
production cross sections for typical elements that comprise common structural alloys is 
also examined. 
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Introduction 

The Accelerator Production of Tritium (APT) project [1] was proposed as one of 
several solutions to the U.S. national need for tritium. In the APT concept, high-energy 
protons would impinge on a tungsten target producing high-energy spallation neutrons. 
These neutrons would in turn be multiplied using a lead blanket, then thermalized in 
water. Tritium production would occur through capture of the thermalized neutrons by 
3He gas. An important technical issue that was addressed during the APT design was the 
potentially strong impact of radiation damage to structural materials resulting from the 
various mixed high-energy proton and neutron distributions expected in the APT facility 
environment. 

A series of irradiations were conducted in the Los Alamos Neutron Science Center 
(LANSCE) as part of the experimental test program supporting the APT Program [2]. In 
this irradiation campaign, a variety of candidate structural alloys were placed in various 
particle spectra, ranging from 800 MeV protons, to mixed energy distributions of both 
protons and spallation neutrons, and finally to distributions consisting primarily of high 
energy neutrons. The irradiation temperatures of all specimens in the LANSCE test were 
200~ or less, with most below 100~ conditions expected to be typical of the APT 
facility. 

At proton energies on the order of hundreds of MeV, exceptionally high levels of 
gas atoms are generated in all elemental constituents of typical structural alloys, with 
helium typically on the order of~150 appm per dpa and hydrogen (i.e., protium) at 
approximately an order of magnitude greater [3, 4]. Whereas the generation of these gases 
in typical fission and fusion neutron spectra are very sensitive to elemental composition, 
especially the nickel content [5, 6], there is very little difference expected between the 
rates of gas generation in nickel, iron or chromium at very high proton energies [4]. 

In high energy proton spectra the hydrogen is born in two roughly equal 
distributions with very different birth energies, the first on the order of -100  MeV in the 
internuclear cascade and the second at -1 MeV in the subsequent nuclear evaporation 
event. For typical specimen dimensions, the large range of the very high energy protons 
produced in the internuclear cascade results in their near-total recoil loss from the 
irradiated volume, while a significant fraction of the evaporation protons are stopped in 
the specimen. Thus -50% or less of the total generated hydrogen is expected to come to 
rest in the specimen. On the other hand, -100% of the heavier and lower energy helium 
is retained in specimens of the sizes employed in this program (Actually, since all 
specimens in this experiment are covered by adjacent specimens and foil covers, fluxes 
across surfaces of adjacent pieces of metal should cancel, leading to no net loss). 

Since both of these gases are considered to exert a negative influence on structural 
properties of interest, their retention after both recoil and diffusional losses is of strong 
interest. Helium is essentially immobile in structural metals at all temperatures of nuclear 
interest, but hydrogen has some limited temperature-dependent mobility. To assess the 
degree of retention after both energetic and diffusional losses, each gas was measured in a 
number of highly irradiated specimens of different alloy compositions and dpa levels. 
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614 EFFECTS OF RADIATION ON MATERIALS 

Experimental Conditions 

A variety of structural alloys from the APT materials characterization program 
were analyzed for helium and hydrogen content, including Alloy 718, 300 series stainless 
steels (304L and 316L), and 9Cr-lMo. Other alloys based on aluminum will be measured 
later in the program. There were a variety of  specimen types irradiated in this experiment, 
but the majority of gas measurements were conducted on standard 3 mm disks used for 
transmission electron microscopy or shear punch studies. 

In this paper we will concentrate on specimens irradiated primarily in the proton 
beam, although these specimens are also simultaneously exposed to lower fluxes of high 
energy neutrons, with the relative fraction of neutrons increasing toward the edge of the 
proton beam, as shown in Figure 1. The 1 mA proton beam was roughly Gaussian in 
distribution, with a 2or o f - 3  cm. The proton energy spectrum varies across the beam. For 
example, in tube 21, the protons at beam center vary from -600 MeV to 800 MeV, 
peaking at -700 MeV, while at the beam edge, most of the protons exist at 500 to 800 
MeV, peaking at -650 MeV. 

102z 
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10 l g  

1018 

En>20  MeV 

"10 "-8 --6 -4 -2 0 2 4 6 8 10 -10 -8 -6 -4 -2 0 2 4 6 8 
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10 

Figure 1 - Calculated vs. measured particle fluences for representative specimen holders 
(numbers 1 and 21, left and right respectively) containing samples discussed in this 

paper. Note that measured profiles were determined using the Na-22 reaction in pure 
aluminum dosimeters included in the experiment. 

A diagram of the experimental setup in the LANSCE facility is shown in Figure 2. 
A typical sample holder for the TEM disks is shown in Figure 3. The specimens are 
mounted in thin foil-covered blades with metal-to-metal contact for optimum cooling, 
with high velocity water flowing between the various blades. Proton-induced heating 
leads to somewhat higher temperatures at the higher dpa rates, however. Therefore, there 
is some coupling between dose and temperature, with the calculated temperature of the 
samples measured in this study rising from about 30~ at the lower doses to about 65~ 
in the beam center. This may induce some bias in the hydrogen retention data, tending to 
reduce it somewhat at higher dpa levels relative to that at the beam edges. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



OLIVER ET AL. ON VARIOUS STRUCTURAL ALLOYS 615 
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Pro ton  ] ~ ~~ 

B e a m  

Figure 2 - APT Mockup in the LANSCE Irradiation Facility. The specimens discussed in 
this paper were irradiated in assemblies 17A and 18C. 

Figure 3 - Typical specimen holder in the LANSCE irradiation series discussed in this 
paper. The various materials sit in specimen-shaped holes in 304 stainless steel plates, 
allowing metal-to-metal contact for good heat transfer. Each of  these specimen holders 
was covered on both sides by thin foils o f  304 stainless steel The various blades were 

cooled by high velocity flowing water with the inlet and out water temperature measured 
with thermocouples, allowing calculations of  specimen temperature. 

Details on the samples measured for gas content are given in Table 1. Calculated 
helium and hydrogen contents based on the LAHET code system [7] for each of the 
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616 EFFECTS OF RADIATION ON MATERIALS 

samples are also given in the last two columns of the table. The calculated atomic 
displacement levels (dpa) were also determined by the LAHET code system, averaging 
over all of the particles involved in the spallation reaction and using the standard NRT 
model [8]. Details and implications of these gas and dpa calculations will be explored 
later in the paper. 

Specimens for gas analysis were cut from each original sample using small 
diagonal wire cutters in a controlled environment. Before each use, the cutters were 
cleaned by wiping several times with a dry "Kimwipe". Each of the helium analysis 
samples was etched to remove a minimum of-0.013 mm (-0.5 mil) of surface material 
prior to specimen preparation. This etching step was performed to remove material that 
may have been affected by a-recoil either out of the sample or into the sample from 
adjacent materials during irradiation. After etching, two smaller specimens were cut from 
each sample for duplicate helium analyses. The hydrogen analysis specimens were cut in 
a similar manner from the un-etched original samples to avoid introduction of hydrogen. 

Prior to analysis, each specimen was cleaned in acetone and air-dried. The mass of 
each specimen was then determined using a calibrated microbalance traceable to the 
National Institute of Standards and Technology (NIST). Mass uncertainty is estimated to 
be +0.002 mg. 

Helium Analysis 

Helium Analysis System 

Helium analyses were conducted by mass spectrometry at Pacific Northwest 
National Laboratory (PNNL). Details on the mass spectrometry system have been 
presented elsewhere [9,10]. Helium contents were determined by heating and/or 
vaporizing each sample in a resistance-heated crucible in one of the mass spectrometer 
system's high-temperature vacuum furnaces. The concentrations of the two helium 
isotopes were determined either by direct measurements of the mass spectrometer signal 
for helium-3 or helium-4, or by an isotope-dilution technique where the released helium 
is compared with a known quantity of added "spike" of the other isotope. 

The helium spikes were obtained by expanding and partitioning known quantities 
of gas through a succession of calibrated volumes[9]. The mass spectrometer was 
calibrated for mass sensitivity during each series of runs by analyzing known mixtures of 
3He and 4He. Reproducibility of the analysis system for samples with known homogene- 
ous helium content is -0.5%. Absolute accuracy has been determined in many previous 
studies to be generally better than 1%. 

Helium Measurements 

Helium analyses were conducted on a total of 13 samples from the APT materials 
tests. Results of the analyses are given in Table 2 and shown graphically in Figures 4 - 7. 
Helium results in Table 2 are listed as total atoms of 3He and 4He, and total helium 
concentration in atomic parts per million (10 -6 atom fraction). Some of the helium 
measurements on the Alloy 718 material included stepped-anneal analyses conducted to 
determine the extent of gas removal at temperatures up to -1200~ These stepped- 
anneal analyses were followed by complete vaporization of the sample to completely 
remove the remaining helium. Because of eutectic formation of the 718 material with the 
analysis crucible, resulting in premature sample melting, significant levels of helium were 
removed prior to 1200~ The helium concentrations in the last two colunms represent 
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Table 1 - APT sample summary. 

617  

Sample Material 

IN66 Alloy 718 
IN25 
INE4 
IN53 
INO1 
IN43 

4121 304L 
4077 

6138 316L 
6053 
6040 
6100 

MDC1 9Cr-lMo 
MD67 

Calculated Gas Content 
Location b Dose (appm) 

Tube + No." (mm) (dpa) Helium Hydrogen 

21-2-1 -31.2 1.45 87.2 787.9 
21-2-22 -31.2 1.45 87.2 787.9 
21-2-11 10.0 3.87 252.1 2270 
21-2-31 8.0 4.15 272.3 2446 

1-1-7 -12 9.92 757.4 6603 
1-1-10 0 13.77 1097 9544 

22-2-12 8.0 3.82 243.3 2151 
4-2-11 0.0 9.77 695.1 5967 

24-2-22 -31.2 1.34 74.4 657.8 
24-2-10 8.0 3.92 237.7 2101 
24-2-29 4.1 4.07 249.0 2207 
4-2-33 2.0 10.3 730.7 6246 

4-2-41 40.0 1.1 55.8 475.8 
4-2-13 3.8 9.55 698.9 5905 

aTube-envelope-ID#. 
bLocation from beam centerline. 

the sum of the stepped-anneal and vaporization analyses. An example of the helium 
release profile in Alloy 718 is shown in Figure 4. 

Hydrogen Measurements 

Hydrogen Analysis System 

Hydrogen analyses were conducted using a newly developed analysis system at 
PNNL. Details of the system have been presented elsewhere [11]. The system is based 
on a low-volume extraction fumace in combination with a quadrupole mass spectrometer, 
and has a detection limit of -1  appm for steel. Samples for analysis are loaded into the 
sample holder carousel located above the extraction furnace. Sample analyses are 
conducted by dropping the individual specimens into the heated crucible sequentially. 
Hydrogen release, in terms of current output from the electron multiplier, is measured as 
a function of time. Total hydrogen released is determined from the integral of the 
hydrogen release curve and the measured system sensitivity. 
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Table 2 - Measured helium in APT alloys. 

Spec- Measured 
imen Helium Helium Concentration 

Anal. Mass b (1013 atoms) (appm) c 
Sample Material Type a (mg) 3He 4He 3He 4He Total ~lean d 

IN66 Alloy 718 V 0.738 1.76 11.17 17.1 147 164 172 
V 1.027 2.59 17.19 18.8 162 181 • 

IN25 A 3.164 5.99 51.40 
V - 0.25 18.4 159 177 

INE4 A 1.890 11.03 95.65 
V 0.28 56.7 492 549 548 
A 1.356 8.11 68.38 58.0 490 548 • 

IN53 A 1.714 10.53 90.36 
V - 0.62 59.6 512 572 532 
V 1.074 5 .731 48.62 51.8 440 492 • 

IN43 V 1.407 32.4 265.0 223 1829 2052 2060 
V 0.900 21.2 170.4 229 1838 2067 • 

4121 304L V 1.320 90.9 704.8 63.8 494.4 558 
4077 V 1.095 263 1868 220 1 5 6 5  1785 1813 

V 1.632 404 2869 227 1 6 1 3  1840 • 

6138 316L V 0.539 11.3 79.12 19.4 135.9 155 163 
V 0.710 16.4 114.1 21.4 148.8 170 • 

6053 V 0.271 14.4 110.9 49.2 378.9 428 420 
V 0.801 40.9 315.3 47.3 364.5 412 • 

6040 V 0.866 55.0 428.5 58.8 458.2 517 
6100 V 1.451 385 2746 246 1752 1998 1979 

V 1.287 329 2395 237 1 7 2 3  1960 • 

MDC1 9Cr-lMo V 1.682 30.1 213.4 16.6 117.5 134 134 
V 1.551 27.6 195.7 16.5 116.8 133 • 

MD67 V 0.874 206 1462 218 1549 1767 1737 
V 1.181 266 1911 209 1498 1707 • 

aStepped-anneal (A) or vaporization (V) analysis. 
bMass uncertainty is a:0.002 rag. 
CHelium concentration in atomic parts per million (10 -6 atom fraction) with respect to the 
total number of atoms in the specimen. Values for samples that were both stepped-anneal 
and vaporized is the total of the two analyses. 

1 dMean aria standard deviation (1 c) of duplicate analyses. 
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Figure 4 - Typical stepped-anneal helium release in Alloy 718. Helium release at 
~1000~ is attributed to sample melting cause by alloying of  the material with the 

analysis crucible. 

Measurements of  hydrogen release with temperature were also made on a few 
samples of  Alloy 718 material. These measurements were made by ramping the crucible 
temperature in an approximately linear profile from about 250~ to 1200~ over a 400 
second time period. The temperature profile was determined following the measurements 
using a thin-walled K-type thermocouple inserted from the upper sample loading area. 

Calibration of  the system was accomplished using a hydrogen leak source attached 
to the vacuum line between the extraction furnace and the detector volume. This 
calibrated leak has a very small trapped volume, resulting in virtually no lowering of  the 
leak rate with time. Calibration measurements are conducted before and after each 
sample analysis, and typically show an overall standard deviation o f - 2  to 3% for each 
analysis series. The system has been determined to be linear up to a total hydrogen 
release of  at least 1017 atoms, which for a 0.5 mg steel sample, represents a hydrogen 
concentration o f - 2 0  000 appm. 

Measurements are also routinely conducted on specimens of  a standard, hydrogen- 
containing steel maintained in the laboratory. The stated content of  the steel is 5.2 + 0.3 
wppm. The average hydrogen content measured in more than 90 specimens ranging in 
mass from -2  to -8  mg is 5.0 wppm with a standard deviation o f - 2 0 %  (1~). It is 
speculated that the variability observed in the standard samples is associated with actual 
heterogeneity in the hydrogen content at this small mass level. 

Retained Hydrogen in APT Alloys 

Hydrogen measurements were made on a total of  13 samples from the APT 
materials characterization tests, and on unirradiated control samples of  the same 
materials. The results of  the control analyses are given in Table 3; the retained hydrogen 
measured in the irradiated materials are shown in Table 4. The hydrogen results are 
shown graphically in Figures 8 - 10. The mean and standard deviation of  the replicate 
measurements are given in the last two columns of  the table. The data in the last two 
columns of  the Table 4 represent the "net" hydrogen retained in the samples after 
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subtraction of the measured hydrogen in the unirradiated materials in Table 3. Absolute 
uncertainty (16) in the hydrogen analyses is estimated at -20%, and is due partly to the 
uncertainty in the calibrated hydrogen leak source discussed above. Additional 
uncertainty may also be present from possible hydrogen release from remaining water 
layers or hydrated metal oxides on the surface of the sample that are subsequently 
dissociated by the hot crucible. 

Table 3 - Hydrogen in unirradiated alloy material. 

Measured Hydrogen 
Mass Hydrogen Concentration 

Sample Material (mg) a (1015 at.) (appm) b Mean t 

In-blk Alloy 718 1.931 3.45 174 190 
2.014 4.14 200 +_20 

304L-blk 304L 3.824 13.3 319 320 
4.940 17.2 320 +0 

316L-blk 316L 3.014 11.7 360 448 
3.844 22.2 535 +124 

9Cr-lMo-blk 9Cr-lMo 2.821 1.94 64 58 
4.089 2.30 52 +8 

"Mass of specimen for analysis. Mass uncertainty is • mg. 
bHydrogen concentration in atomic parts per million (10 -6 atom fraction) with 
respect to the total number of atoms in the specimen. 

CMean and standard deviation (lo) of duplicate analyses. 

Discussion and Conclusions: Helium 

Total helium (He-3 and He-4) concentrations measured in the APT alloys ranged 
from 134 appm to 2060 appm. As is evident in Figures 5-7, helium generation rates 
relative to dpa rates appear to be the highest for the iron-based alloys (300 series SS, and 
9Cr-1Mo) at -180 appm/dpa. The lines through the measured data in the figures are least 
square fits assuming linear behavior through the origin. Helium generation in nickel-base 
Alloy 718 appears to be slightly lower at -150 appm/dpa. It is important to note, 
however, that the difference between nickel and iron-base may not be the dominant 
factor, since 718 also contains a rather high level of high atomic weight elements, unlike 
the iron-base alloys. 

It is important to recognize that the measured helium concentrations are the result 
of generation rates averaged over a distribution of proton energies, distributions that vary 
across the proton beam, and also across a varying neutron contribution to gas production 
at each position and associated dpa level. In spite of this inherent bias in the data set, the 
concentrations are nearly linear with dpa and roughly independent of composition. This 
latter point is particularly demonstrated in Figure 11, where the measured helium in all 
the alloys is summarized on a single plot. 
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Table 4 - Retained hydrogen in APT alloys. 

Measured 
Mass Hydrogen Hydrogen Concentration (ppm) b 

Sample Material (mg) a (10 ~5 at.) Measured Corrected c M e a n  d 

IN66 Alloy 718 1.639 30.7 1820 1630 1870 
2.366 56.0 2300 2110 • 

IN25 0.587 10.6 1760 1570 1810 
0.509 9.41 1790 1600 • 
0.683 17.2 2440 2250 

INE4 1.059 29.7 2720 2530 2600 
0.732 21.6 2860 2670 • 

IN01 0.342 19.7 5590 5400 5200 
0.693 37.9 5310 5120 • 
0.539 29.2 5260 5070 

IN43 2.386 117 4750 4560 4710 
1.912 103 5250 5060 • 
1.328 64.3 4700 4510 

4121 304L 1.215 17.3 1300 980 1050 
2.336 37.0 1450 1130 • 

4077 1.806 78.0 3960 3640 3560 
0.955 39.7 3810 3490 • 

6138 316L 1.126 10.7 882 434 459 
1.305 13.1 932 484 • 

6053 1.283 21.6 1560 1110 1460 
1.741 42.4 2260 1810 • 

6040 2.407 40.4 1550 1100 1100 
3.497 58.8 1560 1110 • 

6100 1.391 61.0 4060 3610 3460 
1.030 41.8 3760 3310 • 

MDC1 9Cr-lMo 1.071 85.0 735 677 687 
1.580 12.9 754 696 • 

MD67 1.910 89.5 4340 4280 4260 
2.050 95.2 4300 4240 • 

aMass of specimen for analysis. Mass uncertainty is +0.002 mg. 
bHydrogen concentration in atomic parts per million (10 -6 atom fraction) with respect to the 
total number of atoms in the specimen. 

CCorrected for hydrogen in unirradiated controls (see Table 3). 
aMean and standard deviation (lo) of duplicate analyses. 
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F i g u r e  7 - Measured helium in 9Cr-lMo vs. dpa. 

F i g u r e  8 - Retained hydrogen in Alloy 718 vs. dpa. 
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F i g u r e  9 - Retained hydrogen in 300 stainless steel vs. dpa. 

F i g u r e  10 - Retained hydrogen in 9Cr-l Mo vs. dpa. 
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Figure 11 - Summary plot of measured helium in APT alloys. 

The near-linearity of helium production vs. dpa in spite of the proton energy 
variation and changing neutron/proton contribution can be understood by noting that over 
the range of proton energies involved in this experiment, the helium and dpa cross 
sections exhibit nearly the same energy dependence [4]. Thus, the calculated He/dpa ratio 
arising from protons only remains relatively constant across the beam, as shown in Figure 
12, demonstrating that even though the proton fluence falls strongly across the beam and 
the energy and particle spectra change with position, the He/dpa ratio remains relatively 
constant and independent of composition until the neutron contribution to the total 
fluence becomes relatively large near the edges of the beam. 

As the relative neutron fluence becomes larger there are two consequences, both of 
which act to decrease the local He/dpa ratio. First, the spectrtun-averaged helium cross 
section falls, and second, the relative neutron contribution to the dpa rate increases. For 
this reason, the measured helium levels at low dpa levels tend to lie slightly below the 
linear lines drawn in Figures 5-7. 

In all cases, the measured helium levels are considerably higher than calculated, 
as shown in Figures 5-7. The calculated productions for both He and H were generated 
using the LAHET code system (LCS) [7], version 2.83. The Bertini intra-nuclear cascade 
model was used with the pre-equilibrium option turned on. The level density model used 
was that of Gilbert-Cameron-Cook-Ignatyuk (GCCI) [12, 13]. 
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Figure 12 - Calculated He/dpa ratios for several alloys irradiated in different specimen 
blades of insert 17A, showing that even though the proton fluence falls strongly and the 
energy and particle spectra change with position, the He/dpa ratio remains relatively 

constant until the neutron contribution to the total fluence becomes relatively large near 
the edges of the proton beam. 

The LCS is the neutronic tool used for the design of APT and the estimation of 
radiation damage parameters, such as dpa and gas production. The physics options 
employed in LAHET as the standard APT settings were chosen primarily to provide the 
proper n/p ratios for high-Z targets such as tungsten. Using these assumptions the 
accuracy in He production for mid-Z (-20-40) elements is known to be low by about a 
factor of 2 [12]. Interestingly, the current measurements are in relatively good 
agreement with that of earlier nearly monoenergetic 750 MeV proton irradiations by 
Green also at LANSCE in pure iron and pure nickel, with He/dpa ratios of 169 and 158 
apprn/dpa, respectively [4]. Unfortunately, it is not known what settings were employed 
in the then-current version of LCS. Green's results do support a slightly lower He/dpa 
ratio, however, in agreement with the lower helium generation rate observed in Alloy 
718. 

As expected, significant levels of 3He were also measured in the various alloys. 
Very little 3He is produced by neutrons and therefore protons produce most of the 3He. 
Measured 4He/3He ratios varied from 7.0 to 8.6, and showed little variation with dpa level 
in the range of I to 14 dpa. The helium 4/3 ratio was the highest for Alloy 718, and 
appears to scale with the level of high-Z components in the material rather than with the 
major component Fe or Ni. Previous measurements in LANSCE by Green et al. for 
higher-Z pure materials irradiated with 750 MeV protons [3] showed higher helium 4/3 
ratios (Fe, 8.66; Ni, 8.16; Cu, 9.44; Mo, 10.1;W,13.7; Au,11.4), indicating that high-Z 
materials should increase the 4/3 ratio. 
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Discussion and Conclusions: Hydrogen 

The H/dpa ratio remains approximately independent of proton energy and spectral 
variations across the data set for the same reasons advanced for the He/dpa ratio earlier, 
as shown in Figure 13. The H/He ratio is also known not to change strongly as a function 
of proton energy in the range relevant to this experiment [3]. 

Retained hydrogen in the APT alloys ranged from 459 appm to 5200 appm. The 
data in Figures 8 - 10 are the net retained hydrogen after subtraction of the measured 
hydrogen in the unirradiated materials. As with helium, the retained hydrogen in the 300 
series SS and in the 9Cr-lMo scaled approximately linearly with dpa, but at a higher rate 
of -600  appm/dpa. Remember, however, that the inherent bias in temperature with dpa 
rate may lower this retention rate per dpa somewhat relative to that in a fully isothermal 
experiment. 

Alloy 718, however, showed a marked nonlinearity in the retained hydrogen, with 
three trend lines shown in Figure 8 with progressively lower slopes, a relatively higher 
rate in the first dose interval from 0 up to -1.5 dpa, a second lower rate from -1.5 to -10 
dpa, and a third, possibly negative rate above -10 dpa. 

The complex hydrogen behavior observed in Alloy 718 can perhaps be attributed to 
a rather complex microstructural evolution in the material compared to that of the other 
alloys. According to Sencer et al. [14], the radiation-induced microstructural evolution in 
the three iron-base alloys was rather simple, involving only the nucleation and growth of 
small faulted Frank loops and smaller "black spots". Therefore, these microstructural 
defects probably serve as the only available trapping sites for hydrogen, with the possible 
exception of He/H complexes in the matrix. (Sencer did not observe any cavities down to 
a resolution limit o f~ l  nm.) In 718, however, Sencer observed that the starting 
microstructure was composed of a high density of very small, ordered y" and y"  
precipitates, whose surfaces could serve as trapping sites along with the developing 
faulted loops and black spots. With increasing damage levels, however, the precipitates 
were first disordered and then their constituents progressively mixed back into solution. 
(Again, no resolvable cavities were observed, even though a total gas content 
approaching 0.7 at% was reached at the highest dpa level). Such a scenario might explain 
the initially high and then progressively lower hydrogen storage rate with increasing dpa 
level observed in Alloy 718. 

Calculated total hydrogen generation values with dpa, ignoring any diffusional 
losses, are also shown in Figures 8-10. Contrary to the behavior observed in the helium, 
the calculated values generally overpredict the measured retained hydrogen content. The 
possible exception is the initial slope observed in the Alloy 718 up to -1.5 dpa, where the 
highest trapping efficiency was postulated. It should be noted that the calculated 
hydrogen generation is relatively insensitive to alloy composition, so only microstructural 
differences in diffusion can account for the lower and divergent hydrogen levels. Given 
the uncertainties in the calculated energetic losses and lack of knowledge of diffusional 
losses, this over-prediction is not unexpected. 

The most significant observation from the hydrogen calculations is that the 
differences with measured values is not very large if diffusional losses of up to 50% are 
assumed for the temperatures involved in this experiment. Since proton production in 
LAHET is a primary channel, one would expect better ability to predict hydrogen 
generation compared to that of helium, which is considered to be a secondary channel 
with more inherent calcutational uncertainty. Although no attempt has been made here to 
account for diffusional losses, estimates of the average hydrogen diffusion length for the 
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current irradiation conditions (i.e., -30 to 100~ for 180 days) would suggest that, in the 
absence of defect trapping, even at the lower temperatures, most of  the generated 
hydrogen should have been lost. Therefore, trapping of the hydrogen, possibly at helium 
sites, plays a significant role in the hydrogen retention. 
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Figure 13 - Calculated H/dpa ratios for several alloys irradiated in different specimen 
blades of insert 17.4, showing that even though the proton fluence falls strongly and the 

energy and particle spectra change with position, the H/dpa ratio remains relatively 
constant until the neutron contribution to the total particle fluence becomes relatively 

large near the edges of the proton beam. 

Overall Conclusions 

In summary, within the respective uncertainties of the gas measurements and the 
LCS calculations, the following observations can be made. 

�9 Measured He/dpa ratios produced in iron-based and nickel-based alloys measured 
after irradiation in mixed and varying proton/neutron spectra are quite consistent 
with earlier studies employing nearly monoenergetic 750 MeV protons on pure 
iron and nickel. 

�9 As anticipated, the total helium production rate per dpa is not very sensitive to 
alloy composition. There is some compositional dependence of the helium 4/3 
ratio, however, and this difference may provide an opportunity to use these data to 
adjust and optimize LAHET input parameters for a wide range of atomic weight 
elements. 

�9 Both helium and hydrogen generation rates are slightly nonlinear with dpa in this 
experiment due to changing balance of neutron and proton fluxes across the 
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dements based on this experiment should suffice to address these more diverse 
spectral environments. 

�9 Essentially all helium generated in the specimens should be retained, but the 
amount measured is roughly twice that calculated, indicating that calculated 
helium values for Fe, Cr, Ni require an upward adjustment. This will require that 
the LCS parameters for tungsten source rods and those for lower-Z materials be 
maintained separately. 

�9 Retained hydrogen is generally less than predicted but this result is not 
unexpected, since thermally driven diffusional losses were not included in the 
calculations. The "relatively" small difference observed between calculated and 
measured hydrogen levels actually lends confidence that the parameters used to 
calculate hydrogen in mid-Z elements does not require as large an adjustment as 
required for helium. 

�9 While the calculated hydrogen production is relatively insensitive to alloy 
composition, the retained hydrogen is somewhat sensitive. The most complex 
hydrogen behavior was observed in Alloy 718, which undergoes a rather complex 
microstructural evolution compared to that of the other alloys. In iron-base alloys 
with less complicated microstructural evolution, there is much less variability in 
behavior, both with respect to the accumulated exposure and also the composition. 

�9 Based on the results of this study, it will be possible to confidently predict the gas 
generation levels in the highest dose and therefore most vulnerable components of 
the APT facility. The relative energy independence of gas generation rate per dpa 
allows these 500-800 MeV data to be easily extrapolated to the >1 GeV levels 
anticipated in the APT. 
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Reference: Lillard, R. S., Gac, E, Pacioui, M., Ferguson, R, Willcutt, G., Chandler, G., and Daemen, 
L. L., "The Influence of High Energy Proton Irradiation on the Corrosion of Materials" Effects 
of Radiation on Materials: 2(/h International Symposium, ASTM STP 1405. S. T. Rosinski, M. L. 
Grossbeck, T. R. Allen, and A. S. Kumar, Eds., American Society for Testing and Materials, West 
Conshonhocken, PA, 2001. 

Abstract: This paper presents a summary of our current efforts to characterize the real- 
time corrosion rates of materials during 800 MeV proton radiation at currents up to 0.4 
mA. Specially designed corrosion probes, which incorporated ceramic seals, were 
mounted in flow tubes on a water manifold that allowed samples to be directly exposed to 
the proton beam at the Los Alamos Neutron Science Center. The water system that 
supplied the manifold provided a means for controlling water chemistry, measuring 
dissolved hydrogen concentration, and measuring the effects of water radiolysis and 
water quality on corrosion rate. Real-time corrosion rates during proton irradiation 
increased with average proton beam current. In addition, for any given material type, a 
trend in corrosion rate with probe location relative to the beam centerline was observed. 
These results are discussed within the context of particle type, particle flux, and energy 
deposition. 

Keywords: corrosion, proton irradiation, electrochemical impedance spectroscopy, 
particle flux, energy deposition, Alloy 718, type 316L stainless steel, aluminum alloy 
6061, photons, neutrons, protons, EIS 

Spallation neutron source target/blanket cooling loops present a unique combination 
of parameters that may effect the corrosion rates of  metals, including high energy 
protons, high and low energy neutrons, gamma radiation, and water radiolysis products. 
In previous publications, Lillard and Butt have described a novel method for measuring 
the corrosion rate of materials in spallation neutron sources//, 2]. Lillard measured the 
real-time corrosion rate of Alloy 718 with electrochemical impedance spectroscopy (EIS) 
during irradiation in an 800 MeV proton beam at the Los Alamos Neutron Science Center 
(LANSCE). In that work, the in-beam Alloy 718 samples were tested in a water system 
that provided a means for controlling water chemistry, measuring dissolved hydrogen 
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concentration, and measuring the effects of water radiolysis and water quality on 
corrosion rate. It was shown that the real-time polarization resistance of Alloy 718 
decreased from 1.7xl 03 ohm.m 2 in the absence of irradiation to 8.2 ohm.m 2 during proton 
irradiation at an average beam current of 0.4 mA[3]. Because the proton beam spot size 
was smaller than the sample, two methods for determing corrosion rate from polarization 
resistance were employed. The first method assumed that the distribution of corrosion 
was uniform across the entire probe surface. With this assumption, the corrosion rate for 
Alloy 718 was found to vary with average proton beam current from 0.041 gm/yr, at an 
average current of 0.001 mA to 3.1 ktrn/yr, at an average current of 0.40 mA. The second 
method used proton flux as a criterion for determining the area of highest damage. In the 
proton flux distribution model of corrosion, for an average beam current of 0.4 mA the 
corrosion rate for Alloy 718 on beam centerline (peak proton flux of 1.77x10 p/m 's) 
was determined to be 60.9 ktm/yr. The foundation for this flux model was based on 
thickness measurements from tungsten rods irradiated in a separate cooling water loop at 
LANSCE. In that work Sommer et al. found that the post irradiation thickness profiles of 
W rods, irradiated at a beam current of 1.0 mA for approximately two months, were 
Gaussian and corresponded to the Gaussian profile of the beam[4]. From these 
observations of W corrosion during proton irradiation a Gaussian distribution model for 
corrosion damage appeared to be justified. 

Given the short irradiation time in the Lillard and Butt study (several months) and 
the low corrosion rates of Alloy 718, physical verification of the proton flux model was 
not possible (via post-irradiation thickness measurements of the probes). To verify the 
flux model, one would like to measure the real-time polarization resistance of a material 
as a function of radial distance from the proton beam centerline for each average beam 
current. The corrosion rate at any given position should be proportional to the Gaussian 
distribution proton current 

(Do exp [-r2//22172 } (1) 

where r is the radial distance from the proton beam center, ~ is the Gaussian distribution 
of the flux and r is given by 

~O~ ---/Yff21rO" 2 (2) 

and It is the beam current[5]. 
In this paper, real-time corrosion rates as a function of average beam current and 

radial position from the proton beam centerline were measured with EIS for several 
engineering alloys proposed for spallation neutron target/blanket cooling loops. The 
probes used in this work were similar in design to those in previous studies. The 
corrosion data were analyzed within the context of particle flux (proton, neutron, and 
photon), as well as particle energy deposition (thermal hydraulics). 

Experimental 

The In-beam Corrosion Loop 

All experiments were conducted at the A6 Target Station of LANSCE. A detailed 
description as well as diagrams of the beam line at A6, the corrosion water loop, and 
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Figure 1 - A perspective of  the tube array irradiated during the FY '99 irradiation at the 
LANSCE A6 target station from the front, top-down. The path of  the proton beam was 
parallel to the X axis at I1=0. Here we have defined the center of  tube #36 as (0, 0). Each 
numbered tube contained a corrosion probe. Alloy 718: 33, 39, and 45; SS 316L: 35, 36, 
38, and 40; Al6061: 42, 43, and 44. 

probe design have been presented elsewhere[2]. Briefly, the corrosion water loop 
consisted of a water pumping system that supplied a manifold, which held the corrosion 
samples in-beam and provided water cooling of the samples. With the exception of the 
individual corrosion samples, the system was fabricated entirely of type 304 stainless 
steel (SS). To measure real-time in-beam corrosion rates, it was necessary to isolate 
electrically the corrosion samples from the stainless steel plumbing system. 
Conventionally, this can be accomplished with metal-to-glass seals. To overcome the 
problems associated with metal-to-glass seals in a proton environment, a corrosion probe 
that employed ceramic to metal seals was employed[I-3]. The only significant design 
difference as compared to previous investigations was the configuration of the water 
manifold. In this investigation the water manifold (Fig, 1) consisted of fifteen, 15 cm 
long by 1.73 cm inside diameter flow tubes arranged in close-packed arrays. Each tube 
contained either an in-beam corrosion probe that was 15.9 cm in length by 1.27 cm in 
outside diameter or a flow restrictor (unnumbered tubes in Fig. 1). With respect to water 
flow, tubes 33-39 were in parallel with one another and in series with tubes 40-45 (which 
were also in parallel with on another). The manifold was welded to the bottom of a 3.4 m 
supporting insert that not only supported the weight of the manifold but also provided the 
necessary conduits for electrical and water connections. Thermocouples attached to the 
front of the manifold verified the position, size, and shape of the proton beam. 
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Sample Preparation and Water Quality 

To provide a fresh metal surface for electrochemical characterization, all samples 
were ground to 400 p SiC paper. After grinding, the samples were degreased in an 
ultrasonic bath of acetone. Degreasing was followed by successive sonications in ethanol 
and de-ionized water. Prior to placing the probes in the water system, the interior of the 
water system, which included all piping, tanks, and pumps, was rinsed with a mixture of 
water and ethanol. The water system was then filled with approximately 230 L of 
deionized (DI) water, operated for several hours, and then flushed. This DI rinse was 
repeated three times before the final system fill with DI water. The water resistivity 
varied between 1 X10 6 ohm'cm (initial) and 8x104 ohm'cm (after several weeks of 
operation). Nominally, the system operated at an inlet water temperature between 18 ~ C 
(beam off) and 24 ~ C (0.340 mA), a pressure of 1.02 MPa, and a total flow rate of 0.91 
L/s. This resulted in a flow rate of 0.13 L/s for the in-beam probes (tubes 33-39) and 
0.11 L/s for the near-beam probes (tubes 40-45), and a water velocity of 1.21 m/s. The 
resulting Reynolds numbers for the in-beam and near-beam tubes were 6214 and 5434 
respectively (calculated at 25 ~ C). In an attempt to mitigate the formation of water 
radiolysis products such as H202 [6-9], the system was operated with a dissolved 
hydrogen concentration of approximately 0.40 mole/m 3. This was accomplished by 
continuously bubbling 6% H2 - 94% Ar gas into the system's reservoir tank. A thorough 
discussion of the effects of water radiolysis on corrosion and mitigation methodology has 
been presented elsewhere//0]. 

Proton Beam Characteristics 

The flux of the incident proton beam had a Gaussian distribution of 2o -~ 3.5 cm. 
The energy of this particle beam was 800 MeV. The pulsed beam was characterized by a 
gate length (macropulse), a macropulse repetition rate, and a fixed peak current (Table 1). 
Average proton beam currents were controlled by varying the gate length as well as the 
repetition rate. Nominally, the average proton beam currents were varied between 0.01 
and 0.4 mA. Therefore, the irradiation source was a complex pulsed beam and each of its 
components may play a disproportionate role in the measured corrosion rate. Thus, in 
extrapolating these results, the beam characteristics must be considered. 

Table 1 Proton beam parameters for corrosion data. 

Average Cu~em Peak Cu~ent Repet i t ion  G~eLen~h Du~Cycle 
(mA) (mA) Rme(Hz) (gs) (milli-cycles) 
0.010 16 3 200 0.600 
0.036 16 10 200 2.00 
0.10 16 10 625 6.25 
0.34 16 36 625 21.6 

Electrochemical Measurements 

EIS[11-14] was used to measure the polarization resistance of each sample as a 
function of average beam current and irradiation time. To maximize the signal-to-noise 
ratio, measurements were conducted with a 30 mV peak-to-peak sinusoidal voltage 
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perturbation 6 over the frequency range of  0.005 - 1000 Hz. No applied dc potential was 
employed; that is, all measurements were conducted at the open circuit potential (OCP). 
To eliminate the effects of  ground loops, a floating ground EIS system was used. In these 
measurements, the traditional three electrode set-up was used. Here the 304 SS water 
system acted as the counter electrode. Because a traditional reference electrode was not 
capable of  withstanding the proton / neutron flux at the manifold, one of  the in-beam 
corrosion probes was used as a reference. 

All electrochemical measurements were conducted while the proton beam was on. 

Radiation Transport Calculations 

In an attempt to correlate corrosion rate directly with particle flux, radiation 
transport calculations, including energy deposition and particle flux calculations, were 
completed using MCNPX. MCNPX[15, 16] is the result of  the merger of  the Monte 
Carlo transport codes LAHET[17]  and MCNP[18]. MCNPX TM is a general particle 
transport code that spans a broad range of  particle energies, from sub-MeV to multi-GeV. 
Charged particles, light ions, and high-energy neutrons use the physics modules of  
LAHET TM to simulate particle transport and nuclear interactions. As with MCNW M, 
transport and nuclear interactions of  photons and low-energy neutrons use evaluated 
nuclear data. MCNPX can be used to model arbitrarily complex geometries and multiple 
material compositions. Uncertainties in MCNPX energy deposition calculations at 800 
MeV for in-beam and near-beam samples are generally expected to be within 20% as 
shown by Corzine, et aL[19, 20], and by Beard and Belyakov-Bodin [21]. 

Particle flux tallies were completed using the standard flux averaged over the 
volume of  a cell or the new mesh tally in MCNPX for neutral particles. For charged 
particles, fluxes were calculated on the surface of  a cell. Uncertainties in the particle 
fluxes are more difficult to quantifffy. Although the secondary particle source is probably 
well predicted as evidenced by the work of  Morgan, et a1.[22], there may be errors in the 
prediction of  the angular distribution leading to increasing uncertainty in the calculated 
particle fluxes as a function of  distance from the proton beam centerline. As a guide, an 
uncertainly of  approximately 20% can be assumed for the particle fluxes with larger 
errors possible in the outer regions. In general, the relative comparisons of  the 
calculations (one calculation vs. another) are more accurate than the absolute comparison 
of  a single calculation. 

In addition to the surrounding A6 experiment region, the Monte Carlo model 
included each probe, the surrounding water layer, and the outer SS 304 tube explicitly. 
The corrosion probes were assumed to be hollow cylinders as opposed to modeling the 
rounded ends. Energy deposition calculations were performed along the probe in 1 cm 
long cells to provide input for temperature calculations as a function of  position to allow 
an analysis of  the axial heat flow. In addition, detailed mesh tallies (-3 mm grid spacing) 
were completed for multiple sections of  the geometry with energy deposition separated 
by particle type. Particle flux tallies were also performed as detailed mesh tallies, as well 
as averaged over the entire length of  the probe. The probe length averages are believed 
to correspond better with the measurements because the measurements include effects 
along the length of  the probe. 

Particle flux and the resulting energy deposition was also used to calculate probe 
surface temperature (peak and average). For each location, the probe and tube surface 

6 Although a 30 mV perturbation is somewhat higher than that typically used in EIS measurements, for 
metals undergoing passive dissolution the effect of an applied anodic voltage is to thicken the passive film. 
However this increase is small. Therefore, no appreciable effect of the 30 noV signal sample is anticipated. 
'~ MCNPX, MCNP, and LAHET are registered trademarks of the University of California. 
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temperatures were determined using the local water temperature and material power 
densities from the radiation transport calculations described above. The probe water side 
surface temperature was determined by adding the film temperature drop to the bulk 
water temperature, where the film temperature drop was determined by dividing the heat 
flux by the heat transfer coefficient. The heat flux was caused by the power deposited in 
the probe wall with the inside of the probe being adiabatic. The surface temperature for 
the inner side of the probe was determined by adding the temperature increase through 
the probe wall to the outer surface temperature, where the temperature increase through 
the wall was obtained from a conduction solution with internal heat generation in the 
hollow cylindrical wall. A similar calculation is done for the tube wall, except the heat 
flux was removed from the inner surface and the outer surface was adiabatic. These 
calculations use one-dimensional assumptions in the radial direction. A separate two- 
dimensional calculation was done to determine the impact of axial conduction along the 
probe, and it was shown to be very small. A separate three-dimensional model was used 
to calculate the temperatures of the thermocouples attached on the outside of the flow 
tubes. An approximation to this model was then incorporated in the spreadsheet model to 
calculate the thermocouple temperatures along with the probe and tube wall surface 
temperatures. 

Results 

Typical EIS data from a SS 316L in-beam corrosion probe are presented in Fig. 2 in the 
form of Bode magnitude and phase plots (tube 35, 0.036 mA avg. beam current). The 
magnitude of the impedance has been normalized for area by multiplying IZl by the total 
sample area (approximately 6.34xl 0 .3 m2). To obtain polarization resistance (Rpo0 from 
the data, complex non-linear least squares (CNLS) fitting of the data was employed. To 
model the data several electrical equivalent circuits (EC) were used. For SS 316L and 
A16061 the electrical equivalent circuit presented in Fig. 3 was used (Warburg model[23, 
24]) while for Alloy 718 a simplified Randles circuit was used[3]. In the Warburg model 
Rpol is the polarization resistance, Cdl is the capacitance associated with the double layer, 
Zw is a diffusion (Warburg) impedance, and Rsol is the geometric solution resistance 
between the sample and the water system. A CNLS fit of the in-beam data to this EC is 
also presented in Fig. 2. As seen in this figure, good agreement between the model and 
the data exists. 

From Rpo! the corrosion rate, CR in I.tm/yr., was determined from the well known 
relationship[25] 

327.6(26/Rpo , )( EW ) 
CR = (3) 

P 

where p is the density of the material in kg/m 3, the units conversion constant 327.6 has 
units of (kg%tm)/(m-mA.yr.), and EW is the equivalent weight (dimensionless). The 
constant 26 has units ofmV and assumes Tafel slopes of 0.12 V/decade. The error 
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F igure  2 - Bode magnitude and phase plots for SS 316L in tube 35 during proton 
irradiation at O. 036 mA. The CNLS fit of the data to the Warburg model in Fig. 3 is also 
presented. For clarity, not all experimental data are shown. 
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Figure  3 - Warburg equivalent circuit used to model the SS 316L EIS data. Where." Rpol is 
the polarization resistance, Rsol is the geometric solution resistance, Ca1 is the double 
layer capacitance, and Zw is a Warburg type impedance (diffusion impedance). 
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associated with this assumption is small and has been addressed elsewhere[13]. A plot of  
uniform corrosion rate as a function of  proton beam current is presented in Figs. 4a, 4b, 
and 4c for Alloy 718, SS 316L, and A16061 respectively. These plots assume that 
corrosion occurred uniformly across the entire sample surface. Corrosion rate increased 
as a function of  average beam current for all materials. By plotting the data on a log-log 
scale these relationships can be expressed by[3] 

log(CR) = ot + f l log(BC) (4) 

where BC is the average proton beam current in mA and t~ and 13 are constants and 
depend on tube location and material type respectively. For any single material 13 was 
relatively independent of  sample location where as ct decreased with distance from the 
beam centerline for any given material (Table 2). Thus D appears to be related to 
material type while a is related to sample location. 

Table 2 - Variables from curve fit analysis of  Equation 4 to corrosion rate data and the 
corresponding correlation coefficient (r). 

tube # o~ [~ r 

SS 316L: 35 0.99 0.97 0.998 
36 1.2 0.95 0.998 
38 1.1 0.92 0.999 
40 0.48 0.76 0.987 
A16061: 42 1.1 1.4 0.999 
43 0.98 1.4 0.989 
44 0.35 1.2 0.979 
718:33 0.95 1.0 0.994 
39 1.1 1.0 0.992 
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Figure 4a - Corrosion rate as a function of  average beam current for the SS 316L probes. 
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Figure 4c - Corrosion rate as a function of  beam current for the Al6061 probes. 

D i s c u s s i o n  

Although the plots in Figs. 4a to 4c assume uniform corrosion across the entii'e 
sample surface, this assumption may not be valid as analysis of  these figures reveals 
several trends in corrosion rate with probe location. The most notable trends with 
position were observed in the SS 316L data where corrosion rate increased in the order 
(by tube number) 40 < 35 < 38 < 36. It is apparent that the trend in corrosion rate with 
sample location is not a simple function of  radial distance from the beam as predicted by 
Eq. 1 and previously modeled[3]. For example, although tubes 35 and 38 are equidistant 
from the beam centerline (tube 36) the corrosion rate of  SS 316L sample in tube 38 was 
consistently greater than the corrosion rate of  the sample in tube 35. Several potential 
explanations for the observed differences in corrosion rate between sample location 
include changes in the passive film and charging at the double layer (the solution/metal 
interface) owing to interactions with ionizing radiation, water radiolysis, and temperature. 
To evaluate these mechanisms, a thorough analysis o f  particle flux from radiation 
transport calculations, and energy deposition (as it relates to sample temperature) was 
necessary. 

Sample results from the radiation transport calculations are presented in Table 3 for 
the SS 316L specimens. A direct correlation between both neutron and photon flux with 
corrosion rate was observed. For neutrons and photons, the flux increased in the order 
(by tube number) 40 < 35 < 38 < 36. In comparison, the SS 316 L corrosion rate also 
increased in the order 40 < 35 < 38 < 36. However, as seen in Table 3 proton flux did not 
predict the relationship between corrosion rate and sample location. Other differences 
between protons and neutrons and photons also exist. For example, the ratio of  the 
maximum to minimum proton flux was 21 (tube 36 : tube 40), while the maximum to 
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Table 3 - Results from radiation transport calculations for tubes containing SS 316L 
samples. Flux was averaged over the tube length and summed for all particle energies. 

tube # proton flux neutron flux photon flux 
p/m2.s.mA n/m2.p g/m2.p 

35 72.7 38.0 35.2 
36 127 52.7 46.2 
38 70.9 43.8 37.3 
40 6.0 13.5 13.2 

minimum photon flux was 3.5. The ratio of the maximum to minimum corrosion rate for 
SS 316L was 4.3 (tube 36 : tube 40; 0.34 mA beam current). Currently, we are 
examining these relationships between particle flux and corrosion rate for all sample 
materials and probe locations. In addition, we are also evaluating energy deposition by 
particle type both in the sample and the water annulus surrounding the sample as 
potential explanations for the observed changes in corrosion rate with location and beam 
current. 

Sample results from the thermal hydraulic calculations are presented in Table 4 for 
SS 316L. Similar trends in measured and calculated TC readings were observed, 
however, the calculated temperatures were consistently higher than the measured values. 
This difference likely owed to assumptions made in the modeling of the TC/tube braze. 
The model assumed that the braze was uniform along the TC shield to the tip of the TC. 
In practice, the brazes extended beyond the tip and gaps existed between the shield and 
tube where the braze did not wet. Calculated peak probe water-side surface temperatures 
were as high as 112 ~ C for the probe on beam centerline for the maximum beam current. 
At the minimum beam current (0.01 mA) the temperature of this probe was close to water 
temperature. The measured and calculated temperature trends increased in the same 
order as proton flux 40 < 38 < 35 < 36. This is not surprising as the relative probe 
temperatures reflect the differences in total energy deposition which is dominated by 
proton flux. However, the trend in temperature did not correlate with the measured trends 
m corrosion rate for SS 316L. In addition, for passive metals the increase in corrosion 
rate as a function of temperature below 100~ is small (closed systems). For example, 
for Alloy 718, it has been shown that a 50~ increase in sample temperature produced a 
33% increase in corrosion rate[3]. Although the change in corrosion rate due to an 
increase in temperature is small relative to the changes in corrosion rate measured during 
proton irradiation, the measured corrosion rate must be considered as the sum of the 
mcrease due to changes in materials properties (oxide film and double layer changes) as 
well as temperature. 

Table 4 - Thermocouple (TC) and probe temperatures calculated at a beam current 0.342 
mA (SS 316L only, water-side, peak temp). Actual TC temperatures measured at a beam 
current of  0.34 mA are also presented. 

tube # TC, Measured TC, Calculated Calculated Probe 
~ ~ Temperat~e, ~ 

3 5  48.1 64.2 81.7 
36 66.9 94.6 112.2 
38 53.4 63.9 79.2 
40 33.8 30.8 28.9 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



642 EFFECTS OF RADIATION ON MATERIALS 

Conclusions 

Corrosion rate increased with average proton beam current for all materials 
examined consistent with previous studies on Alloy 718 during proton irradiation. Fitting 
of the data to a log - log relationship gave a slope that was related to material type and 
intercept that was proportional to sample location relative to the beam centerline. 
Transport calculations revealed that the flux of neutrons and/or photons appears to 
correlate with corrosion rate. Proton flux data from these results did not predict the 
observed trend in corrosion rate as a function of sample location. Further, the ratio of 
maximum to minimum proton flux was much larger than the ratio of maximum to 
minimum corrosion rate. Probe surface temperature calculations based on total energy 
deposition did not predict the observed trend in corrosion rate as a function of sample 
location. However, it was concluded that the observed trends in corrosion rate with beam 
current had a component that was related to sample temperature. 

Acknowledgment 

Work on this project was performed by the University of California under the 
auspices of the United States Department of Energy contract W7405-ENG36. The 
authors would like to thank Laurie Waters and the continued support of the APT Project 
Office; Walt Sommer, Stuart Maloy, and Mike James for helpful discussions; Richard 
Werbeck, Michael Baumgartner, and the rest of the LANSCE-7 group for their 
engineering expertise; R.G. Stone and R.E. Loehman (Sandia National Lab) for 
manufacturing the corrosion probes. In memory of Russ Kidman (LANL). 

References 

[1] Lillard, R. S. and Butt, D. P., Journal of Materials, vol. 50, 1998, pp. 56. 
[2] Lillard, R. S. and Butt, D. P., Materials Characterization, vol. 43, 1999, pp. 135. 
[3] Lillard, R. S., Willcutt, G. J., Pile, D. L., and Butt, D. P., Journal of Nuclear 

Materials, vol. 277, 2000, pp. 250. 
[4] Sommer, W., Maloy, So, and Zaslawsky, M., "Proton Beam Effects on Tungsten 

Rods, Surface Cooled by Water," presented at 2nd International Workshop on 
Spallation Materials Technology, Ancona, Italy, 1997, pp. 215. 

[5] Sommer, W. F., "APT Materials Safety Experiments Technical Report," Los 
Alamos National Laboratory, Los Alamos LAUR-93-2850, August 1993. 

[6] Indig, M. E. and Weber, J. E., "Mitigation of Stress Corrosion Cracking in an 
Operating BWR," in Corrosion/83, NACE, Houston, TX, 1983, paper no. 124. 

[7] Fox, M., "Water Chemistry and Corrosion in BWRs," in Corrosion/83, NACE, 
Houston, TX, 1983, paper no. 123. 

[8] Fox, M. J., "A Review of Boiling Water Reactor Chemistry: Science, Technology, 
and Performance," Argonne National Laboratory for the US Nuclear Regulatory 
Commission NUREG/CR-5115 ANL-88-42, February 1989. 

[9] Lin, C. C., Cowan, R. L., and Pathania, R. S., "Evaluation of ECP Measurements in 
BWR's During HWC Tests," in Corrosion/93, NACE, Houston, TX, 1993, paper 
no. 619. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



LILLARD ET AL. ON CORROSION OF MATERIALS 643 

[10] Lillard, R. S., Pile, D. L., and Butt, D. P., Journal of Nuclear Materials, vol. 278, 
2000, pp. 277. 

[11] MacDonald, D. D., "Electrochemical Impedance Techniques in Corrosion 
Science," in Electrochemical Corrosion Testing, ASTM STP 727, F. Mansfeld and 
U. Bertocci, Eds. ASTM, Philadelphia, 1981, pp. 110. 

[12] MacDonald, J. R., Impedance Spectroscopy. Wiley Publishing, New York, 1987. 
[13] Mansfeld, F., "Polarization Measurements," in Electrochemical Techniques, R. 

Baboian, Ed. NACE, Houston, 1986, pp. 67. 
[14] Sluyters-Renbach, M. and Sluyters, J. H., Electroanalytical Chemistry, vol. 4, no. 

1, 1970, pp. 1. 
[15] Hughes, H. G., "The MCNPTM/LAHET TM Merger Project," in Proceedings of the 

Topical Meeting on Nuclear Applications of Accelerator Technology, 
Albuquerque, NM, November 16-20, 1997, pp. 213. 

[16] Hughes, H. G., "Recent Developments in MCNPXTM, '' in Second International 
Topical Meeting on Nuclear Applications of Accelerator Technology, Gatlinburg, 
Tennessee, September 20-23, 1998, pp. 281. 

[17] Prael, R. E. and Lichtenstein, H., "User Guide to LCS: The LAHET Code System," 
Los Alamos National Laboratory LA-UR-89-3014, September, 1989. 

[18] Briesmeister, J. F., "MCNP - A General Monte Carlo N-Particle Transport Code," 
Los Alamos National Laboratory LA-12625-M, Version B, March, 1997. 

[19] Corzine, R. K., "MCNPX Benchmark of In-beam Proton Energy Deposition," Los 
Alamos National Laboratory, Los Alamos, New Mexico LAUR-00-0138, January 
2000. 

[20] Corzine, R. K., "MCNPX Benchmark of Out-of-Beam Energy Deposition in LiAI," 
Los Alamos National Laboratory, Los Alamos, New Mexico LAUR-00-0711, 
February 2000. 

[21] Beard, C. A. and Belyakov-Bodin, V. I., NS&E, vol. 199, 1995, pp. 87-96. 
[22] Morgan, G., "LANL Sunnyside Experiment: Study of Neutron Production in 

Accelerator-Driven Targets," in Proceedings of the International Conference on 
Accelerator-Driven Transmutation Technologies and Applications, vol. 346. AIP 
Conference Proceedings, 1994, pp. 682-689. 

[23] Armstrong, R. D., Bell, M. F., and Metcalfe, A. A., Electrochemistry - Specialist 
Periodical Reports, vol. 6, 1978, pp. 98. 

[24] MacDonald, D. D., "Theoretical Analysis of Electrochemical Impedance," in 
Corrosion/87, NACE, Houston, TX, 1987, paper no. 479. 

[25] Fontana, M. G., Corrosion Engineering. McGraw-Hill, New York, 1986. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



S.A. Maloy, 1 M.R. James, l G.J. Willcutt, l W.F. Sommer, ~ W.R. Johnson, 2 M.R. Louthan 
Jr., 3 M.L. Hamilton, 4 and F.A. Garner 4 

The Effect of High Energy Protons and Neutrons on the Tensile Properties of 
Materials Selected for the Target and Blanket Components in the Accelerator 
Production of Tritium Project 

Reference: Maloy, S. A., James, M. R., Willcutt, G. J., Sommer, W. E, Johnson, W. R., Louthan, 
M. R., Hamilton, M. L., Garner, E A., "The Effect of High Energy Protons and Neutrons on the 
Tensile Properties of Materials Selected for the Target and Blanket Components in the 
Accelerator Production of Tritium Project" Effects of Radiation on Materials: 2 ~  h International 
Symposium, ASTM STP 1405, S. T. Rosinski, M. L. Grossbeck, T. R. Allen, and A. S. Kumar, Eds., 
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Abstract: The Accelerator Production of Tritium (APT) project proposes to use a 1.0 GeV, 
100 mA proton beam to produce neutrons via spallation reactions in a tungsten target. The 
neutrons are multiplied and moderated in a lead/aluminum/water blanket and then captured 
in 3He to form tritium. The materials in the target and blanket region are exposed to protons 
and neutrons with energies into the GeV range. The effect of irradiation on the tensile 
properties of candidate APT materials, 316L and 304L stainless steel (annealed), modified 
(Mod) 9Cr-lMo steel, and Alloy 718 (precipitation hardened), was measured on tensile 
specimens irradiated in the Los Alamos Neutron Science Center accelerator, which operates 
at an energy of 800 MeV arid a current of 1 mA. The irradiation temperatures ranged from 
50-164~ prototypic of those expected in the AFF target/blanket. The maximum achieved 
proton fluence was 4.5 x 1021 p/cm 2 for the materials in the center of the beam. This 
maximum exposure translates to a dpa of 12 and the generation of 10,000 appm H and 
1,000 appm He for the Type 304L stainless steel tensile specimens. 

Specimens were tested at the irradiation temperature of 50-164~ Less than 1 dpa 
of exposure reduced the uniform elongation of Alloy 718 (precipitation hardened) and 
mod 9Cr-lMo to less than 2%. Approximately 4 dpa of exposure was required to reduce 
the uniform elongation of the austenitic stainless steels (304L and 316L) to less than 2%. 
The yield stress of the austenitic steels increased to more than twice its non-irradiated 
value after less than 1 dpa. These results are discussed and compared with results of 
similar materials irradiated in fission reactor environments. 

Keywords: tensile testing, radiation effects, Accelerator Production of Tritium (APT), 
stainless steel, alloy 718, Mod 9Cr-lMo 
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Introduction 

The U.S. Department of Energy is investigating the use of an accelerator to produce 
tritium for national defense purposes. The Accelerator Production of Tritium, APT, 
project design uses a 1.0 GeV, 100 mA proton beam to produce neutrons through the 
spallation of a tungsten target. The spallation neutrons are moderated and multiplied in a 
surrounding lead/aluminum/water blanket and captured by 3He gas to produce tritium. 
Therefore, the structural materials in the APT target and blanket systems are exposed to a 
high energy proton and spallation neutron flux at energies up to 1.0 GeV [1]. This 
exposure to such high energy particles causes displacement damage and the production 
and implantation of large quantities of hydrogen and helium in structural materials. The 
energy of this proton/neutron flux is high compared to the particle energies in a fission 
reactor. Thus the amounts of hydrogen and helium produced per dpa of exposure in the 
APT will be significantly greater than the amount of gas produced in a typical fission 
reactor. The temperature of the APT target/blanket, 50-160~ is also significantly lower 
than most fission reactor environments except for mixed spectrum fission reactors such as 
the High Flux Isotope Reactor (HFIR) and the Advanced Test Reactor in the US and HFR 
in Europe. The combination of high particle energies, enhanced gas production and low 
operating temperatures may make irradiation induced degradation of the APT 
target/blanket materials differ significantly from the degradation previously experienced 
in fission reactors. 

The effect of high energy proton and neutron irradiation on the mechanical properties 
of APT target and blanket structural materials was determined in an APT project which 
exposed mechanical test specimens to the 800 MeV, lmA Gaussian proton beam (where 
2~=3cm) at the Los Alamos Neutron Science Center (LANSCE) [2]. Specimens were 
held in and near the proton beam in stainless steel envelopes to allow them to be 
irradiated without direct exposure to the cooling water. Because of the small size and 
high intensity of the Gaussian beam, specimens had to be small and thin to obtain a 
uniform flux and achieve prototypic APT temperatures (50-160~ 

Various mechanical properties including tensile, fracture toughness, etc., were 
measured on specimens after irradiation. This paper summarizes the effect of high energy 
proton and neutron irradiation on the tensile properties of Alloy 718, 316L and 304L and 
Mod 9Cr-lMo. Each of these alloys is a candidate structural material for the APT target 
and blanket. 

Experimental 

The S-1 tensile specimens, Figure 1, were electro-discharge machined from two 
thicknesses of sheet material, 0.25 and 0.75-1.0 mm. Variations in specimen thickness 
coupled with the thickness effects on energy implantation and heat transfer, provided a 
technique to irradiate materials to the same flux at different temperatures. The 
composition of the heats used to make the two thicknesses of material that were irradiated 
are shown in Table 1. The Mod 9Cr-lMo specimens were machined from the same heat 
of material regardless of specimen thicknesses. The as-machined Alloy 718 and Mod 
9Cr-lMo specimens were heat treated by first separately wrapping the specimens of each 
material in Nb foil packets and placing them in a quartz tube with a titanium ampoule 
which was backfilled with argon and sealed. The Alloy 718 specimens were annealed at 
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I 
4.0 mm 

I 

~ - 11.0mm ~I 2placesd=1.52 

four at r=-1.40 

thicknes~O.25-1.00 mm 

8 at r=-O.30 

Figure 1. Schematic showing the dimensions of the S-1 tensile specimen used for 
measuring the tensile properties of materials after irradiation in a spallation 

environment. 

1065~ for 30 min. and air cooled; they were then aged at 760~ for 10 hrs., furnace 
cooled to 650~ and held for a 20 hour total furnace time and finally air cooled. The 
Mod 9Cr-lMo specimens were normalized at 1038~ for 1 hr. and air cooled followed by 
a temper at 760~ for 1 hr. and air cooling. The 304L and 316L materials were received 
in the annealed form, and no further heat treatment was performed. The Vickers hardness 
at a 500 g load and grain size measured for each heat of material, Table 2, suggest that the 
heat-to-heat variation in properties should be minimal. The largest difference in hardness 
observed was between the two different heats of 304L stainless steel (174 kg/mm z at 0.75 
mm thick and 159 kg/mm 2 at 0.25 mm thick). 

The tensile specimens were irradiated for six months in the LANSCE accelerator. 
After irradiation, the dose for each specimen was determined from analysis of  pure metal 
activation foils placed next to specimens during irradiation. Details of the dose 
determination can be found in Reference [3]. The fluence was first calculated using the 
Los Alamos High Energy Transport (LAHET) Code System [4], [5]. Then, the gamma 
spectra measured from the activation foils were used with the STAYSL2 code to adjust 
the calculated fluences. A mathematical fit of the position dependence of fluence was 
used to determine the fluence at each specimen position. The temperature for each 
specimen was determined by interpolation of measurements .from thermocouples placed 
near each specimen. The details of this temperature measurement can be found in 
Reference[6]. Because of beam heating, the calculated irradiation temperature varied 
from 50-164~ depending on specimen thickness and the location of the specimen with 
respect to center of the 800 MeV, lmA proton beam. 

The irradiated specimens were tensile tested in air using an /nstron machine 
equipped with a high temperature furnace. Except where noted, materials were tested at 
the irradiation temperature. Specimens were tested at an initial strain rate of  10-4/S. Load 
and displacement were measured and converted to stress and strain. The stress/strain 
curve for each specimen was corrected for machine compliance. The compliance- 
corrected stress/strain curves were used to determine 0.2% offset yield stress, ultimate 
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648 EFFECTS OF RADIATION ON MATERIALS 

Table 3- Reduction of Area measurement on selected tensile specimens of Alloy 718, 
316L and 304L Stainless Steel 
Alloy IReduced 

area 
(ram ~) 

718 0.64 
0.89 
0.16 
0.82 

304L 0.11 
0.10 
0.22 
0.10 

316L 0.04 
0.04 
0.08 
0.18 
0.11 

Original Original RA (%) Dose UE (%) 
dimensions (ram) area (dpa) 
t w (ram 2) 

1.03 1.20 1.24 48.3 0 16.9 
1.04 1.20 1.26 29.4 4.0 1.2 
0.244 1.20 0.29 45.1 11 0.7 
1.04 ~1.20 1.26 34.7 1.0 1.4 
0.851 1.18 1.01 89.1 0 57.2 
0.304 1.18 0.36 72.2 4.0 0.7 
0.859 1.18 1.02 78.3 2.6 22.7 
0.296 1.18 0.35 71.5 0.8 30.2 
0.243 1.18 0.29 86.1 0 48.1 
!0.250 11.19 0.30 86.6 0 !48.9 
0.249 1.19 0.30 72.9 1.2 20.1 
10.878 1.19 1.04 82.7 4.1 3.4 
0.253 1.19 0.30 63.6 9.2 3.2 

stress, uniform elongation and total elongation. Fracture surfaces of selected tensile 
specimens were examined using a Scanning Electron Microscope (SEM). These SEM 
micrographs were used to determine reduction of area by measuring the fracture surface 
area in relation to the area of the gage before testing. 

Results  

Tensile Testing 

The tensile properties of Alloy 718 in the precipitation hardened condition, 316L and 
304L in the annealed condition and Mod 9Cr- lMo in the tempered condition were 
determined after irradiation to a maximum dose of 12 dpa. Representative stress/strain 
curves of irradiated Alloy 718, Figure 2, show that the work hardening rate is essentially 
zero after only 0.09 dpa of exposure and does not recover as dose increases. The yield 
strength, Figure 3, increases with dose up to 1 dpa and then gradually decreases out to 12 
dpa. On the other hand, the uniform elongation drops almost immediately to less than 2% 
after 0.5 dpa and remains low for irradiation to 12 dpa. 

Representative stress/strain curves for 316L/304L stainless steel specimens, Figure 4, 
irradiated and tested at 50~ show irradiation-induced increases in yield strength, losses 
in ductility and reductions in work hardening capacity. Test data, for all the 304IJ316L 
stainless steel specimens, Figure 5, show a sharp irradiation-induced increase in yield 
strength. The irradiation-induced changes in uniform elongation are more complex, 
Figure 5. The non-irradiated uniform elongation ranges from 40-60% and sharp 
decreases in uniform elongation are observed after 0.01 dpa to less than 20% leading to a 
more gradual decrease out to 3-4 dpa where the uniform elongation decreases rapidly to 
less than 1%. 

The effect of test temperature on the irradiated tensile properties of 316L/304L is 
shown in Figure 6. Specimens irradiated to the same dose between 1 and 4 dpa were 
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Figure 2. A representative plot of stress/strain curves measured on Alloy 718 in the 
precipitation hardened condition after irradiation in a spallation environment. 
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Figure  3. Graph showing the change in 0.2% offset yield stress and uniform elongation in 
Alloy 718 after irradiation in a spallation environment. 
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Figure 4. A representative plot showing stress/strain curves measured on annealed 316L 
stainless steel after irradiation in a spallation environment. 
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with dose for 304L and 316L stainless steel after irradiation in a spaUation environment. 
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Figure 6. A graph showing the decrease in uniform elongation or strain-to-necking with 
increasing test temperature after irradiation to 1-4 dpa in a spallation environment. 
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Figure 10. Scanning Electron Micrographs showing the fracture surface of an Alloy 718 
tensile specimen after irradiation to 11 dpa in a spallation environment. 

Figure 11. Scanning Electron Micrographs showing the fracture surface of a 316L tensile 
specimen after irradiation to 9 dpa in a spalIation environment. 

tested at increasing test temperature from 20 to 164~ Uniform elongation shows a 
significant decrease with increasing test temperature between 20 and 164~ 

Representative stress/strain curves for Mod 9Cr-lMo after irradiation are shown in 
Figure 7. As observed for Alloy 718, the work hardening rate goes to zero after greater 
than 0.05 dpa of exposure. The data, for all tests performed on Mod 9Cr-lMo, are plotted 
in Figure 8 and show that the yield stress sharply increases with dose and the uniform 
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654  EFFECTS OF RADIATION ON MATERIALS 

elongation drops precipitously to less than 1% after slightly more than 0.1 dpa of 
exposure. 

The effect of test temperature was also evaluated on the irradiated tensile properties 
of Mod 9Cr-lMo as shown in Figure 9. Because Mod 9Cr-lMo is also a candidate 
material for the Accelerator Transmutation of Waste program in which the target operates 
at higher temperatures, test temperatures up to 400~ were investigated. The results 
show that uniform elongation is low (<1%) and does not significantly increase until the 
test temperature is raised to 400~ A significant decrease of yield stress is also observed 
when testing at 400~ 

SEM Analysis 

The fracture surfaces of selected Alloy 718 and 316L and 304L austenitic stainless steel 
tensile specimens were observed using scanning electron microscopy. Figure 10 shows 
the fracture surface of an Alloy 718 specimen irradiated to 11 dpa. The fracture still 
appears ductile although the fracture is quite localized, i.e., the necked/fracture region is 
confined to a very small portion of the gauge section of the specimen. Reduction of area 
was also measured on this specimen and on others at lower doses. The results are shown 
in Table 3. Although significant reductions in uniform elongation are apparent with 
increasing dose, very little change in reduction of area was observed. 

The fracture surface of a 316L stainless steel specimen irradiated to 9 dpa is shown 
in Figure 11. Fracture is also quite localized and the appearance is more ductile than that 
observed for Alloy 718. Reduction of area was also measured on this specimen and on 
other 316L and 304L stainless steel specimens. The results shown in Table 3 reveal very 
little change in reduction of area for both stainless steels with increasing dose while the 
change in uniform elongation with dose is quite large. 

Discussion 

Alloy 718 

The tensile properties of Alloy 718 in the precipitation hardened condition show two 
salient effects with irradiation in a high energy proton and neutron flux. First, the yield 
stress increases slightly while the uniform elongation decreases dramatically after 
exposure to 0.5 dpa. Second, the yield stress gradually decreases with increasing dose up 
to 12 dpa. 

The dramatic decrease in uniform elongation can be explained by the increase in the 
density of irradiation-induced defects with increasing dose, which hardens the material 
and increases in strength, producing a concomitant decrease in ductility. Black spot 
damage and Frank loop formation has been observed by Sencer et al. [7] in Alloy 718. 
Such damage is similar to what has been observed for irradiation of Alloy 718 in a fission 
reactor[8]. In addition, comparison of the change in uniform elongation with dose 
obtained in this study to that measured after irradiation in the High Flux Isotope Reactor 
(HFIR) by Farrell et al.[9] shows very little difference (Figure 12). 

The decrease in the yield stress with increasing dose above 1 dpa may be explained 
by a second microstructural change observed by Sencer et al. [7]. In TEM studies, Sencer 
observed that the superlattice reflections for the strengthening precipitates, T'/~", 
disappear after irradiation to doses greater than 0.5 dpa in a high energy proton and 
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neutron flux. Since the irradiation temperature is very low, making complete dissolution 
of the precipitates unlikely, he interprets the loss of these reflections, and the decrease in 
yield stress, as the results of irradiation-enhanced disordering of the hardening 
precipitates. 

The fracture surfaces on the Alloy 718 specimens reveal very little change in fracture 
appearance or reduction of area with increasing dose. On the other hand, the uniform 
elongation drops significantly. The fracture,still appears ductile but the localization of 
the neck in the tensile specimens, and the shape of the stress/strain curve, suggests a very 
localized type of plastic flow, resulting in a small uniform elongation. Such strain 
localization has commonly been caused by both hydrogen and irradiation embrittlement. 

316L/304L Stainless Steel 

The response of the tensile properties of the austenitic stainless steels 316L and 304L 
to irradiation in a high energy proton and neutron flux is a more gradual increase in yield 
stress concomitant with a decrease in uniform elongation with increasing dose, (Figure 5). 
These changes occurring at low dose are attributed to increases in the density of 
irradiation-induced defects (black spot damage and Frank loops) with increasing dose as 
observed by Sencer et al. [7]. Sencer measured total dislocation loop densities of 1.3-1.5 
x 1015Jm 2 after irradiation to 4 dpa in a spallation spectrum. With increasing dose above 
3 dpa, the uniform elongation dramatically decreases. Comparison of measured values of 
ductility, in this case, strain to necking, for LANSCE-irradiated vs. fission neutron- 
irradiated 316 stainless steel at 20-I00~ does not show the same significant ductility 
decrease at 3 dpa, (Figure 13). Strain to necking values equal uniform elongation values 
except in very few cases where the maximum load does not coincide with the maximum 
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Figure 12. A graph comparing the uniform elongation measured on Alloy 718 in tension 
after irradiation in an accelerator to similar doses irradiated in the High Flux Isotope 

Reactor. 
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Figure 13. A graph comparing the strain-to-necking measured on 300 series stainless 
steels after irradiation in the LANSCE accelerator to those measured after irradiation in 

a fission reactor[Ill at low temperatures (<100 ~ 

elongation before necking occurs. Analyses by Oliver et al. [10] show that in addition to 
the displacement damage in these alloys, they also retain up to 2000 appm He and 2500 
appm H after irradiation in a high energy proton/spallation neutron spectrum. Such large 
amounts of retained gas may contribute to the observed differences in tensile properties. 

A second effect is that increasing the test temperature from 20 to 164~ results in 
decreases in the measured uniform elongations (and strain-to-necking) in the 304L and 
316L stainless steels for specimens irradiated to doses between 1 and 4 dpa. A similar 
effect has been observed by Pawel et al. [11] in 316 stainless steel where a minimum 
uniform elongation (strain-to-necking) is observed for irradiations/testing performed 
around 300~ Our data reported herein suggest that a minimum may appear at a lower 
temperature for irradiation in a spallation environment. However, more tests would be 
required at higher irradiation and test temperatures in a high energy proton/spallation 
neutron environment to confirm this effect. 

The fracture surfaces on the 316L/304L stainless steel specimens still show a ductile 
appearance after irradiation to 9 dpa. Reduction of area also remains high at 9 dpa. 
Therefore, the low uniform elongation results from very localized fracture in a ductile 
mode. 

Mod 9Cr-lMo 

The effect of increasing proton and neutron fluence on the tensile properties of  Mod 
9Cr-lMo in the tempered condition is to decrease the uniform elongation while 
increasing the yield stress. This can be attributed to the microstructural changes observed 
by numerous investigators as well as Sencer [12] which show an increase in black spot 
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and Frank loop damage with increasing dose. Our results compare well with the results 
of Spatig et al.[13] for F82H who measured a Aa of 210 MPa at 25~ after a dose of 
0.16-0.26 dpa for irradiation in a 590 MeV proton beam while we observe a Ao of 200- 
250 MPa after a dose of 0.12 dpa at 50~ 

The effect of increasing test temperature on the tensile properties after irradiation to 
3 dpa is an increase in the uniform elongation and a decrease in the yield stress as the 
temperature is raised from 250 to 400~ This could be caused by annealing of radiation- 
induced defect clusters with increasing temperature. 

Conclusions 

The tensile properties of Alloy 718 in the precipitation hardened condition, annealed 
316L and 304L stainless steel and Mod 9Cr-lMo in the tempered condition show the 
following effects after irradiation in a high energy proton/spallation neutron environment: 
Alloy 718: 
1. The uniform elongation drops to less than 2% after only 0.5 dpa of exposure. 
2. The yield stress increases slightly at low doses and then decreases with dose above 1 

dpa of exposure. 
3. The reduction of area shows very little change with increasing dose to 12 dpa, 

remaining greater than 30%. 
These results show that the tensile properties are severely affected by irradiation in a 
spallation environment and they are in good agreement with irradiation results in a fission 
environment at similar temperatures. 
316L/304L Stainless Steel: 
1. The uniform elongation gradually decreases with increasing dose but then abruptly 

drops at 3 dpa. 
2. The yield stress increases with increasing dose to more than two times its unirradiated 

value. 
3. For specimens irradiated to 1-3 dpa, increasing test temperature from 20-160~ 

results in decreasing uniform elongation. 
4. The reduction of area does not significantly change with increasing dose to 9 dpa, 

remaining greater than 60%. 
These effects observed after irradiation to high doses in a spallation spectrum are not seen 
for irradiation in a fission neutron spectrum at these low temperatures and may be related 
to high retained helium and hydrogen produced in the material. 
Mod 9Cr-lMo: 
1. The yield stress increases to over 900 MPa while the uniform elongation decreases to 

less than 2% after only 0.5 dpa exposure. 
2. A slight increase in uniform elongation is observed along with a decrease in yield 

stress when the test temperature is raised to 400~ 
These results show good agreement with those from irradiations of similar material in a 
fission reactor. 
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High-Energy Spallation Neutron Effects on the Tensile Properties of Materials for the 
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Rosinski, M. L. Grossbeck, T. R. Allen, and A. S. Kumar, Eds., American Society for Testing and 
Materials, West Conshohocken, PA, 2001. 

Abstract: The Accelerator Production of Tritium (APT) project proposes to use a 1.0 GeV, 
100 mA proton beam to produce neutrons by spallation from a tungsten target clad with 
Alloy 718. The neutrons are multiplied and moderated and then captured in 3He to form 
tritium. In this process, the materials in the target and blanket (T/B) region are exposed to a 
wide range of irradiation conditions. To test the effects of spallation neutrons on APT 
candidate materials, ASTM subsize samples were irradiated in a spallation neutron 
spectrum created from the interaction of an 800 MeV, 1 mA proton beam on a tungsten 
target at the Los Alamos Neutron Science Center (LANSCE). Specimens were located in 
controlled-temperature furnaces that were placed in proximity to the proton beam, but in 
locations where spallation'neutrons would form the bulk of the exposure. The materials 
irradiated were the candidate APT materials 316L and 304L annealed stainless steels (SS), 
modified 9Cr-lMo steel, and Alloy 718 (precipitation hardened). Irradiation temperatures 
varied from 100 to 280 ~ and the approximate proton fluences were 4 x 1018 p/cm 2. The 
neutron fluences were -5  x 1019 n/cm 2 for energies < 0.1 MeV and 6xl019 n/cm 2 for 
energies > 0.1 MeV with the spectra including a high-energy tail up to the proton beam 
energy (800 MeV). The samples experienced an exposure range of 0.023 to 0.051 dpa. 

The tensile tests were conducted in air at ambient temperatures (-20 ~ C). The results 
indicated that even for low exposures (< 0.05 dpa), there was a decrease in ductility for the 
all of the alloys. Increases in yield and ultimate strength were observed in the austenitic 
stainless steels and the 9Cr-lMo alloy. The Alloy 718 showed no change in yield strength 
but a marked decrease in the ultimate strength. The results are discussed and compared 
with results of the in-beam irradiated materials where smaller S-1 type tensile samples were 
used. Comparison also is made with irradiations of materials in fission environments in a 
similar dose and temperature environment. 

1 Los Alamos National Laboratory, P.O. Box 1663, Los Alamos, NM 87545. 
2 Pacific Northwest National Laboratory, P.O. Box 999, Richland, Washington 99352. 
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9Cr-lMo, tensile properties 

Introduction 

Irradiation experiments were performed at the Los Alamos Spallation Radiation Effects 
Facility (LASREF) at the Los Alamos Neutron Science Center (LANSCE) to provide data 
in support of the APT project. Various APT candidate materials were irradiated using an 
800 MeV, 1 mA proton beam. Details of the irradiation configuration can be found in 
Maloy et al. [1]. Figure 1 illustrates the targets as they were placed in the target area. In 
addition to test samples that were placed in the direct proton beam, many samples were 
placed in temperature-controlled "furnaces" in locations that would be subjected to a strong 
flux of secondary particles (primarily neutrons) created from spallation reactions. In 
relation to the targets shown in Fig. 1, these furnaces are located behind the last insert (17B) 
and off to one side, outside of the proton beam. The work presented here will focus on 
samples taken from three furnaces (numbered 9, 10, and 11). Samples in furnace 9 saw a 
fluence of approximately 6.6 x 1019 neutrons/cm 2 and 7.3 x 10 r7 protons/cm 2 and the 
irradiation temperatures averaged 127 _+ 40 ~ Furnace 10 experienced nearly identical 
flux with only slightly more neutrons at an average temperature of 110 + 15 ~ The 
samples in furnace 11 experienced a lower fluence with only 5.2 x 1019 neutrons/cm 2 but 
the average temperature was much higher at 180 + 110 ~ The flux of secondary neutrons 
was produced from a W target (insert 18A) placed in the proton beam and as well as from 
the other targets used to irradiate materials in the proton beam. The samples were exposed 
to approximately 6 months of irradiation in two separate intervals of 2 and 4 months. This 
work compares the results of tensile tests of ASTM subsize specimens and the smaller S- 1 
type tensile specimens that were irradiated along side the ASTM subsize samples. 

z x 

Proton 

Figure 1. Schematic of in-beam targets for LASREF 1996-1997 irradiation. 

Experimental Testing 

The mechanical test samples were fabricated following ASTM E8 "Standard Test 
Methods for Tension Testing of Metallic Materials" subsize specification for standard 
sheet-type samples. Figure 2 presents the actual specimen dimensions used and also shows 
the dimensions of the smaller S-1 samples that were irradiated simultaneously with the 
ASTM subsize samples. Testing of the ASTM subsize samples was performed using an 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



6 6 2  EFFECTS OF RADIATION ON MATERIALS 

Instron 5567 test stand modified for remote operations in a hot cell. Specimens were tested 
at an initial strain rate of 104/s. The load was measured with a 30 kN load cell which was 
calibrated in accordance with the ASTM standard E4-94 "Standard Practices for Force 
Verification of Testing Machines." An extensometer was clipped to the gauge length of 
each sample to provide strain data. Testing was performed on several APT-relevant 
structural materials, Alloy 718, 316L SS, 300L SS, and 9Cr-lMo. The S-1 samples were 
tested at Pacific Northwest National Laboratory [2] at the same strain rate and temperature 
as the ASTM subsize testing. 

I0 

AS'I'M Substzc Speclmm loll owang ~ E-SM S- 1 Tenstle Speomen 

I~ 100 -~ m 

015/Im 

- 0 6 1  + o r -  0 0 1 0  om ~ $ at r~03 

0 381 0 381 
fo~'~t ~014 

th~ckness=O 076 or 0 100 cm 

Figure 2. Specifications for ASTM subsize and S-1 tensile samples. All dimensions in cm. 

Compositions of the alloys are given in Table 1. The first column gives the material 
type and thickness (in mm) of the sheet from which samples were taken. For the cases of 
the Alloy 718, 316L SS and 300 L SS, the ASTM subsize samples were fabricated from a 
different heat of material and a thicker sheet (thicknesses of 0.76 and 1.0 mm) than was 
used to fabricate the S-1 samples (which were 0.25 mm thick). 

Table 1 - Composition of candidate APT materials (wt %). 
Material AI _.C C r Cu Fe Mn Mo N_I P S Si 
(thickness - 

Alloy718 048  0.04 18.13 008  BAL 0.13 306  53.58 0.008 0.001 0.11 
(0.25) 
Alloy718-0.0)  0.54 0.05 18.13 0.05 BAL 0 21 3.01 52.7 0 005 0.002 0.13 

316L(0.25) 0.019 17,26 0,26 BAL 1.75 2,57 12.16 0022  0.006 0.65 
316L (0.76) 0.022 16,05 BAL 1,82 2 08 10.11 0,022 .0002 0.48 
304L (0.25) 0.020 18 23 0.38 BAL 1 77 0,33 9.68 0 026 0.002 0,54 
304L (0.76) 0.060 18,19 0 4 BAL 1,86 0 34 8.14 0 030 .0003 0.48 
Mod 9Cr-lMo 0.002 0.089 9 24 0 08 BAL 0 47 0,96 0.16 0 021 0.006 0.28 

Others 

N b  + T a -  4 .98,  T i -  

1.03 

Nb + Ta-5.07; Co - 
0.4, B - 0.004; Ti - 
1.06 

V -0 ,21;  Nb - 0,054; 
Co - 0,19; W - 0,01, 
N - 0.035; O - 0 008 

The testing yielded stress-strain curves for each sample from which the 0.2 % offset 
yield strength (YS), ultimate tensile strength (UTS), uniform elongation (UE) and total 
elongation (TE) were determined. For some samples (the irradiated 304L and 316L), a 
clear yield point was reached. In those cases, the yield point was used rather then the 0.2 % 
offset for the YS. These properties were measured to assess the effects of the radiation and 
for comparisons among the sample types and with literature data. Total elongation 
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comparisons that were made between the ASTM subsize samples and the S-1 samples were 
not adjusted for sample geometry effects such as those found in Dieter [3] because this 
adjustment relies on the assumption that difference in total elongation arises entirely from 
the necking and this was not borne out in the current resnlts. 

The Alloy 718 samples were annealed at 1065~ for 30 rain. and air-cooled (AC) 
followed by aging at 760~ for 10 hr and furnace cooled (FC) to 650~ and held for a 20 
hour total furnace time and AC. The Mod 9Cr-lMo specimens were normalized at 1038~ 
for 1 hr. and AC followed by a temper at 760~ for 1 hr and AC. The 316L and 304L SS 
were in the annealed condition. 

Results 

Dosimetry 

The quantification of the fluences was accomplished using dosimetry foil stacks that 
were irradiated in the sample containers. Analysis of the fluences and determination of the 
irradiation exposure parameters (dpa, H, and He production) can be found in James et al. 
[4,5]. Three different containers (furnaces) held the ASTM subsize and S-1 samples and the 
doses for these three containers varied depending upon their location in the target area. The 
samples tested here had doses ranging from 0.023 to 0.051 dpa. 

Tensile tests 

Alloy 718 -The stress-strain curves from tensile tests on the Alloy 718 are given in Fig. 3. 
Two tests were performed at each condition but sample-to-sample reproducibility was ve~ 
good so only one test trace is shown. Stress-strain curves for the unirradiated material as 
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Figure 3. Stress-strain curves of irradiated Alloy 718for three different doses for ASTM 
subsize and S-1 tensile samples under the same conditions. 
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well as from samples irradiated to 0.025, 0.048 and 0.051 dpa are shown. The results at 
these doses show no change in YS, however the UTS drops significantly. Reduction in UE 
is also observed, although there is no clear trend seen in changes in TE. Also shown in Fig. 
3 are the unirradiated and irradiated curves for the S-1 type samples. A comparison of the 
ASTM subsize results with those from the smaller S-1 tensile samples is shown in Fig. 4. 
The comparison is made from samples receiving a dose of approximately 0.051 dpa at an 
irradiation temperature of 105 -+ 15 ~ The test temperature was 22 ~ Two samples from 
each condition were tested; error bars indicate the standard deviations from these tests. 
Although the absolute values differ because the specimens are from different heats, the S-1 
and ASTM subsize specimens are in agreement on direction and magnitude of changes. The 
stress-strain curves in Fig. 3 also show good agreement. 

718 ASTM vs. S-1 
0.051 dpa, 105 C 

0.0 
& 

-= -oos t ~ 1  I 1 1 
-0.1 

- ~  = 
~ -0.25 u. 

-0.3 q 
-0 35 J 

YS (MPa) UTS (MPa) LIE (%) TE (%) 

Figure 4. Comparison of ASTM and S-1 tensile test results of Alloy 718 to 0.051 dpa at an 
irradiation temperature of105 C. 

316L SS - The stress-strain curves for the 316L SS are shown in Fig. 5. A small yield 
drop was observed in all of the irradiated stress/strain curves for the ASTM samples and in 
most of the S-1 samples as well. This is a typical feature of irradiated stainless steels at 
doses out to 7 dpa [6]. An increase in YS as a function of dose is clearly shown. UTS also 
increases as a function of dose, although less significantly. Reductions in UE and TE were 
observed in all irradiated samples. Also shown in Fig. 5 are the S-1 sample results for 
unirradiated and 0.051 dpa. A direct comparison of the ASTM subsize and S-1 samples are 
presented in Fig. 6. The changes in irradiated properties between ASTM subsize and S-1 
sample types show very good agreement. 
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Figure 5. Stress-strain curves for irradiated 316L SS for three different doses. Also shown 
are results from S-1 tensile samples under the same conditions. 

316L ASI'M v s .  S-1 
0.051 dpa, 105 C 

~ 0.8 
~ ~  m I -  . . . . . .  I 
~, 0-41 I E l  
=02tl �9 

o ~  

( -o., 1 1 mmm 
-06 ~ mm 

u. -08 ~ 
YS (Mpa) UTS (Mpa) UE (%) TE (%) 

Figure 6. Compartson of ASTM and S-1 tensile test results from Furnace 10. It should be 
noted that the YS compares the offset YS for the unirradiated material and the yield point in 

the case of the irradiated samples. 

304L SS - Stress-strain curves for 304L SS are given in Fig. 7. The yield drops seen in 
the 316L data are also present for the 304L. Trends in the irradiated 316L SS are also 
present in the 304L SS such as the changes in strength and reductions in ductility. The 
comparison for the ASTM subsize and S-1 tensile samples are given in Fig. 8. The results 
are in fairly good agreement. The one exception is the change in YS observed for the 
ASTM subsize sample is approximately twice that observed for the S-1 samples. This 
difference is not fully understood, but may arise from the fabrication of the S- l ' s  from a 
different heat or a thinner sheet that effected the unirradiated grain size or microstructure. It 
is unlikely that this discrepancy is attributable to the sample geometry as S-1 samples made 
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from the same heat and sheet thickness as the ASTM subsize samples have better agreement 
in unirradiated properties. 

Figure 7. Stress-strain curves of irradiated 304L SS for three different doses. Also shown 
are results from S-1 tensile samples under the same conditions. It should be noted that the 
YS compares the offset YS for the unirradiated material and the yield point in the case of 

the irradiated samples. 

304L ASTM vs. S-1 0.051 dpa, 105 C 1 . 2 ~ 1  
& 0.8 

o.6 
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Figure 8. Comparison of ASTM and S-1 tensile test results from Furnace 10. 

9Cr-lMo - The stress-strain curves for the 9Cr-lMo alloy are given in Fig. 9 for both the 
ASTM subsize and S-1 specimens. A noticeable strengthening from irradiation can be seen 
in these curves as well as a loss in uniform and total elongation. Comparisons for the 
ASTM subsize and S-1 sample data are given in Fig. 10. Excellent agreement is seen in the 
changes of the four material properties (YS, UTS, UE, TE). Note that only one heat of 
material was used to fabricate all the 9Cr-lMo samples. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



JAMES ET AL. ON SPALLATION NEUTRON EFFECTS 667 

Figure 9. Stress-strain curves of irradiated 9Cr-lMo for three different doses. Also shown 
are results from S-1 tensile samples under the same conditions 

9Cr- lMo ASTM vs. S-1 
0 4 7 0.051 dpa, 105 C 

o 

i 021 "~-o4 $ 
-0.6 

-0 8 
YS (Mpa) U'IS (Mpa) UE (%) ~ (%) 

Figure 10. Comparison of ASTM and S-1 tensile test results from Furnace 10 

Discussion 
Comparisons of the measurements between the S-1 and ASTM samples show general 

agreement in the property changes induced from the radiation exposure. Some notable 
exceptions occur in the elongation values for the Alloy 718 and 316L SS and the change in 
YS for the 304L. The Alloy 718 stress/strain curve showed a larger loss in elongation from 
radiation exposure and a somewhat larger reduction in UTS in the S-1 samples. The 
reductions in elongation for the 316L SS were not dramatically different between the two 
sample types, but the S-1 samples clearly showed a greater loss of both UE and TE. 
Previous work has shown that the S-1 sample type has a tendency to produce larger 
reductions in the elongation of post-irradiated material so these results are not unexpected 
[7,8]. The discrepancy in the YS for the 304L is likely attributed to the use of different 
material in fabrication of the S- 1 specimens. 
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Figure 1 l. Strength changes under irradiation. Data from ASTM subs&e samples. 
lines connecting the points only serve to guide the eye. 

The 

Figure 11 gives the changes in YS and UTS as a function of dpa for the alloys discussed. 
Although the differences in the radiation dose are small, especially between the two points 
of highest exposure, trends are evident in the 304LSS, 316LSS and 9Cr-lMo. In these 
alloys, changes in strength are observed that increase with increasing dose. 
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Figure 12. Changes in UE with dose for a APT candidate materials. Data taken from 
ASTM subsize tests. 
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Figure 12 shows the effects of dose on UE. The results here are not as clear as the 
strength changes perhaps due to the greater variability in the elongation parameter. Also, 
given that the irradiation temperatures were highly variable and did not correlate with dose, 
other conditions may have played a role in the changes in elongation. 

The current irradiation-induced changes are comparable to fission-irradiation results as a 
function of dpa. While the spectrum seen by the samples in this work is harder and the 
level of gas introduced into these samples is higher than for a typical reactor spectrum, there 
are no indications of the drastic reduction in uniform elongation seen at the higher doses in 
high-energy proton irradiations [9]. 

Data from experiments in fission reactor irradiations on 316 type SS are shown in Figs. 
13 and 14. The literature data were taken from a summary in Pawel et al. [6]. In Fig. 13, 
the YS data are data from fission irradiations exposed and tested in the range of 25 - 250 ~ 
Figure 14 contains strain-to-necking (STN)* data from Pawel et al. [6] and represents 
samples irradiated and tested at 100 ~ In both cases, the results from the ASTM subsize 
samples irradiated at LANSCE agree well with values for reactor irradiated material. It 
should be noted that the He and H production as a function of dpa is expected to be quite 
high in the LANSCE-irradiated samples due to the high-energy particles from spallation 
events. For the Alloy 718, the He production is expected to be approximately 40 appm/dpa. 
While this number is lower than is typically seen in spallation, Green et al. [10], it is still 
much higher than for fission reactor spectra. Earlier published results of tests on materials 
in a spallation environment suggest that while strength increases in 316L and 304L seem 
consistent with fission irradiation work, the ductility changes occur at an accelerated rate, 
possibly due to the higher levels of spallation-produced gas in the matrix [9]. 

700- 

600- 

500 -  

2 0 0 -  

100 -  

0 
0,0001 

Y'mld Strength vs. dose in 316L SS 
�9 �9 

�9 , t  

t Literature data 
o Current work 

t i 

0.001 0.01 0.1 1 
dose (dpa) 

Figure 13. Yield strength changes in 316L SS taken from literature values [6] and current 
work. 

* The strain-to-necking as it is applied here is the equivalent of the uniform elongation 
except in those cases where the sample undergoes a yield drop and then subsequent strain 
hardening but does not exceed the original yield strength [5]. 
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STN vs. dose in 316L SS 
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Figure 14. STN vs. dose for 316L SS showing literature data collected from Pawel [6]. 
Comparison to the current work is made. 

Conclusions 

Spallation neutron irradiation to low dpa values (up to -0.05 dpa) produces an increase 
in YS for 316L and 304L stainless steels and 9Cr-lMo, but no change in YS for Alloy 
718. 

�9 Spallation neutron irradiation produces slight to moderate increases in UTS for the 
316L and 304L stainless steels and 9Cr-lMo, but a small decrease in the Alloy 718. 

�9 Spallation neutron irradiation produces decreases in UE for all alloys, 316L and 304L 
stainless steels, Alloy 718 and 9Cr-lMo, for doses to -0.05 dpa. 

Comparisons of YS, UTS, UE, and TE obtained for spallation neutron-irradiated ASTM 
subsize and S-1 specimens show good agreement for all of the alloys tested with the 
exception of the 304L SS YS value discussed previously. 

Comparisons of YS and UE (STN) obtained for spallation neutron-irradiated ASTM 
subsize and S-1 specimens of 316L SS show good agreement with similar data obtained 
for fission neutron-irradiated materials. 
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Abstract: Small-Angle Neutron Scattering (SANS) allows characterization, in a non- 
destructive way, of the heterogeneities (precipitates, pores, cavities .... ) ranging in size 
between 1 and 100 nm. The SANS technique has been used in order to study the 
microstructural evolution of martensitic steels under neutron irradiation at 325~ up to a 
dose of 0.9 dpa, and after thermal aging between 250~ and 550~ up to 22 000 hours. 
The investigated materials were Fe-7.5/11Cr WVTa Reduced Activation and Fe-9/12Cr 
MoWV conventional martensitic steels. SANS experiments were coupled with 
Transmission Electron Microscopy (TEM) observations. The structural information 
obtained by SANS and TEM is compared with the evolution of mechanical properties. 
Three main results have been obtained: (1) above 8.8 at.% Cr in solid solution, the ferritic 
matrix is unstable at an aging temperature of 400~ and separates into a Cr-depleted ot 
and a Cr-rich ct' b.c.c, phase; (2) moreover, a strong radiation-accelerated or induced t~' 
precipitation is observed in alloys irradiated at 325~ (3) the precipitation of Laves phase 
Fe2(Mo,W) is strongly dependent on the Mo and W content in the alloys. 
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Introduction 

Reduced Activation (RA) martensitic steels are candidates for internal structures of 
fusion reactors. The concept of Low Activation steels or Reduced Activation steels was 
introduced for new materials that offer benefits on maintenance operations and waste 
management [1,2,3,4]. For martensitic/ferritic steels, the main alloying elements such as 
molybdenum, niobium and nickel present in commercial steels are substituted by 
elements such as tungsten, vanadium and tantalum. These elements have a similar 
influence on the structure and the behavior, but exhibit a lower radiological impact. The 
assessment of potential reduced activation steels requires a good understanding of the 
microstructural features in correlation with the mechanical behavior. Consequently, much 
effort is under way to study the microstructural evolution in these materials, occurring 
during long thermal aging or neutron irradiation, and which may be the origin of 
hardening and embrittlement. In this context, two phenomena are of particular interest: 

the decomposition of the b.c.c, ferritic solid solution by a phase separation 
mechanism, resulting in an ultra fine-scale array of Fe-enriched ct and Cr-enriched ~'  
coherent phases or in very small cz' particles, 
the formation of Laves phases Fe2(Mo,W). 

In order to assess reduced activation materials and to understand the effect of the 
substitution of W for Mo and the role of Ta on the microstructural evolution during long- 
term thermal aging or neutron irradiation, several RA martensitic steels of different 
compositions, with a chromium content between 7 and 12 at.%, were studied by Small 
Angle Neutron Scattering (SANS) and Transmission Electron Microscopy (TEM). 
Indeed, SANS allows characterization, in these materials, of the mean size, shape and 
number density of very small precipitates, even at early aging times when they are not 
detected by TEM [5]. This has been shown recently for nanosized M2C carbide 
precipitates responsible for secondary hardening in a Fe-9Cr-lMo martensitic steel [6]. 
The SANS technique is particularly useful to detect and study the tx-tx' phase separation, 
which introduces very weak contrast for X-rays or electron scattering. Furthermore, since 
the ferrite matrix is ferromagnetic, the A(q) ratio of the magnetic and nuclear SANS 
contrasts between the matrix and particles gives information about their chemical 
composition [7]. 

This paper presents the results obtained on the RA materials in comparison with 
those acquired on two commercial martensitic steels, containing Mo and Ni. The results 
are discussed with regard to the mechanical behavior. 

Experimental 

Materials 

The chemical compositions of the steels used in this study are listed in Table 1. 
The materials include two large heats of Reduced Activation steels of Japanese origin 
(respectively supplied by JAERI-NKK and Nippon Steel Corporation), F82H (Fe-7.5Cr- 
2W(V,Ta)) and JLF-1 (Fe-9Cr-2W(V,Ta)). In order to evaluate the role of chemical 
composition, and in particular of Cr, Ta and W contents, five additional RA martensitic 
steels (the "LA series," from AEA-Culham, UK, described in ref. [2]) were studied; 
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compared to LA12Ta (Fe-9.8Cr-IW(Ta,V)), the LA13Ta steel has a large W content 
(nearly 3%), the LA4Ta steel has a higher Cr content (11%), LA12LC does not contain 
Ta, and LA12TaLC has a low carbon content. 

In addition, two conventional martensitic steels, already used in the nuclear 
industry, were also studied; these materials, which contain molybdenum and nickel, with 
respectively low and high Cr content, are EM 10 (Fe-9Cr- 1Mo) and HT9 (Fe- 12Cr- 1Mo- 
0.5W(V)) (supplied by Aubert et Duval and Sandvik respectively). 

Table 1 - Chemical analysis of experimental steels (wt %) 

Steel 
F82H 
JLF- 1 
LA12TaLC 
LA 12LC 
LA 12Ta 
LA13Ta 
LA4Ta 
EM10 
HT9 

Cr W Mo Ni Mn Ta V Si C N 
7.47 1.96 0.02 0.21 0.023 0.15 0.10 0.087 0.006 
8.70 1.91 0.52 0.08 0.18 0.05 0.106 0.028 
8.80 0.73 1.13 0.10 0.30 0.03 0.090 0.019 
8.92 0.73 1.13 0.01 0.30 0.03 0.089 0.035 
9.86 0.84 0.88 0.10 0.28 0.03 0.155 0.043 
8.39 2.79 0.79 0.09 0.24 0.04 0.179 0.048 
11.08 0.72 0.78 0.07 0.23 0.03 0.142 0.041 
8.76 <0.05 1.05 0.18 0.48 0.03 0.37 0.11 0.024 
11.8 0.51 0.99 0.48 0.50 0.29 0.37 0.21 NA* 

* Not Analysed 

The alloys were austenitized at high temperature, then they were tempered at 
750/800~ for 1 hour. The LA materials have been 10% cold rolled; this mechanical 
treatment has been shown to induce more stable impact properties after thermal ageing in 
the case of Fe-9Cr-IMo(V,Nb) martensitic steels [8]. The details of the treatments for 
each material are given in Table 2. After these thermal treatments, a fully martensitic 
structure is obtained for all the alloys except for HT9, which contains a small amount of 
delta-ferrite (<5 %) in the martensitic structure. 

Thermal aging and irradiation conditions 

Samples were thermally aged under vacuum for various temperatures ranging 
between 250 and 550~ and for durations up to 22 000 hours. The list of thermal aging 
conditions for each alloy is given in Table 2. 

Four materials (F82H, LA12LC, LA4Ta and HT9) were irradiated in the OSIRIS 
reactor at Saclay under PWR conditions, in the frame of the "Alexandre" irradiation [9]. 
The irradiation conditions were : temperature 325 + 10 ~ fast neutron flux 2 1014 
n/cmZ.s (E > 1 MeV); duration 43 days, corresponding to an average displacement dose of 
0.9 dpa (displacement per atom). 

SANS Experiments 

Experimental set-up - The neutron scattering experiments were performed at the 
Laboratoire I.Aon Brillouin (Laboratoire Commun CEA-CNRS), Saclay, on PAXY and 
PAXE small-angle instruments [10]. The wavelength ~, was 6/~ and sample-to-detector 
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Table 2 - Metallurgical conditions before aging, thermal aging and irradiation 
conditions o f  LA and conventional martensitic steels 

Steel Normalisation 

F82H 40 min. - 
1040~ 

JLF- 1 1 h - 
1050~ 

LA12TaLC 40 min. - 
I030~ 

LA 12LC i 40 min. - 
1030~ 

LA12Ta  

LA13Ta 

LA4Ta 

EM10 

HT9 

4 0 m i n . -  
1030~ 

4 0 m i n . -  
1030~ 

4 0 m i n . -  
1030~ 

30 min. - 
980~ 

30 min. - 
1050~ 

Tempering Cold- 
work 

1 h -  750~ - 

1 h - 780~ - 

1 h - 7 5 0 ~  10% 

1 h - 7 4 0 ~  10% 

1 h -  770~ 10% 

1 h -  800~ 10% 

1 h -  770~ 10% 

0.5 h -  
760~ 

2.5 h -  
780~ 

Thermal ageing Irradiation 

2 0 0 0 h  - 1 3 5 0 0 h  0 .9dpa  
250- 350- 400- 550~ 325oc  

2000 h - 13 500 h 
250 - 350 - 400 - 550~ 

5000 h 
250 - 400 - 450 - 550~ 

5000 h 0.9 dpa 
250 - 400 - 450 - 550~ 325~ 

2000 h - 10 000 h 
250 - 350 - 400 - 550~ 

2 0 0 0 h  - 1 0 0 0 0 h  
250 - 350 - 400 - 550~ 

2 0 0 0 h  - 1 0 0 0 0 h  0 .9dpa  
250- 350- 400- 550~ 325~ 

15 0 0 0 h  
400-450-500~ 

22 000 h 0.9 dpa 
400-450-500~ 325~ 

distance (D) was 2 m, covering a scattering vector (q) range from 0.3 to 1.6 nm -l (q = 

4rt sin0 / ~, where 20 is the scattering angle). Measurements have been made at room 
temperature, under saturating magnetic field H = 2T perpendicular to the incident neutron 
beam direction, in order to separate the magnetic and nuclear scattering cross-sections. 

The samples for SANS were cut and chemically polished (in the hot cells of  
CEA/Saclay  in the case of  the irradiated steels). They were in the form of platelets, sizes 

ranging from 10 • 10 • 1 nun 3 (for thermally aged samples) to 7 • 7 x 0.5 n l r n  3 (for 

irradiated samples); the transmission value for thermal neutrons (~ = 0.6 nm) showed that 
multiple scattering corrections were negligible. 

Data treatment - Details of  preliminary data treatment (correction, normalization, 
and calibration) have been reported in [5, 7,11]. 

In the case of  ferromagnetic materials, the SANS intensity is composed of  a nuclear 
and a magnetic contribution which depend respectively on the difference o f  composit ion 
and of  magnetisation between particles and matrix. In terms of  cross-section, the SANS 
intensity can be written as: 

(dE / d~) (q)  = fp [Ap2nucl + Ap2mag sin 2 ~x]F(q, h(R),  S(q, R)) 

where q is the scattering vector, fp the precipitated atomic fraction, and F(q, h(R), 
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S(q,R)) the specific structure factor of the scattering particles, depending on their form 

factor S(q,R) and on their size distribution h(R). APnucl,mag are the nuclear and magnetic 

contrasts given by: 

bnPucl,mag bnmcl,mag 
APnucl,mag v p var~ 

where b is the nuclear (nucl) or magnetic (mag) mean scattering length in the precipitates 
p,m is the mean atomic volume of the precipitate (p) and of (p) or in the matrix (m), and Vat 

the matrix (m). t~ is the angle between the magnetization of the sample and the scattering 
vector q. 

As the magnetic moments are aligned parallel to the applied external magnetic 
field, the magnetic scattered intensity is zero in this direction and maximum in the 
perpendicular direction. Some information about chemical composition can be deduced 
from this anisotropy through the ratio between scattered intensities measured 
perpendicular and parallel to the sample magnetization, called "A ratio". For 
homogeneous particles, the A ratio depends only on the chemical compositions and on 
the atomic density variation between precipitates and the matrix, and is given by: 

A = m  
(d~/d.~) 2 2 2 Apnucl +APmag =t-t APmag 

Ap nucl Ap nucl //fi 

In principle, the A rati6 can be calculated for a given matrix/precipitate couple, and 
compared to the experimental value in order to check the precipitate composition. But in 
fact A depends on several parameters which are not always known precisely, such as the 
atomic volumes in the matrix and in the precipitate, and the magnetic moments. So, to 
estimate the A ratio, we used atomic volumes deduced from tabulated unit cell 
parameters and magnetic moments from literature data on bulk materials. For example, 
the calculated A ratio in a pure iron matrix for TaC is 10, for VN 3.9 and for VC 2.2. 

If the material contains several types of precipitates, the mean A ratio does not 
depend only of the contrasts Ap, but takes explicitly into account the form factor and the 
volume fraction of each family of precipitates; in this case, A is q-dependent. 

Results 

Initial microstructure of the materials 

The microstructure and precipitation state of the initial materials was studied by 
TEM. The chemical compositions of precipitated phases (C and N excluded) was 
measured by Analytical Electron Microscopy (XEDS : X-ray Emission Dispersive 
Spectrometry) on carbon extraction replicas. TEM and XEDS results are summarized in 
Table 3. 

In all materials, after normalisation and tempering treatments, the predominant 
precipitated phase is a chromium-rich M23C6 carbide. These particles are located 
preferentially along prior austenite grain boundaries and along lath boundaries. The 
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Table 3 - Precipitation behaviour in as-received and thermally aged specimens obtained 
from Analytical Transmission Electron Microscopy. 

Steel 

EM10 
9Cr-lMo 

[12] 

Aging 

As-received 

Aged 15 000 hours 
at 400~ 

Aged 15 000 hours 
at 500~ 

HT9 
12Cr-1Mo WV 

[9] 

F82H 
7.5Cr-2W VTa 

As-received 
Aged 22 000 hours 

at 450~ 
Aged 22 000 hours 

at 500~ 

JLF- 1 
9Cr-2W VTa 

LA4Ta 
l l C r - I W V T a  

LA12Ta 
9.8Cr-lW VTa 

LA13Ta 
8.5Cr-3W VTa 

As-received 
Aged 13 500 hours 

at 400~ 

Type of 
precipitates 

M~3C6 
M2X 

Mz~C6 (7) 
M2X (I I) 

M23C~ (11 ) 
M2X (7) 

Laves phase (13) 
M23C6 
M23C6 

Laves phase 
M23C6 

Laves phase 

M2~C6(8) 

M23C6(5) 

Composition of precipitates 
(at %) 

64Cr 30Fe 6Mo 

63Cr 27Fe 6Mo 4Mn 
90Cr 9V 

62Cr 26Fe 7Mo 4Mn 
86Cr 8Mo 3Fe 3V 

40Fe 30Mo 15Cr 10Si 4Mn 

41Fe 23Cr 19Mo 11Si 5W # 
60Cr 34Fe 5W 1V 

60Cr 34Fe 5W 1V 

Aged 13 500 hours Mz3C6(7) 66Cr 27Fe 5W IV 
at 550~ 

As-received 

Aged 13 500 hours 
at 550~ 

As-received 

M2aCt(15) 
M4X3 * 
MX (2) 

M23C6(6) 
M4X3 ** 
MX (5) 

M~C6(9) 
M4X3(1) 
MX (2) 
M2X (3) 
M23C6(9) 
M4X3 (7) 
MX (1) 

M23C6(11) 
M4X3(4) 
MX (3) 

M23C~(7) 
M4X3(3) 
MX (1) 

M23C6(6) 
M4X3(5) 
MX (3) 
M:3C6 
M,X3 
MX 

Aged 10 000 hours 
at 400~ 

As-received 

Aged 10 000 hours 
at 550~ 

As-received 

Aged 10 000 hours 
at 550~ 

55Cr 34Fe 8W 2V 
V rich 

90Ta 6V 3.5Fe 2Cr 0.5W 
65Cr 29Fe 5W 1V 

V rich 
86Ta 9V 4Fe 1Cr 
65Cr 28Fe 4W 3V 

57V 32Ta 10Cr 1Fe 
93Ta 4V 2Fe 1Cr 

80Cr 17 V 2Fe 1W 
66Cr 28Fe 3W 3V 

68V 18Ta 13Cr 2Fe 
86Ta 7V 5Fe 3Cr 
63Cr 29Fe 4V 4W 
77V 11Cr 9Ta 3Fe 
90Ta 7V 2Fe 1Cr 
63Cr 29Fe 4V 4W 

66V 15Ta 15Cr 4Fe 
88Ta 6Fe 6V 

59Cr 32Fe 7W 1V 
68V 16Ta 13Cr 2.5Fe 

80Ta 15V 4Fe 2Cr 

Laves phase (2) 49Fe 24Cr 25W 2V 
numbers in brackets indicate the number of individual particle spectra anal: ,sed) 
V rich precipitates, observed on carbon extraction replica 

** V rich precipitates, not observed on carbon extraction replica but probably present 
# The quantification of W and Si contents in H'I9 was done from the W-L and Si-K X-ray emission lines 
with the software TRACOR TN 5400 from a registered library. However, the Si content value should be 
considered with caution, because of the difficulty to deconvoluate the Si-K from the W-M line. 
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680  EFFECTS OF RADIATION ON MATERIALS 

chemical composition of the M:3C6, determined by XEDS, does not differ for RA and 
conventional alloys : M ~ 60%Cr-35%Fe-5%W/Mo (in atomic %). 

For the F82H steel, no other precipitation has been detected. In the JLF-1 alloy, 
some particles of Ta(C,N) and V-rich M4(C,N)3 have been observed. For the LA4Ta, 
LA12Ta and LA13Ta materials, the TEM observations show that V-rich M4X a and Ta- 
rich M(C,N) coexist with M23C6; the LA12LC and LA12TaLC have not yet been 
observed by TEM, but similar precipitation can be expected (but without Ta(C,N) 
precipitates in LA12LC which is tantalum-free). 

In the conventional steel EM10, another carbonitride second phase, M2(C,N), 
very rich in chromium, has also been detected by TEM. 

Thermal aging: conventional alloys EM10 and HT9 

The precipitated phases and their chemical compositions, determined by XEDS 
before and after aging, are reported in Table 3. The M23C 6 particles do not evolve during 
thermal aging. The main aging effect observed by TEM is the formation at high 
temperature (450-500~ of Fe2(Mo,W ) Laves phase. This phase occurs as a continuous 
thin film on prior austenitic grain boundaries and interlath boundaries (see Figure 1). 

Figure 1 - Microstructure of  the conventional steel HT9 aged 22 000 hours at 450~ 
observed by TEM. The presence of  the Laves phase, which appears as an enhanced 

edging at the lath boundaries, has been checked by TEM microanalysis. 

In both materials, after each aging treatment, we observed an increase of the 
SANS intensity in comparison with the as-received samples. So, we present in Figures 2 
and 3 the scattered SANS intensities, after subtraction of the reference (without thermal 
aging) contribution. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



10 

e~ 

.=. 
" 0  
P 0.1 

0.01 

0.001 

�9 ' 0 '  ' i . . . .  i . . . .  i . . . .  

o o 500 oC ! 

~k o �9 450oc  
i 0 

+ o + 4 0 0 o c  
0 

'IL o 

*~_~ o 
+ A  0 0 

+%~~ ~ 
+A A 0 

++*-%0 
§ oo 

+ d i 4 ' l @  1 

0.05 o.1 o.15 0.2 
q (A 1 ) 

Figure  2 - Intensities scattered perpendicularly to the applied magnetic fteld, obtained 
after subtraction of the reference as-received sample, measured on EMI O samples 

thermally aged 15 000 h at different temperatures 
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Figure  3 - Intensities scattered perpendicularly to the applied magnetic field, obtained 
after subtraction of the reference as-received sample, measured on HT9 samples 

thermally aged 22 000 h at different temperatures 
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682 EFFECTS OF RADIATION ON MATERIALS 

EMIO (Fe-9Cr-lMo) alloy - The scattered intensities after treatment at 400 and 
450~ are similar and markedly lower compared to those observed after aging at 500~ 
The data treatment shows that the SANS profiles can be interpreted with a distribution of 
particles with a mean radius close to 3 nm. The A ratios are constant on the whole 
measured q domain and equal to 3.5 + 0.6. This value could correspond to several kinds 
of particles : M2C carbides with the following chemical content M(at%)= 83Cr, 12Fe, 
5Mo, or VC carbides. 

At 500~ the intensity is higher and follows a Porod law (I o: m]q 4) characteristic 
of large size particles. This kind of profile can be due to Laves phases at grain boundaries. 
The A ratio is equal to 6 + 1, which is consistent with Fe and Mo-rich particles such as 
the Laves phase Fe2Mo observed by TEM. 

HT9 alloy (Fe-12Cr-IMo-O.5W(V)) - The behavior at 400 and 450~ is different 
and the intensity at 400~ is lower than at 450~ and 500~ On the other hand, we note 
only a small evolution between 450~ and 500~ as is shown on Figure 3. At high 
temperature, the scattered intensities follow a Porod law (I o~ m]q 4) as for the EM10 alloy. 
Furthermore, the A ratio is equal to 3.45 + 0.5 and 4 + 1 respectively for 450~ and 
500~ which is consistent with Fe2(Mo,W) Laves phase precipitates. Indeed, the 
substitution of Mo by W in the Laves phase induces an important decrease in the 
calculated A ratio, compared to the case of EM10 (containing no W) aged at 500~ 

At 400~ the study of the form factor shows that the radius of the particles is 
around 1 nm. The associated A ratio is equal to 2 + 0.4, in agreement with the value 
expected for tx' clusters. With the assumption of 0~' clusters containing 90% Cr and 10% 
Fe, the precipitated volume fraction is around 0.25%. For this thermal treatment, no new 
phase has been observed by TEM. 

Thermal aging: RA materials 

F82H alloy (Fe-Z5Cr-2W(V, Ta) - The SANS intensities obtained on F82H 
samples present an anisotropy, before and after aging, even in the absence of a magnetic 
field. This is probably the result of a morphologic texture in the microstructure, i.e. a 
preferential orientation of the precipitates in the matrix. 

The obtained SANS and TEM results show that, whatever the aging treatment, there 
is no evolution of the microstructure in comparison with the as-received sample. All the 
SANS intensities are identical taking into account the error bars. The scattered intensities 
are high at low q and correspond to large precipitate size, i.e. the M23C6 carbides initially 
present in the material. 

At low q, the measured A ratio is about 4-4.5. Taking into account of the 
uncertainties discussed above, this value can be considered to be in agreement with the 
chemical composition of the M23C6 carbides determined by TEM-XEDS (i.e. M = 
65%Cr-30%Fe-5%W), from which the calculated A ratio is 3.5. 

JLF-1 alloy (Fe-9Cr-2W(V, Ta)) - As in the case of the F82H alloy, the variation of 
scattered intensity in comparison with the reference sample is too weak to be considered 
as representative of a microstructure evolution. At 550~ the SANS intensity seems to 
increase at low q with aging, but this evolution is too weak to be interpreted. 
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MATHON ET AL. ON MICROSTRUCTURAL EVOLUTION 683 

Furthermore, the A ratio measured at low q, does not change with aging and is about 3- 
3.5. This value is slightly lower than for the F82H alloy, although the chemical 
composition of the M23C6 carbides is not significantly different in these two materials. 
The difference of the A ratio between the steels is significant and probably representative 
of the presence of additional or different phases. TEM observations have shown that this 
material contains Ta-rich MX and V-rich MnX3 carbonitrides in addition to M23C6 (see 
Table 3). Qualitatively, only the VC (A = 2.2) or V(C,N) particles can induce a decrease 
of the mean A ratio. Indeed, the presence of TaC carbides (A = 10) should sharply 
increase the A factor. So, to explain the results obtained on JLF-1, we have to assume an 
important contribution of vanadium carbide particles in the matrix. 

LA4Ta alloy (Fe-11Cr-1 W(Ta, V)) - For this alloy, which presents the highest Cr 
content among the studied RA materials, SANS data showed that, whatever the aging 
duration and temperature, the scattered intensity in the aged materials, in all the q range, 
is always clearly increased compared to the as-received material (Figure 4). This behavior 
could be explained by a modification of the carbonitride precipitation, observed directly 
by TEM: a dissolution of the M2X precipitates, located preferentially near M23C6 (before 
thermal aging), which could enhance the precipitation of the M4X3 V-rich particles. 

~D 

e~ 

r 
r.~ 

10 

0 .1  

* r I ' ' 

0 

% 

0 . 0 2  0 . 0 4  0 . 0 6  

�9 Reference 
10 000h at 400~ 

o 2000h at 400~ 

zx 

A A O  OZ~ ZX zX ~ 
A A  o O ~ L X  ZX ZX Lx , 

A A a A ~ A ~ , O A  : 

, , i , , , i , , , i , , , t , , , 

0 . 0 8  0 .1  0 . 1 2  0 . 1 4  0 . 1 6  

q (A "1 ) 

Figure 4 - Intensities scattered perpendicularly to the applied magnetic field, measured 
on LA4Ta samples (as-received, aged 2000 and 10 000 h at 400~ 

On the other hand, aging for 10 000 hours at 400~ shows a further increase in the 
scattered intensity for the high q values (q > 0.08/~-l, see Figure 4): this must be due to 
the appearance of some new small particles, which had not precipitated after 2000 h at 
400~ The increment of SANS intensity from 2000 to 10 000 hours aging at 400~ is 
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684 EFFECTS OF RADIATION ON MATERIALS 

consistent with spherical nanoparticles of mean radius 1.5 nm. The corresponding A ratio 
is equal to 2, a value near the theoretical one for the chromium-rich b.c.c. ~'  particles. The 
precipitated volume fraction is around 0.1-0.2% if one assumes for t~' the composition 
90%Cr- 10%Fe. 

LA12Ta alloy (Fe-9.8Cr-1W(Ta, V)) - This alloy is similar to the preceding, but 
with a lower Cr content. No change of the precipitation state was observed by TEM (see 
Table 3); consistently, no evolution of the SANS intensity was observed after 2000 h 
aging, whatever the temperature, or after 10 000 h at 550~ However, a similar increase 
as for LA4Ta, was observed after thermal aging at T < 400~ for times > 10 000 hours, 
for the high q values (q > 0.08/~-1). This has been analyzed in the same way as for 
LA4Ta, as a precipitation of the t~' Cr-enriched b.c.c, phase. 

LA13Ta (Fe-9Cr-3W) - This steel has the highest W content among all the alloys 
studied. The comparison between the scattered intensities of thermally aged and as- 
received samples shows that thermal aging does not induce significant differences in the 
range 250 to 450~ up to 10 000 hours, in agreement with TEM observations. 

This is not the case for thermal aging performed at 500~ Indeed, in all the q 
domain, the scattered intensities of samples aged for 10 000 hours, but also for a shorter 
time (2000 hours), are significantly higher compared to the reference sample. TEM 
observations on the LA13Ta steel aged for 10 000 hours at 550~ show that the 
precipitation of Laves phase (Fe2W type) occurs as a very thin film on grain and lath 
boundaries [13]. This precipitation explains the signal observed by SANS. The chemical 
composition of precipitates from microanalysis is close to 48Fe-25Cr-2V-25W (at %), in 
agreement with the value of the A ratio (A = 5, after subtracting the signal of the as- 
received sample). 

LA12TaLC and LA12LC alloys - As for JLF-1 and F82H materials, we did not 
observe by SANS any significant variation of the scattered intensity after aging. The A 
ratio measured at low q is about 2.5 for the LA12LC alloy and 3 for the LA12TaLC alloy. 
These values are low compared to the other alloys. The A ratio is higher for the Ta rich 
alloy which is compatible with the presence of TaC in the matrix of LA12TaLC and not 
in the matrix of  LA 12LC. 

Irradiated steels 

Four materials were irradiated by fast neutrons to a dose of 0.9 dpa at 325~ : 
three RA materials, F82H, LA4Ta and LA12LC, and the conventional alloy HT9. 

F 8 2 H  alloy - The SANS signal is unchanged by the irradiation in the above 
conditions (see Figure 5) : this shows that, as for thermal aging reported previously, the 
precipitation state is unchanged by irradiation in this material. Literature data concerning 
this material are contradictory: the results reported here are in agreement with those of 
Kohno et al [14] who did not detect t~' in F82H after irradiation up to 37 dpa between 365 
and 750~ but contradict those of Materna-Morris [15], who observed some ~' phase and 
even cavities on the same alloy by TEM, after irradiation at 0.8 dpa at 250 and 400~ 
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Figure 5 - Scat tered intensit ies measured  on F 8 2 H  samples,  non irradiated and  

irradiated 0.9 dpa at  325~ 

LA4Ta  al loy - In this RA material, contrary to F82H, neutron irradiation induces a 
large increase in the SANS intensity at high q values (q > 0.05/~-1) (see Figure 6). The 
increment of SANS signal between irradiated and as-received samples shows a maximum 
around q - 0.1/~-1 : this behavior, typical of concentrated alloys, indicates a spatial 
periodicity in the composition of the material, with a characteristic length 2 ~ q  - 2-3 nm. 
The A value is in agreement with ct-~' phase separation of the ferritic matrix. Two 
interpretations are possible : (1) isolated Cr-enriched ct' precipitates surrounded by a 
spherical exclusion volume depleted in Cr, or (2) bipercolating ~-~'  two-phase system, 
close to the image of a spinodal decomposition. Modelling of the present SANS data is in 
progress. Detailed work on the thermally aged Fe-Cr binary alloy suggests that for the 
considered Cr concentrations (< 20%), the exclusion-sphere model is more adequate [16]. 

L A 1 2 L C  al loy - This RA material shows a small increment of SANS signal after 
irradiation, indicative of some ct' precipitation. 

H T 9  al loy - This conventional material shows a large increase of scattered intensity 
after irradiation. Taking into account its high Cr content (t  L.8%), this must include some 
cx' contribution (the (x' phase has been detected by TEM in irradiated HT9, but at higher 
temperature [17]). But, contrary to LA4Ta, the SANS increment induced by irradiation is 
a monotonically decreasing function of q and shows no maximum; moreover, the A ratio 
is not compatible with simple tx-0~' phase separation. Therefore, the material probably 
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contains another precipitated phase, which could be M6X; indeed, this phase has been 
observed in this material, only after irradiation, but at higher temperature [18,19]. 

o 
r ~  

1 0 0  

1 0  

0 . 1  

, ' i , , , i , ' , r , , 

LA 4Ta 

~o 
~ 0  

o Irradiated 

* Non irradiated 

O:O00000000 �9 0000000 
�9 000000 

0 . 0 1  , ~ I i i i I i i i I i i ~ I i i i i , , , I , ~ , I , i , 

0 . 0 2  0 . 0 4  0 . 0 6  0 . 0 8  0 . 1  0 . 1 2  0 . 1 4  0 1 6  0 . 1 8  

q (A "1 ) 

Figure 6 - Scattered intensities measured on LA4Ta samples, non irradiated and 
irradiated 0.9 dpa at 325~ 

Discussion 

Effect o f  the chemical composition on the microstructure evolution during thermal aging. 

Effect o f  the Cr content on ct- or' phase separation - The interpretation of t~-ct' 
phase separation requires the knowledge of the Cr concentration in the matrix, which 
differs from the bulk Cr concentration because of the presence of precipitates. The 
"THERMOCALC" software, associated with the SGTE ("Scientific Group Thermodata 
Europe") thermodynamical data base [20], allows to calculate the phase diagram and the 
chemical composition of each phase in a multicomponent system, by minimizing its free 
enthalpy. The Cr concentrations in the ferritic matrix of the various materials, obtained 
from the "THERMOCALC" software, are given in column a of Table 4. These 
calculations also show that the carbon concentration remaining in solid solution in the 
matrix after tempering ranges between 50 and 130 at. ppm. 

For the martensitic steels containing 7.5 to 12% Cr, the major precipitated phase 
after tempering is M23C6 carbides, which dissolve a large amount of Cr; indeed, TEM 
observations show that in first approximation these carbides have the chemical formula 
CrlsM'8C6, with M'=  Fe, V, W or Mo. If one takes the average value of 100 at. ppm for 
the C concentration in the matrix, and assumes that all the precipitated carbon is in the 
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form of M23C6 carbides, approximate values of the Cr concentrations in the ferritic matrix 
of the various materials can be calculated. These, given in column b of Table 4, are found 
to be very close to those obtained from the "THERMOCALC" software. 

The SANS results show that the Cr-rich t~' phase appears only around 400~ in the 
materials with a Cr concentration in the ferrite matrix close to or larger than 8.8 at.% 
(LA12Ta, LA4Ta and HT9 alloys, see Table 4). For LA4Ta aged 10 000 hours at 400~ 
the volume fraction of o~' phase estimated by SANS is 0.1-0.2 %, with a mean precipitate 
radius of 1.5 nm. This corresponds to an average distance between precipitates of 
approximately 50 nm, which is of the same order as the diffusion distance covered by Cr 
at this temperature. 

Table 4 - Conditions of appearance of or-or'phase separation in the ferrite matrix of 
several martensitic steels after thermal aging at 400~ or fast neutron irradiation at 
325~ correlation with the total Cr content and the Cr concentration in the ferritic 

matrix. The latter is obtained from a "THERMOCALC" calculation (column a) or from 
an approximation described in the text (column b). 

Total Cr 
Al|oy content 

(at.%) 
LA13Ta 9.1 

F82H 8.1 
EM10 9.3 
JLF- 1 9.4 

LAI2TaLC 9.4 
LA12LC 9.5 
LA12Ta 10.5 
LA4Ta 11.8 
HT9 12.5 

Cr in matrix (at.%) 

a) b) 

7.5 7.0 
7.2 7.1 

8.2 
8.4 8.2 
8.5 8.4 
8.7 8.5 
8.9 8.8 
10.3 10.2 
10.7 10.2 

o/ct' phase separation 
Thermal aging at Irradiation at 325~ 

400~ 0.9 dpa - 1000 hours 
No after 10 000h 
No after 13 500 h No 
No after 15 000 h 
No after 13 500 h 
No after 5000 h 
No after 5000 h Yes 

Yes after 10 000 h 
Yes after 10 000 h Yes 
Yes after 22 000 h Yes * 

In irradiated HT9 steel, another phase is also present 

Effect of Mo and W content on Laves phase formation - The formation of the Laves 
phase is only observed at high temperature on materials sufficiently charged in W 
(LA13Ta, 0.8% at. W) or Mo (EM10 and HT9, 0.6 % at. Mo). 

One can note that the appearance of Mo-rich Laves phase in conventional steels 
occurs at lower temperature (450~ for EMI0, 400-450~ for HT9) than W-rich Laves 
phase in LA 13Ta (550~ These results confirm the observations of Tamura et al [21] 
who show, in a TTT diagram, a shift of the "nose" of Laves phase precipitation towards 
high temperatures for W-containing compared to Mo-containing steels. 

Effect of Ta content- The LA 12TaI_,C (0.1% Ta) and LA 12LC (Ta-free) steels 
show similar microstructure stability under thermal aging; so, no effect of tantalum on 
precipitation evolution has been observed. 

Precipitation under irradiation 

Radiation-induced o~-t~' phase separation in model Fe-Cr alloys was observed first 
by Little et al [22] in samples containing 10%Cr after fast neutron irradiation (30 dpa) at 
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420~ and more recently in Fe-10 to 25%Cr after electron irradiation at 300 and/or 
200~ [23]. 

In the present martensitic steels, our results show that under irradiation a - ~' phase 
separation in ferrite occurs at lower temperature (325~ and lower Cr concentration in 
the matrix (8.5%) than observed by thermal aging. Indeed, the duration of the irradiation 
experiments reported here, around 1000 hours, does not allow to obtain ~ - a'  phase 
separation by simple thermal vacancy diffusion mechanism (in these conditions, the 
thermal diffusion length of Cr at 325~ is of the order of 1 nm). One has therefore to 
involve a direct effect of irradiation; on one hand, irradiation by fast energetic particles is 
known to accelerate the nucleation and growth rates for precipitation, by inducing an 
excess of vacancies and interstitials ("irradiation-enhanced" mechanism); furthermore, 
from coupling between migrating point defects and solute atoms, it can induce non- 
equilibrium phases or modify the composition range of existing phases ("irradiation- 
induced" mechanism) [24]. 

Although our results follow an explanation based on simple irradiation-enhanced 
diffusion and thermal equilibrium phase separation response, recent work on electron- 
irradiated model Fe-Cr alloys suggests that the true mechanism of ~' precipitation might 
be more complex [23]. 

Comparison with mechanical properties 

After thermal ageing - The materials with high Cr content (LA4Ta, HT9 and to a 
lesser extent LA12Ta) show a decrease of their toughness after aging at 400~ [13,25]: 
the precipitation of c~' phase detected by SANS in these alloys can be used to explain this 
behavior, which up to now could not be clearly related to a microstructural evolution. 

In some of the 9-12%Cr(W,Mo) steels, aging at high temperature (450-550~ leads 
to the formation of Laves phase, which is more damaging for the toughness properties 
than the ~' phase. The SANS technique allowed detection of this phase which 
precipitates, at these temperatures, as films on the grain and lath boundaries. 
Nevertheless, SANS in this case does not allow determination of the quantity of 
precipitated Laves phase. In the case of LA13Ta alloy, the SANS signal saturates after 
2000 h aging at 550~ although the Charpy impact tests show that between 2000 and 
10 000 h, the toughness properties deteriorate (the Upper-Shelf Energy (USE) decreases 
by 30 J/cm 2, and the brittle-to-ductile transition temperature increases by 20~ A similar 
observation is made for the HT9 alloy, where the SANS signal after 22 000 h aging at 
450~ is identical to the one after aging at 500~ although the toughness properties 
degrade significantly between these two aging temperatures. 

Finally, the SANS measurements on EM10 steel show the formation of an 
unidentified nanometric phase after aging at 400 and 450~ The mechanical tests on this 
material showed a slight hardening, which could be explained by a precipitation of this 
unidentified phase. 

After irradiation - Figure 7 shows the evolution of the yield stress and of the 
Reduction in Area to Failure (RAF) of the irradiated materials characterized by SANS. 
Because these materials have not been tested in the same metallurgical state, the 
comparison is problematic. It appears that the 10% cold-working applied to the "LA 
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series" (e.g. LA4Ta and LA12LC) somewhat masks the effect of chemical composition: 
whatever the composition, an equivalent irradiation-induced hardening is obtained [9,26]. 
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F i g u r e  7 - Evolution of the yield stress and of the reduction of area at failure versus 
irradiation dose measured at 325~ for HT9, LA4Ta, LA12LC and F82H 

On the other hand, for the F82H steel which, according to our work, does not show 
new phases or cavities after irradiation at 0.9 dpa and 325~ one observes an increase of 
the yield stress by more than 100 MPa; this seems to be mainly due to the occurrence of 
radiation defects, such as dislocation loops. 
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For the HT9 steel, which has also been normalized and tempered but not cold- 
worked, and which contains more Cr, the hardening after 0.9 dpa neutron irradiation at 
325~ is largely more important (250 MPa) and might be explained by the presence, in 
addition to radiation defects, of the new phases detected by SANS. This confirms a 
general observation that the irradiation-induced hardening of martensitic steels is more 
important for Cr-rich materials (10-12% Cr) than for the materials containing 9% Cr, 
whatever the irradiation temperature between 70 and 370~ [27]. 

It has been recently shown that, for a great variety of martensitic steels, a linear 
empirical relationship relates the RAF from tensile tests and the value of the USE in the 
brittle-to-ductile transition curves [9,13,25]; therefore, the measurement of the RAF 
allows us to estimate the decrease of  toughness properties of the material. Here again, for 
the HT9 steel, the strong decrease of RAF after 0.9 dpa can be related to the appearance 
of new phases in the material. 

One should note that beyond 2 dpa, the mechanical behaviour of the four materials 
studied seems to saturate (see Figure 7), which could be explained either by a saturation 
of the precipitation, or because one has reached a stationary state for the creation and 
annihilation of dislocation loops. 

Conclusions 

We have shown that, associated with Analytical Transmission Electron Microscopy, 
Small-Angle Neutron Scattering (SANS) allows a detailed characterization of the 
microstructure of martensitic steels. Indeed, the SANS technique has been used 
successfully to detect the appearance of new phases during thermal aging or irradiation. In 
particular, we have been able to determine a "threshold concentration" of Cr in solid 
solution in the ferrite matrix for the precipitation of nanometric tx' phase after thermal 
ageing at 400~ for Fe-7.5/12Cr-MoW type alloys, it is close to 8.8 at.%; the tz' 
precipitation, detected up to now only by SANS, allows explanation for the increase in 
embrittlement of Cr-rich materials after aging at 400~ We have also shown that SANS 
allowed detection of the appearance of Laves phase at the interfaces in some materials. 

After irradiation at a dose of 0.9 dpa at 325~ the appearance of ~x' phase is also 
detected for the Cr-rich materials; in the case of HT9 steel, it is associated with the 
precipitation of another phase. For this material, the hardening measured after irradiation 
could be partly explained by the appearance of  these phases. For the other materials, and 
in particular for the steel F82H, where we did not detect any precipitation or cavities, the 
hardening must originate from the formation of dislocation loops or point defect clusters, 
which give only a small (undetected) SANS contribution. 

The characterization by SANS of materials irradiated at higher dose (> 1 dpa) has 
not been made yet, and it might be difficult to realize, because of the residual 
(radio)activity of the materials. Nevertheless, it would be especially interesting to 
quantify the precipitation kinetics and to try to separate the effect of irradiation-induced 
defects, such as dislocation loops, from precipitation phenomena. 
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Dimensional Characteristics of Displacement Cascades in Austenitie Steels under 
Neutron Irradiation at Cryogenic Temperature 

Reference: Kozlov, A. V., Portnykh, I. A., Skryabin, L. A., and Lapin, S. S., "Dimensional 
Characteristics of Displacement Cascades in Austenitie Steels under Neutron Irradiation at 
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for Testing and Materials, West Conshohocken, PA, 2001. 

ABSTRACT: Samples of  16Cr - 15 Ni - 3 Mo - 1Ti steel were irradiated to a fast 
neutron fluence of 1.5 �9 10 ~8 cm -2 and 1.5 �9 10 x9 cm -2 ( E > 0.1 MeV) in the IVV - 2M 
reactor and investigated by transmission electron microscopy methods. Electron 
microscopy patterns were obtained. It was shown that the size distribution of  clusters 
had a form close to a Gaussian after irradiation to a fluence of 1.5 �9 10 Is n.cm -2. There 
were several peaks in the distribution histogram oftbe sample irradiated to 
1.5 �9 1019 n . c m  -2 

The formation of  the low temperature irradiation clusters in austenitic steel was 
analyzed with a model of  displacement cascades overlapping under cryogenic neutron 
irradiation. All the clusters formed were differentiated into two groups: low- 
temperature radiation clusters formed by not overlapped displacement cascades 
(LTRC - 1) and radiation clusters formed by overlapped cascade regions (LTRC - 2). 
Analytical expressions were obtained'to describe the relationships of  the average 
dimensions of LTRC of both groups and the dynamics of  cluster accumulation. 

Keywords: D01, M05, N01, R01, S05 

Introduction 

Physical and mechanical properties of austenitic steels are changed essentially 
under cryogenic neutron irradiation even at rather small damage doses (-4).01 dpa). 
The yield strength increases considerably, plasticity is twice reduced, electric 
resistance increases by ~5 %, and Young's modulus similarly decreases [1]. These 
changes are connected with radiation defect formation, the main type of  which are 
low-temperature radiation clusters. 
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The knowledge of characteristics of the defects is important not only for description of 
their formation, evolution and kinetics of accumulation, but also for the purpose of 
predicting physical and mechanical property changes. 

This paper presents examination results of low-temperature radiation clusters 
formed in the 16Cr-15Ni-3Mo-1Ti austenitic steel at room temperature after its 
irradiation in the IVV-2M reactor up to fast neutron fluences 1.5" 10 TM cm "2 and 
1.5" 1019 cm-2 (E > 0.1MeV) at 77 K. 

Experimental Results 

Experimental examinations were performed by transmission electron microscopy 
methods on JEM-2000 EX. Samples were studied at room temperature. Low- 
temperature radiation clusters (LTRCA) were observed after warming up to the 
temperature (annealing up to room temperature). The main feature of low-temperature 
radiation clusters (LTRC) is lower a vacancy concentration, hence lower contrast in 
comparison with radiation clusters formed at room temperature and higher [1]. In 
order to observe such objects the two-beam diffraction mode was used [2]. LTRCA 
were objects of "black-and-white" contrast having round- or oval-shaped form 
(Figurel) and with a direction determined by the g vector joining bright diffraction 
peaks on an electron diffraction pattern. 

Figure 1 - A View o fLow-Temperature Radiation Clusters in 16Crl 6-15Ni-3Mo-177 
Steel Irradiated up to O. 016 dpa at 77 K in the IVV-2M Reactor 
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LTRCA identified on electron-microscopy photos were measured and the 
histograms of  LTRCA size distribution were plotted. A histogram was plotted using 
~750 measured objects of  a tested sample irradiated up to a fast neutron fluence 1.5 �9 
1018 n .  cm -2 (E > 0.1 MeV) (or 0.0016 dpa). The size distribution of  a sample 

irradiated up to a fast neutron fluence 1.5 �9 1019 n "  c m  - 2  (0.016 dpa) was determined 
by measuring ~430 objects. 

A view of  the histogram obtained on the sample with lower fluence is shown in 
Figure 2. 

Figure 2 -His togram o f  LTRC Distribution on Sizes in 16Crl 6-15Ni-3Mo-l Ti Steel 
Irradiated up to 0.0016 dpa at 77 K in the 1VV-2M Reactor (a - One Modal 

Description, b - Decomposition on Two One-Modal Distributions) 
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This picture presents both density f(x) of  a Gaussian LTRCA size distribution and 
also distribution parameters obtained by optimization methods. 

A 2 (x  - xc) z , 
f ( x )  - w.  f f ~ / 2 "  exp(, w 2 ) (1) 

where 

xc = distribution center 
w = dispersion 
A = a normalization factor (an area under the curve on the diagram of  a density 

distribution) 
Ch r = criterion 2 d, characterizing a quality of  a description of  experimental data with 

the help of  a distribution found out [3]. 

A normal distribution describes the measurement data satisfactory with a 
distribution center of  ~4.7 nm. The value of  corresponds to probability ~15 % that the 
theory does not conflict with the experiment. According to Reference [3] it means that 
such hypothesis is acceptable. One can see a little asymmetry of  the histogram. An 
attempt to describe the histogram as a sum of  two one-modal Ganssian distributions. 
The value Z 2 = 16.3 corresponds to probability more than 30 % [3], (Figure 2b). It 
speaks that LTRCA are probably objects exhibiting two different distributions in this 
sample: near 93 % of  LTRC have average size ~4.6 um and 7 % have average size 
~5.8 nm. 
Figure 3 shows results from examination of  a sample irradiated up to 0.016 dpa at 
77 K. One can see that the histogram is not symmetrical concerning an axis transited 
through a maximum and therefore it is not described by one-modal distribution. 

Figure 3 -His togram of  L TRC Distribution on Sizes in 16Cr l 6-15Ni-3Mo-l Ti Steel 
Irradiated up to O. O16 dpa at 77 K in the IW-2M Reactor 
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A harmonic analyses allows the observed distribution to be represented as a sum 
of three one-modal Ganssian distributions with close characteristics of  a half-width 
and different distribution centers. Three types of  LTRCA are presented in the sample 
according to characteristics obtained: 53 % - with average size ~4.4 nm, 35 % - 
-5.6 rim, 12 % - -6.9 nm. 

A Model of Cascade Area Overlaps 

In order to analyze the formation and evolution of  LTRC the model described in 
Reference [4] was used, according to which a low-temperature radiation cluster 
forming in austenitic steel under cryogenic irradiation is an area enriched by point 
defects having the following structure. An internal part (nucleus) consists of  an excess 
amount of vacancies (~6 %). Then there is a layer with thickness ~2b (b - lattice 
period) containing approximately an equal amount of  vacancies and interstitials which 
did not recombine at 77 K due to their poor mobility (low layer of  cluster 
"atmosphere"). The outside layer is enriched with interstitials (~1%) which had time 
to migrate into this area during thermal peak. The whole height of  the cluster 
"atmosphere" is equal to a nucleus radius. 

During LTRC formation by subsequent cascade, the new cluster may be 
superposed on an already existing LTRC. Various possibilities for their relative 
spacing can occur. We can distinguish two significantly different types of  spacing of  
LTRC interacting among themselves, as shown in Figure 4. 

The first type of  spacing is as follows, atmospheres containing only superposed 
interstitials, Figure 4a. In this case LTRC were subjected to no significant changes. 
The interstitial concentration is doubled in the area of  atmosphere, and vacancy 
concentration is decreased in the area of superposition of  a nucleus with atmosphere. 
These LTRC maintain their individuality and become vacancy clusters after annealing 
up to room temperature. This case occurs when the distance between LTRC is larger 
than the diameter of  a cluster nucleus. 

The second type of  spacing, - nuclei of  LTRC are superposed against each other, 
figure 4b. In this case a process of  transformation takes place in one area and point 
defects of  one sign (in particular vacancies) interact among themselves in others. Thus 
oval- or dumb-bells-shaped LTRC are formed, their shape depends on the distance 
between LTRC centers. Such type of  spacing we shall term "overlapping". Arrival of  
a new cascade area is not accompanied with formation of  a new LTRC, only an 
existing LTRC (further LTRC-1) is transformed into LTRC of  other type (further we 
shall term as "double low-temperature cluster" - LTRC-2). 

Let's express an average size of  LTRC-2 using the size characteristics ofLTRC-1. 
For this purpose we take into account that probability of formation of  a double cluster 
with the distance r between nucleus centers is proportional to r 2. Probability density of  
LTRC-2 formation with the distance r between nucleus centers, using normalization 
requirements, is equalj(r) = 3r2/(8 rn13), where rn! = all average radius of  LTRC-1. 
From here follows that the average distance between nuclei in LTRC-2 is equal: 
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2r, j 

r,2 = 3/(8.r,~ 3) ~r3dr =l.5.r,] (2) 
0 

Hence an average LTRC -2  has a form close to oval-shaped one, fig. 5a, with a 
relation of  the longitudinal and cross sizes 5.5 : 4, and sizes of  its elongated nucleus as 
3.5 : 2 respectively. 

Figure 4 - Schematic View of Low-Temperature Radiation Clusters (LTRC) Produced 
under Various Type of  Cascade Area Superposition (a - LTRC-1 Maintaining 
Individuality, b - "Overlapping" of  LTRC Takes Place, Resulted in LTRC-2 

Formation) 
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It is convenient to use an approximation of  average spherical clusters for 
describing a series of  processes of  LTRC-2 isotropic spacing, in particular their 
interaction with dislocations. Thus the sizes of  an equivalent spherical LTRC-2 are 
obtained under condition when itboth occupies the same volume and contains the 
same amount of  vacancies in the nuclei and in the low layer of  cluster atmosphere as 
an oval-shaped cluster, Figure 5b. From geometrical relationships it is possible to 
calculate volumes of  overlapping areas and a number of  point defects transforming in 
clusters nucleuses and clusters atmosphere during formation of  oval-shaped LTRC-2. 
Omitting simple but unwieldy evaluations, for example, we present the equations to 
calculate a volume of  overlapping of  nuclei between themselves - v.. and a volume of  
overlapping of  nuclei with clusters atmosphere - v.a 

Figure 5 - Schematic View of Average LTRC-2 (a - a View of Average LTRC-2, 
b - Equivalent L TRC-2) 
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Vnn = rnl3-(8/3 across (3/4) - 7n/32) (3) 

v,o = 2.(V~ +V z +1,'3) (4) 
where V1, V2, V3 are evaluated from the equations 

V~ = 2 / 3. er.((~/(r.1 +2b) 2 - r ]  3 - 4 r , ~ l - r  2 ' )  + ((2r.1) 3 - ( r . ,  + 2b)3)) (5) 

_ 3 

< = 2 / 3  zc-((~(~4rnl2-r~l 3 ~14r.~-r~22 +(~/rnl--r2d)3--(~rnl=--rc22)3+9]4.rnl (rd2--rc22)) (6) 

V 3 = 4. *r / 3. (\/;nl 2 -- rc22) 3 (7) 
/ - 

rcl = ~ti 7 /16"rn12 + 2"rnl "b + 9 / 2"b 2 - l v " b 2  + 2"rn19 .rnl 2 "b)'b2 (8) 

d5 
rc2 = 4 "rnl (9) 

It is possible to calculate size characteristics of  LTRC-2 using these and obtained 
similar equations for evaluation of overlapping atmospheres based on characteristics 
of  unary clusters. 

For concentration N1 (LTRC-1) and concentration Ne (LTRC-2) we can write 
down the following system of  differential equations neglecting threefold overlapping. 

d Nl  = ( l -  N l . v ) . n  dt - N l . v . n  dt  
(10) 

d N2 = Nl 'O.n  dt 
where 

n = a number of  subcascades formed per second (n = 2-@/t) 
r = neutron fluence 
2 = a number of  subcascades formed under irradiation by single fluence, in our case it 

is equal to I5.8 s/(m. neutron) 
v = 4/3 ,nr  3 = 32/3.xr,13 - an area in which a generation of the primary knock-on 

atom resulted in a formation of  LTRC-2. 
The solution of  the system are the following equations 

N1 = 1/(20).(1-  exp(-2o.2.cP)) (11) 

N2 = X . ~ / 2  + 1/(4v) . (  exp(-2 v.2,~) - 1) (12) 

The equations can be used as for evaluation of relation between of LTRC-1 and 
LTRC-2 at different irradiation stages. 

Theoretical Analyses 

Using the presented above simulations we analyze experimental LTRCA size 
distributions. Various one-modal distributions describe single, double and threefold 
LTRC after their warming up. As it is shown in Reference [4], there is a 
transformation of  a part of  point defects under wanning up and thus a vacancy cluster 
remains (LTRCA) which radius makes -87  % from a radius of  a nucleus of  LTRC 
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702 EFFECTS OF RADIATION ON MATERIALS 

(before warming up). If we take as a diameter of single low-temperature radiation 
cluster after wanning up (LTRCA-1) the value equal 4.5 nm (an average value among 
LTRCA-1 distribution characteristics on sizes in both samples), we can calculate both 
sizes of unary and double LTRC before annealing and a size of LTRCA-2 using the 
equations stated above. Diameters of LTRCA-1 and LTRCA-2 are exhibited in 
Table 1. 

Table 1 - Sizes and Relative Amount of  Low-Temperature Radiation Clusters in 
Samples Irradiated up to O. 0016 dpa and O. 016 dpa at 77 K after their Annealing to 

Room Temperature 

Characteristics Type of Damage LTRCA- 1 LTRCA-2 
definition dose, dpa 

Average Test 4.6 5.8 

size, nm Model 0.0016 4.5 5.5 

A part of the total Test 0.93 0.07 

amount of LTRCA Model 0.93 0.07 

LTRCA-3 

Average Test 4.4 5.6 

size, nm Model 0.016 4.5 5.5 

A part of the total Test 0.53 0.35 

amount of LTRCA Model 0.51 0.49 

6.9 

0.12 

Using the obtained earlier values of vacancies (370) in the nuclei and (100) in the 
low atmosphere respectively for LTRC-1 [4] we can calculate an amount of point 
defects in various areas of LTRC-2. Size characteristics and concentration of point. 
defects in reference areas of LTRC-1 and LTRC-2 are shown in Table 2. 

Table 2 - Calculated Characteristics of  LTRC Formed in Austenitic Steels under 
Cryogenic Neutron Irradiation 

LTRC type Area Size, nm nv n, cv, % c,, % 

LTRC-1 Nucleus (diameter) 5.2 370 0 6.2 

Lower atmosphere (height) 0.7 100 100 1.3 1.3 

Whole atmosphere (height) 2.6 470 1.1 

LTRCA-1 (diameter) 4.5 250 6.4 

LTRC-2 Nucleus (diameter) 6.2 670 0 6.7 

Lower atmosphere (height) 0.8 100 100 1.1 1.1 

Whole atmosphere (height) 3.1 770 1.1 

LTRCA-2 (diameter) 5.5 500 7.1 
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As shown in Reference [5], ~ 10 % of generated point defects under irradiation 
are disappeared during aging at 77 K of samples irradiated by neutrons at 4 K. It 
permits the amount of point defects contained in radiation clusters at 77 K to be obtain 
using damage dose calculated. A relative amount of LTRC-1 and LTRC-2 after 
irradiation up to 0.016 dpa and 0.0016 dpa were calculated using their data, the values 
from the Table 2 and the equations 11 and 12. One can see that they are in a good 
agreement with experimental data (Table 1). 

Conclusions 

Using microstructure results of the 16Cr-15Ni-3Mo-lTi steel obtained by 
transmission electron microscopy methods after their irradiation in the BN-600 at 
77 K and warming up at room temperature based on analyses performed with the help 
of presented simulation of overlapping of cascade areas it was obtained the following: 
�9 Sizes of low-temperature radiation clusters formed under cryogenic neutron 

irradiation are measured at room temperature 
�9 Histograms of LTRC size distributions are plotted for the samples irradiated up 

to 0.0016 dpa and 0.016 dpa and parameters of their distributions are obtained 
�9 LTRC of various types are revealed with close distribution dispersion and 

different average sizes in the sample irradiated up to 0.016 dpa 
�9 A model taking into account overlapping of cascade areas was simulated in 

which both a formation of single and double low-temperature radiation clusters and 
a connection of their geometrical sizes with accumulation kinetics were described 

�9 Characteristics of LTRC are obtained at 77 K using the model. They are in a 
good agreement with the experimental data. 

References 

[1] Kozlov, A.V.and Kirsanov, V.V., Jr., "Radiation Defect Formation and Evolution 
in C0.03Cr20Nil 6Mn6 Steel under Low-Temperature Neutron Irradiation and 
their Effect on Physical and Mechanical Properties of the Steel," J. Nucl. 
Mater., Vols. 233-237, 1996, pp. 1062- 1066. 

[2] Goshchitskii, B.N., Sagaradze, V.V., Arbuzov, V.L. and et al., Jr., Nucl. Mater., 
Vols. 258-263,1998, pp. 1681- 1686. 

[3] Schenck, H., "Theories of Engineering Experimentation", Peace, Moscow, 1972, 
pp. 242-253. 

[4] Kozlov, A.V., Jr., Metals Physics and Material Science, Vol. 81, 1996, pp. 97-106. 
(in Russian) 

[5] Dimitrov, C., Tenti, M., Dimitrov, O., "Resistivity Recovery in Austenitic Fe-Cr- 
Ni Alloys Neutron Irradiated at 23 K", J., Phis. F: Met. Phys.ll,  1981, 
pp. 753-765 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Wolfgang Schfile 1 

On the ct-vye+~-Phase Boundary in Nickel and in Manganese Containing Stainless 
Steel Alloys 

Reference: Schiile, W., "On the c~+7e-~3,-Phase Boundary in Nickel and in Manganese 
Containing Stainless Steel Alloys" Effects of  Radiation on Materials: 2~Y h International 
Symposium, ASTM STP 1405, S. T. Rosinski, M. L. Grossbeck, T. R. Allen, and A. S. Kumar, Eds., 
American Society for Testing and Materials, West Conshohocken, PA, 2001. 

Abstract: The ot-ferrite-phase in nickel and in manganese containing stainless steel 
alloys is very brittle. Its formation is connected with a huge decrease in volume, which 
also causes stresses in the alloys that are very dangerous if the materials cannot 
accommodate them. The cz-ferrite-phase is formed in stainless steel alloys only if 
nucleation sites are provided, a'-martensites are nucleation sites for the formation of 
~-ferrite, even at temperatures at which r is not stable. If cd-martensite is 
dissolved during an anneal, no new ot-ferrite is formed, and the remaining cx-ferrite 
transforms back into ~-austenite. 

In "pure" nickel or in "pure" manganese containing stainless steel alloys the 
martensitic temperature is above 100~ and thus ct'-martensite is always present at 
ambient temperature in these materials, giving rise to the formation of <x-ferrite during 
a subsequent anneal. It was established in the present work that the ~4->7+~-phase 
boundary in iron-chromium-nickel alloys is also almost independent of the temperature 
as in iron-chromium-manganese alloys. Thus the existing phase diagram for nickel 
containing stainless steels has to be revised. The various elements added to "pure" 
stainless steel alloys, as we find them in EUR-316L, US-316L, US-PCA, and in 
AMCR, cause a drastic decrease of the martensitic temperature so that neither a'- 
martensite nor cz-ferrite is found in these alloys. 

However, in all these four alloys ot-ferrite is formed readily during irradiation with 
high energy particles and a tentative ~<-->~,+r boundary, valid during irradiation 
with high energy particles, is derived. The amount of ot-ferrite formed during 
irradiation increases with decreasing irradiation temperature and with decreasing 
applied stress. The alloys EUR-316L, US-316L, US-PCA, and AMCR do not survive 
one reactor cycle, if irradiated at 100~ 

Keywords: Phase diagram, nickel and manganese containing stainless steels, 
nucleation, cx-ferrite, cz'-martensite, dislocations, volume change, brittleness 
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SCHOLE ON STAINLESS STEEL ALLOYS 705 

Introduction 

Many different phases in iron-chromium-nickel alloys of the 316-type and in iron- 
chromium-manganese alloys of the AMCR-typo were identified during the last century 
(see e.g. references 1-5). Interest in the constitution of stainless steel alloys increased 
during the last forty years, when it was found that stainless steel materials can be very 
resistant against irradiation with high energy particles [2-6]. The phases and 
compounds which are found in e.g. 316-type stainless steel alloys are ,/-aastenite, r 
ferrite, C-martensite, and Laves-, ~,'-, y"-, ~-, 13-, 6-, ~-, ~-, G-, and R-phase, and 
compounds such as carbides, nitrides, and sulphides. Most of these phases and 
compounds are dissolved during a solution anneal at 1100~ but they are formed 
again during cooling or annealing after a solution anneal. The formation of all these 
phases is connected with volume changes, and for this reason it is better to use well 
aged stainless steel alloys and not materials in the solution annealed state. 

The compositions of all the phases mentioned above change during irradiation with 
high energy particles. Usually the nickel content is increased in all the phases, because 
nickel is the smallest atom in comparison to iron and chromium in the stainless steel 
alloys and thus it diffuses faster than the other two component elements [7]. Many 
different new phases, namely radiation-induced phases, e.g. Ni3Si-phases, are formed 
during irradiation with high-energy particles by radiation-enhanced diffusion, if the 
stainless steel alloys contain undersized atoms, e.g. silicon. 

It is very important to be aware that the mobilities of the atoms in stainless steel 
alloys are very similar to those found in pure nickel [7]. Also the radiation-enhanced 
diffusion coefficients in the stainless steel alloys are very similar to those found in pure 
nickel. The formation of many phases in stainless steel alloys requires nucleation and 
thus all these phases are often formed in a very sluggish way. However, the dissolution 
of phases formed during irradiation in stainless steel alloys is as fast as the dissolution 
of agglomerates of interstitials in pure nickel. 

The recovery of work-hardening is also very sluggish in stainless steel alloys, 
because the many compounds in stainless steel alloys act as obstacles to the 
annihilation of dislocations. 

The mechanical properties of stainless steel alloys seemed to be improved by 
adding titanium. However, the increase in volume due to the formation of titanium 
carbide during service at e.g. T = 200~ is so large that the matrix of the stainless steel 
alloys can not accommodate the volume change and fracture occurs without extra 
applied stresses [2-4]. 

The formation of a-ferrite is connected with a decrease in volume, which is so 
large that the formation of this phase causes changes in the dirtlensions and in the 
shape of the stainless steel specimens. In addition, ct-ferrite itself is very brittle so that 
specimens containing very small amounts of this phase break [10, 11]. 

The formation of a-ferrite during irradiation with high energy particles in nickel 
and in manganese-containing stainless steel alloys has been observed by investigations 
of irradiation creep [9-12] and by means of electron microscopy [13-16]. For studies 
on the constitution of nickel and of manganese containing stainless steel materials 
more than fifty different types of stainless steel materials were investigated using 
electrical resistivity techniques, magnetic response, stored energy, X-ray techniques, 
electron microscopy, and light microscopy. The following main phases were 
identified: y-austenite, a-ferrite, ot'-martensite, e-martensite, e,d~f-martensite, 
dislocations, and ot-Mn-phase [4-6, 9-11]. 

A recent analysis of these data revealed that no a-ferrite is formed during annealing 
of solution-annealed or cold-worked 316L-type steels, e.g. in the European reference 
steels EUR-316L, and in US-316L or US-PCA steels. This finding is in contrast to 
results reported in the literature for "pure" iron-chromium-nickel alloys [1], according 
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to which cz-ferrite should be formed in a wide composition range in 316 stainless 
steels. However, ct-ferrite is formed during annealing in solution-annealed or cold- 
worked pure 316-type steel, which contains only iron, chromium and nickel (or 
manganese). It is further known that ct-ferrite is also formed in the above mentioned 
316L-type steels during an anneal after cold-work at very low temperatures [17]. 

All these findings suggest, that nucleation sites are necessary for the formation of 
ct-ferrite in stainless steel alloys. We will show in the following that at least ct'- 
martensite must be present in stainless steel alloys so that tx-ferrite can be formed. 

The constitutions of the nickel and of the manganese containing stainless steel 
alloys are very different. The main handicap in using manganese-containing stainless 
steel alloys is e.g. the very narrow y-phase field, which is limited by the ct-Mn-phase. 
This phase is very brittle when it contains chromium. However, the phases formed in 
the vicinity of the compositions corresponding to that of the 316-type and the AMCR- 
type alloys are in some respects very similar, especially with respect to the formation 
of a-ferrite. 

Experiments 
Materials 

The materials investigated in the present work were obtained from Creusot-Loire, 
France, from Vakuum Schmelze Hanau, Germany, and from the Metals and Ceramics 
Division of the Oak Ridge National Laboratory, USA. In the context of the present 
work about fifty alloys were extensively investigated but only the results obtained on 
seven alloys, the compositions of which are listed in Table 1, are discussed in the 
present work. 

The stainless steel materials were obtained in the solution-annealed state in plates 
having a cross section of about 15 cm x 3 cm and a length of about 300 cm or in rods 
having a diameter of about 2.5 cm. Small pieces were cut from these plates and cold- 
worked to foils having a thickness of about 0.2 mm with many intermediate annealings 
at high temperatures. The detailed treatments of the materials prior to the investigation 
including the final degree of cold-work are mentioned in the text. 

The annealing treatments of the materials were performed in an argon atmosphere 
containing 5% or 10% hydrogen and under vacuum (<10 -4 torr). The evaporation of 
manganese in some of the investigated materials was noticed on annealing at 
temperatures higher than 800~ under vacuum (<10-4 torr). 

Electrical Resisttvity Measurements 
The measurements of the electrical resistivity were carried out in two different 

modes [4, 51: 
1. By continuous measurements during a very slow heating and cooling (l~ - 

~) between room temperature and 1000~ in either pure argon or in argon and 5% Hz. 
2. By measurements at a constant measuring temperature o f -196~  (liquid 

nitrogen), after isochronal (30 min) annealing stages with stepwise (50~ increasing 
and decreasing temperatures followed by rapid cooling. These annealing treatments 
were carried out in either dynamic vacuum or in an argon +5% H2 atmosphere. 

The Matthiessen rule does not hold for the electrical resistivity of  stainless steel 
alloys. This means that the residual electrical resistivity of stainless steel alloys is 
dependent on the temperature, that is, it decreases with increasing temperature in 
contrast to the temperature dependent electrical resistivity. Because of the opposite 
temperature dependencies of the two resistivity contributions (pros and f~h) the resulting 
temperature coefficient ct is relatively small compared to that of pure metals and is 
itself temperature dependent. 
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Table 1 -The composttton in wt. % of  stainless steel alloys mvesttgated m the present work is 
listed The balance ts iron. 

Alloy C Cr Mn Ni Mo 

[w [w [we/~ lwt IN 
e~] e/o] l %1 %] ell 

AMCR 0 10 17.5 <0. <0 

AMCR 0 14 19 8 

EUR- 0. 17 1 81 12 2 3 

81/5283 0 11 6 85 

81/5282 0 16 12 

US-316 0 16 2 0  10- 2.3 

US- 0 13 1.5- 15- 

W $1 Tn 

[w l~t% [~t% 
] ] %] 

055 

063 

045 

13 
0.2- 02- 

v 
Ira 

<0. 

There is a further peculiarity in that the electrical resistivity in stainless steel alloys 
varies from alloy to alloy. The electrical resistivity of  an annealed and of  a cold- 
worked AMCR 0035 specimen (Table 1), is plotted versus the measuring temperature 
in Fig. 1. The electrical resistivity of  a cold worked specimen of  AMCR 0035 is 
smaller than that o f  an annealed specimen, if  the measuring temperature is below about 
-100~ However, the electrical resistance of  a deformed specimen is larger than that 
of  an annealed specimen, if it is measured above about -100~ 
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Fig. 1-- The electrical reslstrvity is plotted versus the measuring temperature for  a 
specimen first annealed at I O00~ in an argon atmosphere containing 10% hydrogen 
and then 41% coM worked (after reJerences 4 and 5). 
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The electrical resistance of  an annealed and of  a cold worked specimen of alloy 
81/5283 is plotted versus the temperature in Fig. 2. The resistivity of  a cold worked 
specimen is always larger than that of  an annealed specimen in the temperature range 
between -200 and + 100~ However, the two curves extrapolated to high temperatures 
cross at about 440~ This means that the resistivity of  an annealed sample is larger 
than that of  a cold worked specimen for temperatures higher than about 440~ 

This means that the formation of  a-ferrite m alloy 81/5283 causes a decrease of  the 
electrical resistivity, if measured below about 440~ and the dsssolution of  this phase 
also causes a decrease, if measured above 440~ 

The electrical resistivity is often very sensitive to any microstructural change 
occurring during or after a thermo-mechanical treatment. However, the electrical 
resistivity is a non-specific property for microstructural variations. Therefore, almost 
all the microstructural variations observed in the present work were determined by 
means of  X-ray diffraction spectroscopy (XRD) In addition highly sensitive 
calorimetric and magnetic response measurements were performed In the present 
work only resistivity data are reported and reference is made to results of  
investigations obtained by other means [4, 5]. 
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Fig  2 -- The electrtcal reststcmce of  a coM worked and of  an annealed spectmen :s plotted versus the 
measuring temperature. The ~pectmen was 18% coM worked prtor to anneahng and was annealed In an 
argon atmosphere containing 5% hydrogen. After references [4] and [5]. 
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R e s u l t s  

In the following we will show results of investigations on the identification of 
various phases, which were obtained in seven characteristic alloys and which were 
observed in more than fifty stainless steel alloys of various compositions and additions 
by means of light and transmission electron microscopy, and by X-ray diffraction 
spectroscopy, are discussed. In addition, results of highly sensitive calorimetric and 
magnetic response measurements are included. However, the formation and dissolution 
of the various phases formed during various thermo-mechanical treatmeants of mainly 
two types of stainless steel alloys, namely of 316- and AMCR-type materials by means 
of electrical resistivity techniques, are presented in the present work. The variation of 
the elongation during irradiation with high energy particles is obtained as a function of 
the apphed stress and the irradiation temperature. 

On the Formatton o f  a-Ferrtte m Alloy 81/5283 
The change of the electrical resistance and the derivative of this quantity with 

respect to the temperature is plotted for increasing and decreasing temperature in Fig. 
3 The variation of the electrical resistance with temperature can be better noticed 
from the variation of the derivative of the electrical resistance with respect to the 
temperature, which is a quantity proportional the temperature coefficient of the 
electrical resistivity. 

The sample was about 20% cold worked prior to anneahng It is seen that the 
electrical resistance decreases with increasing temperature first m two stages at about 
300 and 450~ and decreases again in two stages at 550 and 650~ (Fig. 3). On 
cooling the electrical resistance decreases steadily from lO00~ to about 150~ and 
increases below this temperature, 
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b)g. 3 -- ]'he electrical reststtvtty and the temperature coeffwlent o f  a prevtously 20% 
cold worked .spectmen o f  alloy 81'5283 ts plotted for  mcreasmg and decreasing 
temperature (first run). The anneals were perfi~rmed tn argon with 5% argon. After 
references 4-6. 
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The analysis of the microstructure of alloy 81/5283 revealed that the specimen 
contained only (or mainly) a'-martensite after a 20% cold work. (x-ferrite and y- 
austenite is formed during subsequent heating between 300 and 450~ During further 
heating ~-ferrite and the remaming a'-martensite transforms into y-austenite 2 between 
550 and 650~ Dislocations introduced by 20% cold work prior to annealing are 
recovered between 550 and 650~ too. 

The microstructure formed during the first heating between 300 and 450~ 
decreases the electrical resistivity and the dissolution of the microstructure, which was 
formed between 300 and 450~ and which is dissolved in the temperature range 
between 550 and 650~ also decreases the electrical resistivity. Thus, the formation of 
a certain microstructure causes a decrease of the electrical resistivity, when measured 
at low temperatures, between 300 and 450~ and the dissolution of this microstructure 
causes a decrease of the electrical resistivity, also when measured at high temperatures, 
between 550 and 650~ (Figs. 1 and 2). 

During cooling no microstructural change is found between 1000 and 150~ on 
measuring the electrical resistivity (Fig. 3). This means that no a-ferrite is formed 
below 650~ However, a huge increase of  the electrical resistivity is found during 
cooling below 150~ due to the formation of a martensitic phase (Fig 3), which has 
been identified as a'-martensite [4-6]. The mobility of the component atoms in 
stainless steel alloys below 150~ is much too small so that no phases are formed by 
diffusion at or below 150~ [7]. 
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Fig. 4 -- The electrtcal reszsttvtty and the temperature coeffictent o f  an annealed 
,specimen of  alloy 815283 ts plotted jor mcreaslng and decreasing temperature 
(second run) The anneals were performed in argon wah 5% hydrogen. 

2 The content of e.g. nickel in the y-austenite depends on the annealing temperature 
and on annealing time. 
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This means that et-ferrite, which is formed during the first annealing between 300 
and 450~ (Fig. 3) is not in thermodynamic equilibrium at these temperatures in alloy 
81/5283 nor is the temperature range between 550 and 600~ the temperature of its 
dissolution. If  ~-ferrite would be stable between e.g 300 and 600~ then it would be 
formed during a slow cooling from 1000~ which can be excluded (Figs. 3 and 4). 

The analysis of the microstructure of the slowly cooled specimen revealed that it 
consists at ambient temperature mainly of ct'-martensite. The specimen, which was 
slowly cooled and cold worked prior to the first annealing, contained mainly ~ ' -  
martensite and in addition a high concentration of dislocations. This means that the 
specimen 20% cold-worked prior to annealing and after the first run treatment 
contained mainly or only ct'-martensite. 

The variation of the electrical resistivity of the previously slowly cooled specnnen 
(Fig. 3) during a second run with increasing and decreasing temperature is plotted in 
Fig. 4. This variation is almost identical with that shown in Fig. 3. Thus the 
interpretation of the curves in Fig. 4, which concerns the formation and dissolution of 
phases during heating and cooling, is identical wtth that given previously. 

In summary, ~-ferrite and ~/-austenite is formed between 300 and 450~ in a 
specimen, which consists only of ct'-martensite. The remaining ed-martensite, ct-ferrite, 
and ~/-austenite transforms into 7-austenite 2 between 550 and 650~ (Figs. 3 and 4). 
Above 650~ the specimen consists of only ~,-austenite. This phase is maintained 
during cooling till about 150~ At ambient temperature almost all the ~,-austenite is 
again transformed into c(-martensite as derived from X-ray diffraction and from 
measurements of the magnetic response and the stored energy [4-6]. 

Again ct-ferrite is not formed during cooling from 1000~ The specimen consists 
after the first and after the second run only of ~t'-martensite. We conclude that i) the 
martensitic transition temperature is Ms = 150~ for alloy 81/5283, that ii) ct'- 
martensite acts as nucleation site for the formation of a-ferrite, and that - most 
important - lil) the ct-ferrite-phase is thermodynamically unstable in alloy 81/5283 in 
the entire investigated temperature range, e.g. between 1000 and ca 200~ This means 
that cd-martensite acts as nucleation site for the formation of a-ferrite. Apparently ct- 
ferrite is formed in alloy 81/5283 only when ct'-martensite is present even if ct-ferrite is 
thermodynamically unstable at the temperature at which it is formed. In the progress of 
this work we will show that dislocations alone are very likely not able to act as 
nucleation sites for the formation of r 

The variation of the electrical resistivity after 20% cold work of alloy 81/5283, 
which has been prepared in the same way as the specimen used previously (Fig. 3) is 
plotted versus the annealing temperature in Fig. 5 The explanation of the variation of 
the electrical resistivity is again supported by the results obtained by means of 
investigations using X-ray spectroscopy, by measurements of the stored energy, and 
the magnetic response, and by the conclusions, which were obtained from the 
investigations by means of electrical resistivity techniques, and which are shown in 
Figs. 3 and 4. 

One has to be aware that the electrical reslstWlty is in this experiment (Fig. 5), after 
each heat treatment, always measured in liquid nitrogen, 1.e. at -196", that the 
martensitic temperature of this alloy is ca Ms = 150~ Consequently, some or most of 
the ~-austenite, which is formed during annealing, is transformed in a'-martensite 
during the measurement of the electrical resistiwty in liquid nitrogen, et-ferrite, which 
is formed during annealing, remains a-ferrite during the measurement of the electrical 
resistivity in liquid mtrogen 
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Fig. 5 -- The change of  the electrical reststtvlty o f  20% cold worked specimen of  alloy 
18/5283 is plotted for mcreaslng and decreasing temperature. The measurements of  
the electrtcal reststtvlty were performed m hquid mtrogen (at 196~ The ~pecimen 
was annealed for thirty minutes at each mdtcated temperature m argon wtth 5% 
hydrogen. 

The specimen consisted prior to the beginning of annealing mainly of ct'-martensite 
and dislocations, which were introduced by plastic deformation prior to annealing. The 
electrical resistivity decreases between about 400 and 600~ due to the formation of y- 
austenite and ct-femte from ct'-martensite (Fig. 5). Then with further increasing 
temperature the electrical resistivity increases due to the transformation of a-ferrite 
and y-austenite, which are formed during heating to the annealing temperature 
indicated in the figure, and ct'-martensite into ),-austenite. On cooling the electrical 
resistivity decreases somewhat between 1000 and 650~ and drops rapidly between 
650 and 600~ More and more Gt-ferrite is formed in the temperature region between 
ca 650 and 600~ and the sample consists below 600~ mainly of ct-ferrite, the 
content of which is only slightly increasing with further decreasing temperature 3. 

In summary the specimen, which is cooled slowly from 1000~ to ambient 
temperature, consists of mainly a'-martensite (Figs. 3 and 4), and the specimen, which 
is after each annealing step immersed in liquid nitrogen for the measurement of the 

At first, we assumed erroneously that the ~,~->?+t~-phase boundary would be at 
650~ or slightly below this temperature [4-6], and that below this temperature ct- 
ferrite would precipitate from y-austenite, 
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electrical resistivity, consists of mainly a-ferrite after the end of the annealing 
treatment (Fig 5) We concluded from the results obtained after a slow cooling (Figs. 
3 and 4) that ct-ferrite is only formed in the presence of et'-martensite acting as 
nucleation site for the formation of ct-ferrlte. The vahdity of this explanation is readily 
confirmed by the results obtained from the following experiment. 

A 20% cold worked specimen, which consists of a'-martensite and dislocations 
was annealed at Ta = 356~ for several months and the electrical resistivity was 
continuously measured as a function of the annealing time always at Ta = 356~ A 
huge decrease of the electrical resistivity was obtained during the first day of annealing 
and the specimen consisted of ct'-martensite, ct-ferrite, and y-austenite, and contained 
still many dislocations. This means that the same phases are formed during annealing 
of one day as during annealing with increasing temperature (Figs. 3 and 4). 

After an annealing time of two months always at the same temperature of T, = 
356~ the electrical resistivity of the same specimen increased and the specimen 
consisted finally of only y-austenite. This means that ct'-martensite and ct-ferrite were 
dissolved, and also the dislocations introduced by cold work prior to annealing were 
annihilated. 
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chrommm-mckel phase diagrams are shown for  a chromtum content o f  about 12%. 
The dashed curve ts the 7~--)7 ~ aphase  boundary whtch ts vahd during lrradtatton with 
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This result implies that during the first day of the anneal, when cd-martensite was 
present, a-ferrite and y-austenite was formed in the specimens. During the following 
months a kind of quasi-dynamic phase equilibrium among the various phases was 
established; more and more cd-martensite became dissolved and less a-ferrite was 
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fon~aed. Finally, after an annealing time of two months all the ct'-martensite and Gt- 
ferrite were transformed into )'-austenite. This means that y-austenite is the only stable 
phase in alloy 81/5283, i.e. in pure stainless steel alloys at 356~ 

Therefore the ye-),y-a-phase boundary shown in Fig. 6 is almost independent of the 
temperature, in agreement with the ~,<--~y-ct-phase boundary known for "pure" stainless 
steel alloys consisting of iron, chromium and manganese [1]. However, to establish the 
precise position of the ~/4-~-ct-phase boundary, many more alloys with composition in 
the vicinity of those discussed in the present work must be investigated. 

The mobilities of the main component atoms in stainless steel alloys are so large at 
200~ [7] that ct-ferrite would have been formed at 200~ if this phase is stable at this 
temperature. 

The ~{~,+~-Mn phase boundary is not shown in Fig. 6, because a similar phase 
boundary does not exist in the iron-chromium-nickel phase diagram. The ),-phase field 
is very narrow in the iron-chromium-manganese alloys, depending on the chromium 
content. For iron-chromium-manganese alloys containing about 14% Cr the ~,<---xy+a- 
Mn phase boundary lies at about 20% Mn (Fig. 6). 

On the Formatton of  a-Ferrtte m Alloy 81/5282 and Alloy EUR-316L 
Alloy 81/5282 consists mainly of the main component atoms of stainless steel 

alloys, namely of iron, chromium, and nickel, and its only addition is carbon, the 
content of which is very similar to the content of carbon of the European reference 
steel EUR-316L (Table 1). The composition of the European reference steel EUR- 
316L is very similar to the American steels US-316 and US-PCA (Table 1). Both US- 
steels have a slightly higher carbon content than the European reference steel EUR- 
316L and the US-PCA steel contains in addition about 0.3%Ti. In the following we 
will discuss the features of the pure and the modified 316 stainless steel alloys. 
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Ftg. 7 -- The electrtcal reststivtty and the temperature coeffictent of  the electrtcal 
reststivlty o f  an annealed and cold worked specimen are plotted for increasing and 
decreasing temperature (first run). The degree of cold work pmor to annealing was' 
3Z5%. The anneals were performed m argon with 5% hydrogen. 
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The following phases were found after a 37.5% cold work m alloy 81/5282, which 
is considered a "pure" 316L stainless steel: Gt'-martensite, y-austemte, and a small 
amount of 80ef-martensite 4. 

During a subsequent anneal ~a~f.-martensite is transformed into ~t-austenite at about 
150~ (Fig. 7), and ct-ferrite and y-austenite is formed between 300 and 450~ With 
further increasing anneahng temperature ct'-martenslte and ct-ferrite are dissolved into 
y-austenite between 450 and 650~ (Fig 7) Thin means that the microstructural 
changes obtained in alloy 81/5282 during heating of a cold worked specimen are very 
simdar to those observed during the first run of alloy 81/5283 (Fig. 3). 

During cooling, no phase transition can be recogmzed in the entire temperature 
range. The amount of ~'-martensite, which is formed below 100~ which is the 
martensitic temperature of this alloy, is and this is an important difference in the 
behavior to alloy 81/5283 very small in alloy 81/5282. 

Consequently a very small amount of the a-ferrite is formed again (second run) on 
re-annealing alloy 81/5282 between 350 and 450~ because the slowly cooled 
specimen contained only a very small amount of a'-martensite, which can act as 
nucleation sites for at-ferrite formation (Fig. 8). All the phases present in this alloy are 
transformed into 7-austenite during heating between 550 and 650~ (Fig. 8). 
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Fig. 8 -- The electrical reststlvtty and the temperature coeff~ctent of the electrical 
resisttvity of  an annealed specimen of  alloy 81/5282 are plotted for mcreasmg and 
decreasing temperature (second run), The anneals were performed m argon with 5% 
hydrogen. 

Another sample of alloy 81/5282, which was only 18.5% cold worked, contained 
the same phases as the sample which was 37.5% cold worked (Fig. 7), namely ct'- 

4 The ~def-martensite phase has also been recognized in alloy 81/5283, but the 
amount of this phase formed by plastic deformation is small in this alloy [4, 5]. 
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martensite, ?-austenite, and a small amount of ~t~f-martensite 4. The electrical 
resistivity of such a material decreases in three steps during a subsequent anneal, when 
the electrical resistivity is measured after each annealing temperature in liquid nitrogen 
(Fig. 9). The three steps indicate three different microstructural changes which develop 
during heating, e~f-martensite transforms into tx-ferrite at about 150~ 4. In this 
material od-martensite is present, too, acting as nucleation site for the formation of ct- 
ferrite and v-austenlte in the temperature region between 300 and 450~ In the third 
annealing step, between 450 and 650~ tx'-martensite and ct-ferrite is dissolved into ?- 
austenite. The electrical resistivity increases between 800 and 1000~ due to the 
transformation of oc-ferrite and ?-austenite into ?-austenite. 

The electrical resistivity decreases between 1000 and 600~ due to the formation 
of oc-ferrite, which is formed during annealing, because a'-martensite is always formed 
when measuring the electrical resistivity in liquid nitrogen at-196~ 

Thus the specimens of alloys 81/5282 and 81/5283 consisted of only cc-ferrite after 
cooling below 600~ when the specimens are put into liquid nitrogen for the 
measurements of the electrical resistivity after each anneal (Figs. 5 and 9). 
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Fig. 9 -- The change o f  the electrical reststivtty is plotted versus mcreasing and 
decreasing temperature. The specimen was held for  30 mm. at each indicated 
temperature before it was cooled and put mto liquid mtrogen (-196~ to measure the 
electrical reststtvtty. The specimen was 18 % coM worked prtor to anneahng. The 
anneals were performed m vacuum (< 10-4 tort). 

Alloy 81/5282 is a "pure" 316L-type alloy without additions. The various additions 
added in EUR-316L-, US-316L-, and US-PCA-steels are listed in Table 1. These three 
steels consist of only ?-austenite, apart from the precipitates and segregations, nitride 
compounds and hydrides, which were mentioned in the introduction of this work, 
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which may be present in these materials, and which are not of great interest and subject 
of the present work. 

None of the phases, namely e, dof-martensite, tx'-martensite, and ct-ferrite which 
were detected after cold work and during subsequent anneals in alloy 81/5282 or alloy 
81/5283, were found in EUR-316L-, in US-316L, in US-PCA, and in AMCR 5. During 
cooling from 1000~ to ambient temperature no ~'-martensite is obtained and on re- 
heating alloy EUR-316L no microstructural change could be detected during a second 
annealing by measurements of the electrical resistivity. 

However, we have to mention that ~t'-martensite is formed in all commercial 316L- 
type stainless steel alloys, if these materials are cold-worked at -196~ [17], and we 
believe that this phase would have also be formed in EUR-316L-, US-316L, and US- 
PCA-steels, if these materials would have been cold worked at very low temperatures. 

The change of the electrical resistivity of alloy EUR-316L after 10% cold work is 
plotted versus the annealing temperature in Fig. 10. The total change of the electrical 
resistivity is very small, namely only 3.9%, in contrast to more than 30% found for e.g. 
alloy 81/5282 (Fig. 9). We repeat again that in EUR-316L only 7-austenite was found 
after cold work by means of XRD-measurements and none of the other phases found in 
alloy 81/5282 or alloy 81/5283 could be detected [4-6]. 
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Fig. 10 --The change of  the electrtcal reststrvtty ts plotted versus increasing and 
decreasing temperature. The specimen was kept for 30 min. at each indtcated 
temperature before it was cooled and put into hquid mtrogen (-196~ to measure the 
electmcal resistivtty. The specimen was 10 % cold worked prior to anneahng. The 
anneals were performed in vacuum (<10-4 torr). 

The electrical resistivity decreases in three or even four steps during annealing in 
alloy EUR-316L (Fig. 10). These decreases can be attributed to the annihilation of 
point defects, namely to interstitials at about 250~ and to vacancies at about 400~ 
[7]. The decrease of the electrical resistivity at 600 and at 700~ is again attributed to 

The ~;def-martensite phase is present in AMCR-type stainless steel alloys after cold 
work and the e-martensite phase is always found below about + 50~ (Fig. 1). The 
appearance of both phases are not of interest in the context of this work. 
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the formation of microstructural changes due to the migration of vacancies in thermal 
equilibrium, e.g. recovery of work hardening and/or to the formation or dissolution of 
phases or compounds. 

This means that the additions in EUR-316L material have the effect of suppressing 
the formation of at'-martensite during cooling the materials down to temperatures as 
low as - 196~ However, in "pure" 316L stainless steel alloys, e.g. in alloys 81/5182 
and 81/5283, ct'-martensite is formed during cooling these alloys down to -196~ 
without additional cold work. Consequently cx-ferrite is not formed during annealing in 
most commercially available 316L-type alloys, e.g. in EUR-316L-, US-316L, and US- 
PCA-steels, because no nucleation sites are present. 

The effect of additions of various elements on the stabilization of y-austenite in 
stainless steel alloys was also the subject of numerous studies in the past. The present 
work, however, indicates that o~-ferrite is only formed in stainless steels, if cx'- 
martensite is present. Thus, the purpose of the additions to prevent the formation of ot- 
ferrite is to suppress the formation of a'-martensite or to decrease the martensite 
temperature Ms to such low temperatures that a'-martensite is not formed 
spontaneously and that this phase is also not formed during cold work at ambient 
temperature. 

Fortunately, it was possible in the past century to develop 316-type stainless steel 
alloys, in which no ot'-martensite is formed and consequently the v-austenite in these 
materials is very stable. Unfortunately, a-ferrite is readily formed in all these 
commercially available 316L-type stainless steel alloys such as EUR-316L-, US-316L, 
and US-PCA-steels, and also in the AMCR-type steels during irradiation with high 
energy particles [9-10]. The formation of o~-ferrite causes a huge reduction in volume. 
In addition ot-ferrite is a very brittle phase so that specimens that containing small 
amounts of this phase are very brittle. 

The results obtained for the iron-chromium-nickel alloy 81/5282 are in many 
respects identical with those of alloy 81/5283. We conclude that the 7+-~-cz-phase 
boundary must be almost identical for both types of stainless steel alloys, namely for 
nickel and for manganese containing stainless steel alloys. However, the yo~,-ot-phase 
boundary for "pure" iron-chromium-nickel alloys, known from the literature [1] is 
completely different from that shown in Fig. 6. We believe that cx-ferrite formation can 
be observed at almost any temperature as long as nucleation sites are provided, i.e. also 
at temperatures, at which cx-ferrite is not stable. The presence of tz-ferrite at 
temperatures, at which this phase is not stable in thermal equilibrium led to an 
erroneous interpretation of experimental results in the past concerning the course of the 
7~-,W-~-Phase boundary. 

On the Formation of a-Ferrtte during Irradiatton in US-316, US-PCA, EUR-316L, 
and AMCR 0033 

A systematic study of neutron irradiation creep on various stainless steel alloys, 
mainly on AMCR 0033, EUR-316L, US 316, and US-PCA, has been reported during 
the last decade [6-11]. A negative creep elongation was found at the beginning of an 
irradiation mainly of 20% cold worked materials. The results for all three alloys were 
very similar; the results obtained for US-316 are shown in Fig. 11. It is evident that the 
length change of a material increases due to irradiation creep and that, consequently, 
the observed negative creep elongation must be attributed to the formation of 
precipitates during irradiation, which causes a decrease in the volume of the material 
[6-11]. 

Results of investigations by means of TEM techniques, which were performed on 
non-stressed specimens, revealed that cz-ferrite is formed during irradiation with high 
energy particles [13-16]. The formation of o~-ferrite is connected with a large decrease 
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in volume in both types of stainless steel alloys. In addition only the formation of ~t- 
ferrite in stainless steel alloys is connected with a huge decrease in volume in both 
types of stainless steel alloys, namely in nickel- and in manganese-containing steel 
alloys. Thus we believe that the negative creep elongation observed during irradiation 
with high energy particles is due to the formation of ot-ferrite. 

It is known that ot-ferrite is a very brittle phase. Even small amounts of this phase 
precipitated in y-austenite cause fracture, when the lattice can not accommodate the 
large volume change due to the formation of ot-ferrite. Many of the AMCR- and 316- 
type materials broke during irradiation at +100~ before they received a neutron 
irradiation dose of 0.1 dpa [11]. 

The y+~-ot-phase boundary, which was derived from measurements of the creep 
elongation during irradiation with high energy particles is shown as a dashed line in 
Fig. 6 [IO, 11]. It is not understood why ot-ferrite is only formed during irradiation 
with high energy particles in AMCR 0033, EUR-316L, US 316, and US PCA 
materials, and that this phase is not obtained without irradiation. 

It is possible that cx-ferrite is a radiation-induced structure_ formed during irradiation 
by radiation-induced interstitials, which are mobile at temperatures as low as room 
temperature [7]. This explanation is supported by the finding that ot-ferrite was 
identified in foils by means oftbe transmission electron microscope [13-16]. 
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Fig. 11 -- The changes m length of  five samples of  US 316 are plotted versus the 
number of  displaced atoms. The irradtation temperatures and the respective apphed 
stresses are listed m the figure. The samples were coM rolled prior to irradtanon 
(after reference 10). 

We found a very pronounced negative creep elongation in the AMCR 0033, US 
316, and US PCA materials only after cold work prior to irradiation. This can mean 
that dislocations introduced by cold work prior to irradiation act during irradiation with 
high energy particles as nucleation sites for the formation of cz-ferrite, enhancing the 
formation of this phase with respect to annealed specimens, in which the concentration 
of dislocations is small. 
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A further very important result concerning the appearance of the negative creep 
elongation as a function of the irradiation fluence is shown in Fig. 11, i.e. the 
formation of a-ferrite during irradiation with high energy particles, is shown in Fig. 
11. It is found that this quantity increases with decreasing applied stress for a constant 
irradiation temperature. This means that the amount of a-ferrite, which is formed 
during irradiation, increases drastically with decreasing applied stress. The 
consequence of this finding is twofold: 1) The 7+-H-et-phase boundary valid during 
irradiation with high energy particles (Fig. 6) must depend on the applied stress and 2) 
the amount of a-ferrite formed during irradiation with high energy particles increases 
with decreasing applied stress. 

The results of the present work imply that the behavior of stainless steel alloys and 
of all structural materials, which may be used in an irradiation environment, have to be 
tested as function of the irradiation temperature and of the flux of the high energy 
particle. In such irradiation environments, in which the materials are subject to 
compression - this concerns many components especially in a fusion reactor - the 
mechanical tests, e.g. irradiation creep tests have to be performed in compression. 
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Abstract: Hardness measurements and microstructure examinations of Fe(-C)-Cu-Ni 
model alloys were performed following 1 MeV proton irradiation below 800C. 
Microstructural examinations by transmission electron microscope (TEM) were carded 
out by means of a cross section method. A band of damage structures, parallel to the 
irradiated surface, was observed at a depth of 6.5/1 m in agreement with calculation 
based on the TRIM code. TEM observation revealed that the band consisted of high 
density of  small black spots, which were considered to be interstitial-type dislocation 
loops. The amount of irradiation hardening increased with increase in copper 
concentration. An addition of 0.6wt%Ni to Fe-Cu alloys further increased the hardening, 
although the effect was reduced with increasing copper concentration. Irradiation 
hardening of pure iron was also significantly increased by the addition of nickel. The size 
and number density of the spot-like structures in Fe-Cu alloys decreased and increased, 
respectively, with addition of nickel. Three recovery stages were found in Fe-Cu-Ni 
alloys during post-irradiation isochronal annealing to 6750C: the stages are at around 
1500C, 4000C and 600~ The first stage was only observed in nickel-containing alloys, 
while the third stage was only observed in copper-containing alloys. After annealing to 
375~ the density of spot-like structures decreased in Fe-Cu-Ni alloy but increased in 
Fe-Cu alloy, while for both the size of  spots increased. 
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Introduction 

In order to understand the mechanism of irradiation embrittlement and hardening of 
reactor pressure vessel (RPV) steel, it is important to clarify the effects of alloying 
elements on microstructural evolution under irradiation as well as to know the correlation 
with irradiation hardening. In RPV steels, copper as an impurity of  steel has been 
considered to play a significant role on irradiation embrittlement and hardening [1-6]. In 
the previous works on the effects of carbon and copper on the irradiation hardening, we 
reported that irradiation hardening increased with increasing concentratign of copper, and 
addition of carbon further increased the hardening [7,8]. 

It is well known that RPV steel contains a small amount of nickel to improve low 
temperature fracture toughness. Although there are some studies on the nickel effects on 
irradiation embrittlement of RPV steels and model alloys, the details of  the effects are not 
yet understood. Buswell et al. investigated the microstructure of thermally aged 
Fe-Cu-Ni model alloys with atom probe field ion microscopy (APFIM) and small angle 
neutron scattering (SANS), and they reported that a peak-hardening occurred before 
reaching a maximum copper precipitate volume fraction, and a bimodal size distribution 
in the copper precipitates at an over aged condition, suggesting the presence of small 
BCC copper precipitates at peak-hardening [9]. As for the role of  nickel, bimodal 
response became significant in Fe-CuoNi alloys. It was also reported that there was a 
nickel-rich region at the surface of copper precipitates and the concentration of 
solid-solution copper was reduced by nickel addition for unirradiated conditions [9,10]. 
In copper-containing alloys, very small copper precipitates were induced by neutron 
irradiation in high density and an addition of nickel reduced the amount of  copper 
precipitates [I1]. 

It was also shown that irradiation hardening of RPV steels increased with increasing 
nickel concentration at low irradiation temperature, and irradiation-induced copper 
precipitates contained a high concentration of nickel and manganese, and a 
thermodynamic calculation predicted an interaction between nickel atom and manganese 
atom so that the concentration of manganese in copper precipitates was influenced by 
nickel concentration [12]. Based on those experimental results, it was considered that 
nickel and manganese influenced nucleation and growth of copper precipitates [13,14]. In 
contrast, it was reported that for RPV steel weld containing less than 0.4wt% nickel, 
irradiation embrittlement depended on irradiation temperature with nickel effects only for 
a certain range of concentration. Miller conducted tensile tests to measure yield strength 
and tensile strength of Fe-Cu-Ni-P alloys, and showed that even if nickel concentration 
was increased, the nickel effect was not accumulative [10], while he suggested ultra-free 
carbides, such as molybdenum and might be nickel-carbides, attribute for the irradiation 
hardening [15]. 

Although many studies have been done on the role of nickel on the irradiation 
hardening of Fe-Cu model alloys, it is still unclear that the enhancement of irradiation 
hardening by nickel addition is due to only effects on copper precipitation related 
phenomena. The objectives of  this research are to correlate the irradiation hardening and 
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microstructure change in Fe-Cu, Fe-Ni and Fe-Cu-Ni alloys and to investigate the effects 
of  nickel addition on the irradiation hardening of  Fe-Cu model alloys. 

Experimental 

Model alloys were prepared by arc-melting method and the alloy compositions are 
shown in Table 1. Sheet specimens, lmm wide, 12mm long and 0.25mm thick, were 
fabricated from the ingots. All the specimens were solution-treated at 880~ for 7.5 hours 
and tempered at 670~ for 2 hours, followed by aging at 620~ for 22.5hours to simulate 
the post-weld heat treatment of RPV steels. After the heat treatment, specimens were 
irradiated with 1MeV protons up to 3 x 1017ions/cm 2 at below 80~ Micro-Vickers 
hardness tests were carried out on the as-irradiated surface with a load of  25g. An 
averaged hardness of  20 indentations on each sample was obtained. Microstructural 
examinations by transmission electron microscopy were performed by means of  a cross 
section method [16]. Proton-irradiated sheet specimens were plated with iron and then 
nickel to form a cylindrical rod of  about 5mm in diameter. A large fraction of  the rod was 
nickel to reduce ferro-magnetic effects on stigmation of  the electron beam during TEM 
operations. The cylindrical rods were cut into slices 0.2mm thick, and TEM disk 
specimens were punched out so that the highly damaged region was centered. TEM disks 
were electrolytic-polished by a twin-jet method in a solution of  5vo1.% perchloric acid 
with methanol below -10~ After the irradiation, isochronal annealings of  30 minutes 
(and air-cooling) were performed by 25~ step from 100 to 675~ 

Table 1- Chemical compositions of model alloys. 

wt.% C Cu wt.% 

Fe 

Fe-0.05Cu 
Fe-O.15Cu 
Fe-0.3Cu 

0.0028 
0.20 

o.21, (0.35) 
0.20, (0.35) 

0.057 
0.157, (0.157) 
0.339, (0.339) 

C Cu Ni 
Fe-0.6Ni 0.20 - 0.64 
Fe-0.05Cu-0.6Ni 0.20 0.062 0.75 
Fe-0.3Cu-0.2Ni 0.20 0.30 0.21 
Fe-0.3Cu-0.6Ni 0.20 0.30 0.65 

Resu l t s  a n d  Discuss ion  

Irradiation Hardening 

Effects of  0.6wt% nickel addition on the irradiation hardening of  Fe-Cu alloys are 
shown in Fig. 1. No significant alloying effect on the hardness of  the model alloys before 
the irradiation is found in the bottom Fig. ure. In contrast, after irradiation both the alloy 
elements of  copper and nickel addition increase the irradiation hardening, as can be 
shown in the top Fig. ure. Irradiation hardening, A Hv, for Fe-Cu alloys increases 
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significantly with increasing copper 
concentration. The addition of nickel 
enhances the irradiation hardening of 
Fe-Cu alloys, but the effect decreases 
with increasing copper concentration. 
Note also that the addition of nickel 
enhances irradiation hardening. The Hv 
of Fe-Ni alloy becomes three times 
larger than pure iron. 

Microstructure Observation 

Observations by optical micro- 
scope revealed that all the alloys 
consisted of ferrite and cementite 
particles several microns in diameter. It 
was found by TEM observation of 
cross-sections that proton irradiation 
caused the formation of a damage band 
in a region about 6 .5  ~z m beneath the 
surface, corresponding to the position 
for the peak in number density of 
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Figure 1-Effects of irradiation on the 
change in hardness and base hardness oj 
Fe-Cu and Fe-Cu-Ni alloys. 

Figure 2- Bright field images of the band structure in proton-irradiated alloys. 
(Arrows indicate the beam direction.) 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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primary defects calculated by the TRIM code. Figure 2 shows the bright field images of 
the band structure in proton-irradiated Fe-C-Cu, Fe-C-Ni and Fe-C-Cu-Ni alloys. As 
shown in these micrographs, the band consists of small black spot-like features, which 
are considered to be interstitial-type dislocation loops. As for vacancy-type defect 
clusters, a positron annihilation study (PAS) [7] suggested that microvoids with an 
average diameter of 0.?nm were formed in the present model alloys by proton irradiation. 
The large black regions found at the bottom of the micrographs of Fe-C-Cu and Fe-C-Ni 
are cementite particles. From the micrographs shown in Fig. 2, the depth profiles of 
number density and average radius for spot-like structures at a given depth were obtained 
and shown in Fig. 3. The dotted lines in the figures are the calculated depth profile of 
primary-defect density from the TRIM code. The size of spot-like structures in the 
Fe-0.15Cu alloy is almost two times larger than those of Fe-Ni and Fe-Cu-Ni alloys, 
indicating that the size of the spot-like structures in an Fe-Cu alloy is reduced by the 
addition of nickel, and that for the Fe-Ni alloy is not influenced by the presence of copper. 
As for the number density of the spot-like structures, it is four times larger in Fe-Ni and 
Fe-Cu-Ni alloys than in Fe-Cu alloy, indicating that the nickel addition increases the 
density of spot-like structure in Fe-Cu alloy significantly, but copper has little influence 
on the density in Fe-Ni alloy. 
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Figure 3--Depth profiles for number density and average radius of spot-like 
structures for proton-irradiated model alloys. Dotted lines give 
calculation results of defect density using the TRIM code. 
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Figure 4 shows the microstructures of model alloys near the peak position of the 
damaged'area. Images are obtained with g=llO close to a two beam condition. In all the 
alloys, there are three types of images, namely, black-white lobe contrast (~lnm), small 
black spots (~.3nm), and large black spots (~15nm). Since the black-white lobe contrast, 
which has been considered to be due to copper precipitates with spherical strain field 
symmetry, were also observed in the copper-free alloy, they are considered to stem from 
not only copper precipitates but also small defect clusters or interstitial loops. 

Figure 4--Microstructures of  model alloys at around peak position of  
the damaged area. Images are obtained with g= 110 at near 
two beam condition. (Arrows indicate the beam direction.) 

Correlation between Hardening and Microstructure 

The estimation of irradiation hardening from the microstructure using the Orowan 
relation seems to be very complex, since the distribution of damage structures is 
inhomogeneous in the proton-irradiated specimens, and hardness measurements were 
performed on the irradiated surfaces with loading in the direction of proton beam. The 
amount of irradiation hardening, AHv, however, can be compared between the alloys. In 
order to assess the role of microvoids on the irradiation hardening, the irradiation 
hardening was estimated from positron data [7] obtained for the same alloys studied in 
this work. Irradiation hardening has been expressed by the following equation as a 
function of the number density of damage features, N, and their diameter, d. 
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An v oc ~ ( - ~  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (1) 

Relationships between AHv and (N x d) 1/2 of model alloys were derived from both the 
experimental results, PAS measurements, and TEM observations, as shown in Fig. 5, 
indicating that there appears to be a linear relationship between AHv and (N x d) u2 
derived from TEM measurements, but there is no such relationship between those 
derived from PAS measurements. This suggests that irradiation hardening is related to 
not microvoids but spot-like damage futures, which are considered to be interstitial-type 
dislocation loops and/or small precipitates. 

10 

- 6 

Z 
v 

4 

. . . .  I . . . .  I . . . .  I . . . .  I . . . .  I . . . .  I . . . .  I ' ' ) 1  

/ 
/ 

, .  I j  

/ /  

Fe-Ni ~ annealed 

/ 
/ 

/ 
/ 

" I I / ~ PA.S 
/ / --o,-- T E M  

/ 
/ 

o , . !  . . . .  I . . . .  I . . . .  I .  l l l l  . . . .  I . . . .  I , , .  

10 20 30 40 50 60 70 80 

AHv 

Figure 5-Correlation between (N'd) l/e and A Hv in Fe-Cu-Ni 
alloys after irradiation. 

Post-irradiation Annealing Behavior 

Recovery behavior of irradiation hardening of model alloys during post-irradiation 
isochronal annealing is shown in Fig. 6. Here, AHv is the difference between the hardness 
of the isochronally annealed specimen without irradiation and the hardness of the 
post-irradiation annealed specimen. There are three recovery stages in the annealing 
behavior of irradiation hardening in Fe-Cu-Ni alloys: the first stage at around 150~ the 
second stage at around 400oc, and the third stage at around 600oc. The fwst stage was 
only observed in nickel-containing alloys, while the third stage was only observed in 
copper-containing alloys. As for the mechanism of the first stage, it is considered that the 
low temperature recovery stage is related with the motion of carbon, and nickel may 
influence the mobility of carbon atoms. The coauthors [17] investigated the effects of 
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nickel on the neutron irradiation hardening of martensitic steels, and found that the steel 
doped with lwt%Ni showed large additional irradiation hardening when the irradiation 
temperature was lower than 180"C, and the additional hardening was recovered by 
post-irradiation annealing above 220~ A similar nickel effect was observed in this work. 
It is expected that the irradiation at 80"C causes the formation of Ni-C pairs or complexes, 
which may induce large hardening and be unstable above 220~ From the viewpoint of 
lifetime estimation for RPV steel, the role of nickel may be important to evaluate the 
irradiation hardening of RPV steel for which service temperatures are lower than 220~ 
The third stage is only observed in copper-containing alloys. According to the thermal 
aging experiment using the same specimens as in this study [7], age hardening was 
observed in this temperature region in water quenched Fe-Cu alloys. Since all the 
specimens were finally annealed at 620~ for 22.5hr before the tests, they were in a 
solid-solution condition for copper before irradiation, but no age hardening was observed 
in unirradiated copper-containing alloys during annealing because the aging was 
short-term. The appearance of the third stage in irradiated copper-containing alloys can 
be interpreted in terms of irradiation induced copper precipitation. The second stage was 
observed in all the alloys, suggesting that the recovery was mainly due to annealing out 
of matrix damage such as dislocation loops. 
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Figure 6--Recovery behavior of irradiation hardening of each alloy during 
isochronal annealing to 673 *C for 20rain. There are three recovery stages: 1) 
below 200~ 2) 350-450"C, 3) above 550"C. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



730 EFFECTS OF RADIATION ON MATERIALS 

The TEM observation of damage structure of Fe-0.2C-0.3Cu-0.2Ni alloys was also 
conducted after annealing to 375~ near the peak temperature for anneal-hardening. It is 
eonf'Lrmed that interstitial-type dislocation loops still remain after the annealing. From the 
micrographs, the size distribution and the density of spot-like structures were measured. 
As shown in Fig. 7, after annealing, the average radius became larger, and the number 
density decreased slightly in Fe-Cu-Ni, suggesting that interstitial-type dislocation loops 
grow by Ostwald's ripening during annealing. In the Fe-Cu alloy, however, the density of 
spot-like structures increased after the annealing. This suggests that the spot-like 
structures observed in the post-irradiation annealed Fe-Cu alloy consists of both the 
dislocation loops and copper precipitates that form during the annealing. 
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Figure 7--Effects of annealing at 375 *C on the size and density of  dot-structures 
observed in proton-irradiated Fe-Cu-Ni and Fe-Cu alloys. 

Summary 

The irradiation hardening of pure iron and Fe-Cu alloys were markedly enhanced by 
the addition of 0.6wt. %Ni. It was conf'trmed that nickel as well as copper addition 
significantly enhanced irradiation hardening. Microstructural observations also 
confirmed that the spot-like structures, which were considered to be interstitial-type 
dislocation loops, were formed in Fe-C, Fe-C-Ni, Fe-C-Cu and Fe-C-Cu-Ni alloys by 
proton irradiation. In Ni doped alloys, the size and density of the structures was smaller 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SHIBAMOTO ET AL. ON PROTON IRRADIATED Fe-Cu ALLOYS 731 

and higher, respectively, than Fe-Cu alloys. A good correlation was found between the 
irradiation hardening and morphology of the spot-like structures observed by TEM. 

There are three recovery stages in the annealing behavior of irradiation hardening in 
Fe-Cu-Ni alloys: the first stage at around 150~ the second stage at around 4000C and 
the third stage at around 600~ The first stage was only observed in nickel-containing 
alloys, while the third stage was only observed in copper-containing alloys. The first 
recovery stage is considered to be related to the motion of carbon, and nickel may 
influence the mobility of carbon atoms. The second stage was observed in all the alloys, 
suggesting that the recovery was mainly due to annealing out of matrix damage .such as 
dislocation loops. The appearance of the third stage in irradiated copper-containing alloys 
can be interpreted in terms of irradiation induced copper precipitation. 
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Abstract: Effects of  varying temperature on microstructure of  materials under irradiation 
can be very complicated. In this paper, evolution of  microstructure in vanadium alloys 
during temperature changes is closely examined with emphasis on the effect of  frequency 
of the temperature changes and the final temperature. 

Pure vanadium, V-5Cr and V-5Nb were prepared. Neutron irradiation was 
conducted in JMTR at constant temperatures of  200~ 400~ and under cyclic 
temperature changes of  200/400~ The numbers of  temperature cycles were 0.5, 5.5 and 
6 cycles. TEM observations, Positron Annihilation Spectroscopy and micro-Vickers 
hardness test were performed. 

By comparison between 0.5 and 5.5 temperature cycle, coarser microstructures are 
observed in 5.5 cycles. Frequent temperature change is considered to have restricted the 
defect growth. By comparison between 5.5 and 6 temperature cycle irradiation, which is 
focused on the effect of the final temperature, coarser microstructures are observed in 6 
cycle irradiation. 

Keywords: temperature varying irradiation, vanadium alloys, microstructure, neutron 
irradiation, JMTR 

Introduction 

Microstructural evolution under irradiation is very sensitive to the irradiation 
temperature because the defect clustering processes are essentially controlled by the 
thermal activation processes. In a future fusion environment, temperature of  the first wall 
is expected to change depending on the operating condition. During the start-up and 
shut-down of  the reactor, materials will be exposed to neutrons at lower temperature than 
expected in the rated operation condition. Therefore, it is necessary to develop an 
understanding of  the effects of  temperature change to predict the material behavior in 
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fusion reactors. 
Several irradiation experiments with temperature changes were conducted to 

understand the effects of  temperature history on mierostructural evolution [1-3]. From the 
stepwise temperature change experiments, it has been confirmed that the irradiation 
temperature changes between the regimes where different species of  defects are mobile 
and stability of  the defects are significantly different from each other, microstructural 
evolution will be greatly affected [4]. From the simulation experiment by means of  rate 
theory, it has also been pointed out that vacancy flux to sinks significantly increases 
immediately after an upward temperature change [5]. The stability of  small dislocation 
loops against stepwise temperature change is discussed by conducting heavy ion 
irradiation experiments [6]. That is, unstable interstitial dusters that were formed under 
pre-irradiation at low temperature shrink during upward temperature change; on the other 
hand, the clusters that were formed at relatively higher temperature survive during 
upward temperature change. 

It is important to reveal the essential parameters that most affects the 
mierostructure, for example, number of temperature cycles, frequency of  temperature 
cycles, final temperature, fluence under low temperature irradiation, and regimes of  
temperature change etc. 

The objective of  the present work is to clarify the effects of the frequency of  
temperature cycles and the final temperature under neutron irradiation on microstructural 
evolution of  vanadium alloys. Vanadium alloys are selected as the material to be studied, 
since they have a number of attractive features as candidate materials for the first wall of  
a fusion reactor. 

Experimental Procedures 

Pure vanadium and two binary vanadium alloys, V-5at.%Cr and V-5at.%Nb, were 
prepared. Chromium is an undersized element in the vanadium matrix while niobium is 
oversized. The alloys were prepared by arc-melting in an argon gas atmosphere, followed 
by cold rolling into 0.25 mm thickness sheets. Transmission electron microscopy (TEM) 
disks of 3 nun diameter were punched from the alloy sheets. The resulting TEM disks 
were wrapped with zirconium getter foil and annealed at 1100 ~ in a high vacuum (2 • 
10 -6 torr). 

Neutron irradiation was conducted in Japan Material Testing Reactor (JMTR) at 
constant temperatures of 200~ and 400~ and cyclic temperature change between 
200/400~ The latter type of irradiation will be referred to below as varying temperature 
irradiation-200/400 ~ or VTI-200/400~ The temperature cycles were 0.5, 5.5 and 6 
cycles. Here, 0.5 cycle, for example, is defined as stepwise temperature change from 
200~ to 400~ The damage levels are from 0.09 up to 0.21 dpa. 

In order to understand the mechanism of microstructure evolution during 
temperature change, knowledge of simple constant-temperature irradiation is obviously a 
prerequisite. The effect of frequency of  the temperature cycles is focused on by 
comparing between 0.5 and 5.5 cycles. The effect of  the fmal irradiation temperature is 
focused on by comparing 5.5 cycles irradiation with 6 cycles irradiation, although the 
damage level is not precisely the same. 

After electro-polishing, the microstructure of alloys was observed by TEM. In 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



738 EFFECTS OF RADIATION ON MATERIALS 

order to obtain complementary information relating to invisible small vacancy-type 
clusters such as microvoids, Positron Annihilation Spectroscopy measurement was 
carded out. Micro-Vickers hardness test was also carried out in order to understand the 
effect of  temperature change on the mechanical properties of  vanadium alloys. 

Results 

Micro-Hckers hardness test 

Vickers hardness changes by irradiation are plotted in Fig. 1. The trends are almost 
the same in all alloys. Approximately the same large amount of  irradiation-induced 
hardening occurred under constant temperature irradiation at 200~ and 400 ~ 
Temperature changes during irradiation decrease the hardening compared with constant 
temperature irradiation in this condition. By comparison between 0.5 and 5.5 cycles, the 
levels of  hardness are higher in the latter. Irradiation hardening increases with the 
frequent temperature change. By comparison between 5.5 and 6 cycles, larger hardening 
has occurred during 5.5 cycle. Final irradiation at a lower temperature of  200~ decreases 
the hardening, which is inconsistent with the knowledge of  constant temperature 
irradiation that irradiation hardening is more significant at low temperatures. 

Microstructure of  pure vanadium 

Fig.2 shows the dislocation images of  pure vanadium. The high density of  tiny 
dislocation loops of interstitial type is observed in the specimen irradiated at 200 ~ 
Coarse microstructure of  network dislocations is observed in the specimen irradiated at 
400 ~ As in the previous study [4], temperature of  200 ~ is in the regime where 
nucleation of  defect cluster mainly occurs, and 400 ~ is in the defect growth regime. 
Microstructures after temperature change are similar to the microstructure irradiated at 
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Fig. 1 Micro- Vickers hardness test 
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Fig.2 Dislocation images of pure vanadium lOOnm 

400 ~ where dislocation loops have grown to network dislocations. 
Fig.3 shows the cavity images of pure vanadium. No cavity is observed in the 

specimen irradiated at 200~ while a microvoid component is detected by PAS. In other 
words, tiny vacancy clusters nucleated, but they were unable to grow to observable size 
by TEM under 200~ irradiation. 30 nm size of large cavities with low density are 
observed in the specimen irradiated at 400~ Smaller size and higher 
densities of cavities are observed in specimens irradiated under varying temperature 
conditions compared to the 400~ irradiation. Coarser microstructure of cavities is 
observed in 0.5 cycle irradiation than in 5.5 cycle irradiation. Frequent temperature 
changes increase the number density and decrease the size of cavity. Cavity mean size is 
larger in 6 cycle irradiation than in 5.5 cycle irradiation despite the lower final 
temperature and damage level in the former. 

Microstructure of V- 5 Cr 

Fig.4 shows the dislocation images of V-5Cr. The high densities of dot-like 
contrast observed in the specimen irradiated at 200~ are dislocation loops of interstitial 
type. Unlike the case of pure vanadium, interstitial clusters retain the shapes of 
dislocation loops rather than dislocation network in the specimen irradiated at 400~ and 
VTI-200/400~ In vanadium alloy, growth of defects is suppressed by the interaction 

Fig. 3 Cavity images of pure vanadium 
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Fig. 4 Dislocation images of V-5Cr 

between the solute and point defect as shown in a previous study [7]. By comparison 
between 0.5 and 5.5 cycle irradiation, about 200 nm dislocation loops are observed in the 
0.5 cycle specimen, while a high density of small dislocation loops is observed in 5.5 
cycle. Apparently, frequent temperature changes suppress the growth of  dislocation loops. 
Large dislocation loops are observed in the specimen irradiated up to 6 cycle in spite of  
its low damage level. By comparison between 5.5 and 6 cycle, It is seen that a lower final 
temperature decreases the density of  defects and increases the defect size similarly to the 
microstructural evolution of pure vanadium. 
Fig.5 shows the cavity images  of V-5Cr. The n u m b e r  densi ty  and m e a n  size of 
cavities are plotted in Fig.5. Tendencies of  microstructural evolution are very similar to 
pure vanadium. In this alloy, almost all the cavities are formed within the compressive 
strain field of  dislocation loops instead of  being formed in the matrix. Largest size and 
lowest density of  cavities are observed in the specimen of  0.5 cycle irradiation. 
Temperature change enhances the growth of  cavities in this case. In 6 cycles of  irradiation, 
cavity density is higher than for 5.5 cycle irradiation. Frequent temperature changes 
suppress the defect growth. Moreover, a microvoid component is detected in 6 cycle 
irradiation by means of PAS (Fig.6). These microvoids seem to have been formed in the 
fmal irradiation sequence at 200~ since there is no microvoid component in the 
specimen irradiated at a final temperature of400~ 
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Fig.6 PAS in V-5Cr 

Microstructure of V-5Nb 

Fig.7 shows the dislocation images of V-5Nb. Tendencies of microstructural 
evolution are almost the same as other materials. Namely, frequent temperature changes 
suppress the growth of dislocation loops, and coarser microstructure is obtained after a 
VTI ending with a lower final irradiation temperature. But concerning vacancy clusters, 
no cavities were observed by TEM in V-5Nb. Moreover, no microvoids were detected by 
PAS. This is explained in terms of the solute atomic size effect [7]; oversized niobium 
atoms decrease the mobility of  vacancy so that vacancies cannot migrate to form 
microvoids. 

Discussion 

Frequency of irradiation temperature cycles 

Frequent temperature cycles under irradiation suppress the growth of  interstitial 
clusters. There must be a mechanism that shrink and decrease the density of  interstitial 
clusters. One of  the mechanisms that is likely to occur is an excess vacancy flux during 
upward temperature change as described below. At first, a lot of  small interstitial loops 
and tiny vacancy clusters that are invisible by TEM are formed under irradiation at 200~ 
During the upward temperature change under irradiation, irradiation enhancement of  
vacancy clusters occurs, which has been reported in a previous paper [6]. Not only the 
thermal dissociation but also the irradiation-enhanced dissociation of  vacancy clusters 
occurs under VIT-200/600~ [8]. In an other annealing study [9], which focused on 
recovery temperature of  vacancy clusters, it has been reported that microvoids in 
vanadium recover in the temperature regime of  400-600~ There seems to be a 
possibility of  thermal and irradiation-induced dissociation of  vacancy clusters under 
VTI-200/400~ in the present work. The number of  point defects in clusters has been 
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Fig. 7 Dislocation images of V-5Nb 100nm 

roughly estimated for checking the validity of  this mechanism. Under irradiation at 200 
~ in V-5Cr, for example, microvoids (3.72 x 1023/m 3, 20 vacancies in a microvoid) and 
interstitial loops (2.78 x 1022/m 3, 4038 interstitials in a loop) are formed. If  it is assumed 
that all the microvoids dissociate and the resultant extra vacancies shrink the interstitial 
loops, the density of survived interstitial loops will be 2.64 x 1022/m 3. This value is much 
larger than the density of  interstitial loops under 0.5 cycle irradiation (1.50 x 102%3). 
That is, the number of  extra vacancies due to the dissociation of  microvoids is too small 
to decrease the density of interstitial loops. Consequently, this mechanism seems to be 
ineffective on the excess vacancy flux in the present work. 

Another consideration is based on reaction kinetics of  point defects. The 
steady-state concentration of  vacancies; Cv, is greater than the concentration of  
interstitials; C1, (Cv > C1). The diffusivity of  vacancies; Dv is lower than the diffusivity of  
interstitials; D1, (Di > Dv). 

Cv is greater at lower temperatures. (CvlowT > Cvh,ghT). A vacancy rich condition 
should occur just after the upward temperature change, since interstitials migrate to sinks 
leaving a lot of  vacancies in matrix. In other words, unbalance state of  point defect flux 
appears just after an upward temperature change (DvCv > DIC,). 

As a result, a surplus vacancy flux shrinks the interstitial clusters. Growth of  
survived defects occurs in the subsequent irradiation at 400~ This process takes place 
every time when the upward temperature change occurs during irradiation with many 
temperature change cycles. In 5.5 cycle irradiation, the damage level of  each sequence at 
high temperature is so low (0.013 dpa) that the cluster cannot grow compared to 0.5 cycle 
irradiation in which the damage level during the high temperature phase is 0.08dpa. 
Especially, this tendency is prominent in V-5Nb where very tiny interstitial loops are 
observed in 5.5 cycle irradiation. If  the dislocation loops are only taken into account as 
interstitial sinks and the size of  dislocation loops is assumed to have a linear dependence 
to damage level [10], the estimated loop sizes after 5.5 cycle irradiation is 14 nm in 
V-5Nb. This value is in good agreement with experimental data of  21 nm. 

As for the microstructural evolution of  vacancy clusters, the tendency of  
microstructural evolution is similar to the case of  interstitial clusters. That is, frequent 
temperature cycles under irradiation suppress the growth of vacancy clusters. In this case, 
the above mechanism is also suitable. Growth of  survived defects occurs in high 
temperature periods. 
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This work revealed the prominent influence of  varying temperature, that is, defects 
of small size but high density are formed under irradiation with many temperature cycles. 
Further experiments are needed in order to clarify the effects of  number of  cycles under 
irradiation up to high damage level such as 100dpa. 

Final irradiation temperature 

Varying temperature irradiation ending with a lower temperature decreases the 
density of  defect clusters and increases the cluster size, as can be seen by comparing 5.5 
and 6 cycle irradiations in Fig.4 and 7. One possible mechanism is as follows. The sink 
strength of  point defects is large due to the dense extended defects that were formed 
during irradiation at the former high temperature of  400~ Although an unbalance of  
point defect fluxes appears (DvCv < D,C,), it is assumed that no significant change of  
point defect flux occurs during the downward temperature change since C, is much 
smaller than Cv. Moreover, dissociation of vacancy clusters is unlikely to occur during 
the downward temperature change. During subsequent irradiation at the low temperature 
of  200~ the process of point defect migration to sinks is dominant compared with the 
mutual recombination of point defects or nucleation of  clusters. The extended defects 
formed during irradiation at high temperature grow absorbing these migrating point 
defects. Consequently, coarse microstructures of  both interstitial and vacancy types are 
observed. 

In the case of downward temperature change, it is emphasized that the sink strength 
of  extended defects that were formed during former irradiation at high temperature 
determines the microstructure. 

Conclusions 

A series of  Varying Temperature Irradiations-200/400~ was conducted in JMTR 
in order to understand the effects of  the frequency of  temperature cycles and the final 
irradiation temperature on microstructural evolution of  vanadium alloys. It has been 
revealed that the frequency of  temperature cycles and the final temperature significantly 
affect the microstructural evolution of vanadium alloys in this temperature regime. 

Mechanical properties 

Though the damage levels are slightly higher in constant temperature irradiation, 
irradiation temperature changes decrease the hardening compared with constant 
temperature irradiation. Irradiation hardening increases due to the frequent temperature 
changes and final irradiation at the lower temperature of  200~ decreases the hardening. 

Effects of the frequency of temperature cycles 

Coarser microstructures are observed in 0.5 cycle than in 5.5 cycle irradiation and 
the hardness changes induced by irradiation are smaller in 0.5 cycle than in 5.5 cycle. 
Frequent temperature changes restrict the defect growth because of  the following 
mechanism: A Short period of excess vacancy flux appears immediately after upward 
temperature change, which shrinks interstitial loops, and finally defects are not able to 
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grow after several temperature changes. 

Effects of the final temperature 

Coarser microstructures are observed in 6 cycle than in 5.5 cycle irradiation, and 
the hardness changes induced by irradiation are smaller in 6 cycles than in 5.5 cycle 
irradiations. Defects grow under lower final temperature irradiation in spite of our 
understanding that nucleation of defects occurs mainly under irradiation at low 
temperatures such as 200~ This is understood in terms of sink strength as follows. 
Pre-existing defects that were grown during the previous high temperature irradiation act 
as strong sinks for point defects under low final temperature irradiation. Then, the defects 
grow at low temperature without new nucleation. 
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Abstract: Copper ion irradiation at room temperature and at 573 K up to 1 dpa was 
conducted on vanadium doped with controlled levels of nitrogen ranging from 12 to 770 
weight ppm (wppm). Micro-indentation test was performed to make a quantitative 
estimation of hardening of the irradiated surface layer. Microhardness of the unirradiated 
and as-irradiated vanadium increased with increasing nitrogen content. They showed linear 
relationship when nitrogen was singly varied. Irradiation hardening was independent of 
nitrogen content and of irradiation temperatures. This fact agrees with microstructure 
observations. After post-irradiation annealing at 573 K, radiation anneal hardening (RAH) 
was observed at the nitrogen contents of 170 wppm and above. In comparison with the 
previous anneal hardening experiments with cold-worked specimens, stepwise increase in 
the anneal hardening with nitrogen content at about 100 wppm was commonly derived for 
cold-worked and irradiated vanadium. 

Keywords: Vanadium, nitrogen effect, irradiation hardening, radiation anneal hardening, 
micro-indentation test 

Introduction 

Vanadium (V) alloys are regarded as the advanced fusion structural materials because 
of its superior strength at elevated temperature, low-activation and nonmagnetic properties. 
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It is known that interstitial impurities, such as nitrogen (N), oxygen (O), and carbon (C), 
strongly affect their workability[/, 2], mechanical properties[3] and irradiation properties[4]. 
Previous studies have suggested that the interstitial impurities cause the irradiation 
embrittlement that was associated with irradiation hardening[5-7]. 

Irradiation hardening in vanadium and its alloys is caused by interaction of mobile 
dislocations with various irradiation-induced defects and their clusters, such as dislocation 
loops, cavities, precipitates and so on. Therefore, influence of the interstitial impurities on 
interaction of dislocations with defects and defect clusters should be investigated for 
research into the impurity effects on radiation embrittlements of low activation vanadium 
alloys. 

Radiation anneal hardening (RAH) is an additional hardening due to post-irradiation 
annealing. It is a unique phenomenon to body-centered cubic (bcc) metals and their alloys, 
and was one of the major interests of irradiation studies on vanadium in 1970s[4]. RAH is 
explained by interaction between interstitial impurities and dislocation loops produced by 
irradiation[4, 8, 9]. In those studies, however, nitrogen, oxygen and carbon effects have not 
been well separated from each other. 

Recently, micro-indentation technology has been developed for obtaining mechanical 
property change in very limited testing volume, and made it possible to measure a hardness 
change in a quite thin layer produced by heavy ion irradiation[lO, 11]. The heavy ion 
irradiation is a valuable technique for radiation damage studies, because it reaches high dose 
for relatively short period and is capable of wide parametric survey studies for temperature, 
damage rate and so on[12]. 

The purpose of this study is to apply the micro-indentation technology to vanadium 
irradiated with heavy ions, and to investigate the effects of nitrogen on irradiation hardening 
and RAH by heavy ion irradiation using vanadium doped with controlled levels of nitrogen. 
The results will be compared with those on anneal hardening after plastic deformation (work 
anneal hardening) for the same set of materials. 

Experimental Method 

Table 1 shows contents of interstitial impurities in the vanadium specimens used in 
this study. V-EB-1 was made from electrolytic vanadium by Electron-Bearn-refming (EB- 
refining). V-LI (Vanadium Large Ingot) and V-HI (High-nitrogen Ingot) are made by 
industrial scale EB-melting. V-HI is a conventional large ingot in Japan. It was purified into 
V-LI by modification of fabrication process and used to make NIFS-HEAT-1, which is the 
reference V- 4 wt% chromium- 4 wt% titanium (V-4Cr-4Ti) alloy in Japanese 
universities[13, 14]. V-LI was arc-melted into 30 g buttons with different nitrogen content. 
They are designated V-LI-R, V-N-Z, -2 and -3. The button of V-LI-R was melted in argon 
(At) atmosphere, whereas the other buttons were melted in the atmosphere of mixed Ar with 
N2 gas. Then, they were arc-melted twice in 200 % Ar atmosphere to homogenize. In the 
same way, 30 g buttons of V-HI-R and V-HI-N-1 were made out of V-HI. As a result, 
nitrogen contents of the specimens ranged from 22 to 770 weight ppm (wppm). 

All the specimens were cold-rolled into 0.2 mm-thick sheets. Disks for transmission 
electron microscopy (TEM) were punched from the sheets, then they were wrapped with 
tantalum (Ta) and zirconium (Zr) foil and annealed at 1373 K for 3 hours in a higher 
vacuum than 2.3 X 10 .3 Pa. 

These specimens were irradiated with 2.0 or 2.4 MeV copper (Cu z+) ions at room 
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Table 1 - Contents of interstitial impurities in the vanadium. 

.Code N, wppm O, wppm C, wppm Note 
V-EB-1 12 290 33 Electro- and EB-refined V 
V-LI 91 43 93 High-purity25-kgVingot 
V-LI-R 94 55 70 
V-N-I 170 51 79 Made outofV-LI 
V-N-2 400 52 72 
V-N-3 540 56 74 
V-HI 540 46 270 
V-HI-R 610 82 210 
V-HI-N-1 770 74 210 

Conventional 50-kg V ingot 
Made out of V-HI 

temperature (RT) and at 573 K with Tandem accelerator of Kyushu University. The damage 
peak for 2.0 and 2.4 MeV Cu ions calculated by TRIM code[15] was at 460 nm and at 530 
nm from the surface, respectively. The total fluence was about 1 dpa at the damage peak. 
The average damage of the region between the irradiated surface and the damage peak was 
about 0.6 dpa. The stopping range of the implanted Cu was 570 and 680 nm from the 
surface, respectively, where the concentration of the Cu was the maximum and was 
equivalent to 430 wppm in all the specimens. Effect of the implanted Cu on the hardness is 
not evaluated, however it is expected to have the same effect on all the specimens because 
of the same concentration. 

Microhardness at the damaged layer was measured by Akashi-MZT-3, which is a 
microindentation test machine installed in the National Institute for Fusion Science. This 
indenter has a Berkovich (triangular pyramid) indenter with a semi-apex angle of 68 degrees. 
Figure 1 shows typical indentation curves for loading process for unirradiated and irradiated 
specimens. The left vertical axis indicates L (indentation load)/h (indenter displacement). 
The right vertical axis indicates the damage rate calculated by TRIM code, where h is used 
as the depth from the irradiated surface to compare the indentation curves with the damage 
profile. In the case of microindentation test on unirmdiated specimens it is known that L/h 
shows linear relationship with h when h is large enough[16]. In this study a good linear 
relationship was obtained as the solid line when h is larger than about 60 nm. Microhardness 
of the unirradiated specimen, Mu=rrod, is defined as the slope of the solid line in Fig. 1. For 
irradiated specimens L/h was proportional to h for only the range of h from about 60 to 200 
nm. The part of the indentation curve from 60 to 200 nm for h provides the broken line in 
Fig. 1. The indentation curve begins to deviate from the broken line at about 200 nm in h, 
which is estimated to be around 1/3 of the depth of the damage peak from a comparison 
with the damage profile. Before the deviation begins the curves is considered to exhibit the 
hardness of the damaged region between the irradiated surface and the damage peak, 
because dislocations promoted by the indenter can interact with the barrier of defects well 
removed from the apex of the indenter. The deviation is understood to reflect a beginning of 
an interaction between the dislocations promoted by the indenter and the undamaged region, 
which lies behind the damage peak. After the beginning of the deviation the slope of the 
curve will be asymptotic towards that of the unirradiated solid line. Therefore, 
microhardness, MRr-,rroa., was defined as the slope of the broken line. Considering the 
damage profile shown in Fig. 1, MRr.,,~a corresponds to somewhat lower damage than the 
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Figure 1 - Indentation curves for  unirradiated and irradiated vanadium. The calculated 
damage profile is also shown. Mierohardness, Mu . . . .  a and MRr-,,~aa, are defined as the 
slope o f  the solid and the broken line, respectively. 

peak damage of 1 dpa. 
Post-irradiation annealing was conducted at 573 K and 873 K for 1 hour after the 

wrapping with Ta and Zr in a higher vacuum than 1.3 X 10 -3 Pa. 
To make a comparison study, the Vickers hardness of unirradiated specimens, 

which were annealed at 1373 K for 1 hour, was measured. A load condition was 500 g for 
30 s. 

TEM observations were performed around the damage peak after sectioning and back- 
thinning, using JEM-2000EXII and JEM-2000FX of Kyushu University. 

Results 

All the specimens showed irradiation hardening by both RT and 573 K irradiation. 
Figure 2 shows the irradiation hardening and its recovery behavior by post-irradiation 
annealing. In the case of RT irradiation, the low-nitrogen specimens, such as V-EB-1, V-LI 
and V-LI-R showed a reduction in microhardness after post-irradiation annealing at 573 K, 
while the other specimens showed RAH. On the other hand, post-irradiation annealing at 
873 K always caused decrease in microhardness. In the case of 573 K irradiation all the 
specimens showed irradiation hardening and its recovery after post-irradiation annealing at 
873 K. 

Figure 3 shows dependence of microhardness on nitrogen content. Some previous 
data[17] of Vickers hardness are also plotted in Fig. 3 (b). Vickers hardness of unirradiated 
specimens, and microhardness of unirradiated and as-irradiated specimens increased with 
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Figure 2 - Irradiation hardening and its recovery by post-irradiation annealing. All the 
specimens showed irradiation hardening. After post-irradiation annealing at 5 73 K, V- 
EB-1, V-LI and V-LI-R showed hardness recovery, while the other specimens showed 
RAH. 

increasing nitrogen content. Two solid lines and one broken line were drawn for the data of 
V-LI, V-LI-R and V-N series. For the these alloys oxygen and carbon contents are close 
with each other in spite of  significant difference in nitrogen content. The broken line 
indicates the microhardness after the irradiation at RT. When nitrogen is singly varied, as 
the set of  V-LI, V-LI-R and V-N series, Vickers hardness and microhardness for 
unirradiated and irradiated specimens show a linear relationship with nitrogen content. 
Irradiation hardening did not show a clear correlation with nitrogen content, and seemed to 
be constant either at RT and at 573 K. The average of  the irradiation hardening at RT, 
Mnr-,~oa. - Mun,,~od, Was 1.2 GPa, which is indicated in Fig. 3 (a) a s  z ~ / l R T . t r r a d  . After the 
irradiation at 573 K, the average of  irradiation hardening, M573 r-,,~oa - Mun,,~od, was 1.0 GPa. 

Figure 4 shows typical TEM microstructures after the irradiation. Fine black dots and 
dislocation loops were observed in the bright field images. The dislocation loops were 
identified to be a/2 <111> type dislocation loops. The micrographs of  weak-beam dark field 
show higher density of  dots than that indicated by the bright field images. Most of  them 
were less than 5 nm in diameter. Their images are heavily overlapped with each other so that 

2 3 3 their number density was estimated roughly to be 6 X 102 - 1 X 1 02 m or actually higher. 
The density seems not to be changed either by the impurity level or irradiation-anneal 
histories. 
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Figure 3 - Dependence of  (a) microhardness and (b) Vickers hardness on nitrogen 
content. Oxygen contents are indicated in parentheses after the material codes. In Fig. 3 
(a) irradiated and unirradiated data are separated each other by hatching. In irradiation 
data the small symbols indicate RT-irradiation data, while the large ones indicate 573 K- 
irradiation data. Solid lines and a broken line are drawn after the data on V-LI, V-LI-R 
and V-N series in which oxygen content varies within only 13 wppm. AMRr_~ is the 
average of  irradiation hardening at RT. 
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F i g u r e  4 - TEM microstructure of  V-LI and V-HI irradiated to 1 dpa with 2.4 MeV Cu 
ions. The fine black dots and the small dislocation loops were identified to be o./2 <111> 
type dislocation loops. 
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Discussion 

Correlation between Microhardness and Vickers Hardness 

In Fig. 3 (b) the Vickers hardness of V-EB-1, V-HI, V-HI-R and V-HI-N-1 was 
higher than that obtained by extrapolating the solid line. In the case of V-EB-1 this is 
attributed to its oxygen content of 290 wpprn, which is much higher than those of the other 
specimens. The difference between oxygen content of V-EB-I and that of the other 
specimens is about 240 wppm, which is converted into about 14 Hv by using the oxygen 
hardening coefficient in the previous work[/7]. In the case of V-HI, V-HI-R and V-HI-N-1 
oxygen level is comparable to that of V-LI and its arc-melting products. According to Table 
1, higher carbon content of 210 or 270 wppm can explain the gap from the solid line. The 
Vickers hardness of V-N-3 and V-HI was 116 and 145 Hv, respectively, therefore about 200 
wppm carbon caused a hardening of 30 Hv. In the previous tensile study, it was revealed 
that hardening due to carbon tends to saturate at above 200 wppm[3]. It is possible to 
categorize the specimens including V-EB-1, V-LI, V-LI-R and V-N into a low carbon (C < 
100 wppm) group, and the specimens including V-HI, V-HI-R and V-HI-N-1 into a high 
carbon (C > 200 wppm) one. However, effects of several tens wppm carbon on mechanical 
properties still remains to be clarified using a vanadium with controlled nitrogen, oxygen 
and other impurities. 

By a comparison among the two solid lines and the other deviated data for 
unirradiated specimens in Fig. 3, one would know that the dependence of microhardness on 
nitrogen content reproduces that of Vickers hardness well. Figure 5 shows the correlation 
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Figure 5 - Correlation between microhardness and Vickers hardness. The solid line is 
obtained after the data for unirradiated specimens. The liner relationship is extrapolated 
to the irradiation data range as shown by the broken line. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 20 18:18:21 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



754 EFFECTS OF RADIATION ON MATERIALS 

between microhardness and Vickers hardness of unirradiated specimens. This figure shows 
a linear relationship described by an equation 

H (Hv) = -32.6 + 87. 7 M (GPa) (1) 

The set of vanadium used was uniformly hardened by solid solute and had a grain size larger 
than 40 ~trn, which does not influence either Vickers hardness or microhardness, because the 
indentation size is 140 Jam and 10 ~trn at the maximum, respectively. This equation is useful 
to convert microhardness into Vickers hardness for the range from 1.0 to 2.1 GPa in 
vanadium. The equation will not be applicable to the lower hardness region near the origin. 
On the other hand, in higher hardness region Vickers hardness would be estimated by 
extrapolation, as shown by the broken line in Fig. 5, unless different deformation mode such 
as cracking occurs around the indentation. 

Irradiation Hardening 

As shown in Fig. 3 (a) irradiation hardening is not strongly influenced by either 
nitrogen content or irradiation temperature within the range investigated. This fact agrees 
with TEM observations indicating that the microstructures of all irradiated specimens were 
similar to each other. Assuming no change in deformation mode in irradiated specimens, the 
average irradiation hardening of 1.2 GPa at RT and of 1.0 GPa at 573 K can be converted 
into 110 and 88 Hv by using Eq (1), respectively. Figure 6 shows a comparison between the 
converted values and the irradiation hardening obtained at neutron irradiation. The 
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Figure 6 - Comparison between temperature dependence of  irradiation hardening at Cu 
ion irradiation and that at neutron irradiation. The irradiation hardening at Cu ion 
irradiation is converted from microhardness by using Eq (1). 
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converted values are similar to or smaller than the hardening induced by neutron irradiation 
at the dose of 0.13 or 0.19 dpa at 473 - 673 K[6, 18]. 

The microstmctures by TEM consisted of the a/2<l 11> type dislocation loops, which 
are common to neutron-irradiated vanadium[18-20]. It should, however, be noted that 
cavities were formed at 455 K or higher temperature at 1 dpa in the case of neutron 
irradiation[19]. 

The irradiation hardening and also the microstructure obtained from 573 K irradiation 
in the present study seem to correspond to that by neutron irradiation at lower dose and at 
lower temperature. One of the probable explanations for the difference between the heavy 
ion and neutron irradiation is that the higher dose rate, such as about 10 -3 dpa/s in heavy ion 
irradiation, should cause a longer incubation dose for cavity and less defects for hardening 
than the lower dose rate of about 10 -6 dpa/s in neutron irradiation, because of enhanced 
recombination of irradiation defects arising from the overlapping of cascades. In addition it 
is commonly known that higher irradiation temperature is necessary for cavity formation by 
heavy ion irradiation compared with neutron irradiation[21, 22]. 

Radiation Anneal Hardening at 573 K 

After the post-irradiation annealing at 573 K, RAH was observed at the nitrogen 
contents of 170 wppm and above. It has been suggested that RAH arises from the decoration 
of dislocation loops with interstitial impurities[4, 8, 9]. The authors have investigated the 
nitrogen and oxygen effects on work anneal hardening of vanadium. In the study, the effects 
of nitrogen and oxygen have successfully been separated by using the same set of specimens 
as this study[17]. It has been clarified that the work anneal hardening at 573 K is dominated 
by nitrogen content. Figure 7 shows a comparison between RAH (AM573 r) and work anneal 
hardening of vanadium (Z~"I573 K). Z~573 K and z~573 K are defmed as the increase in 
microhardness due to the post-irradiation annealing at 573 K, and as the increase in Vickers 
hardness due to annealing at 573 K after deformation to 90 %-cold working, respectively. In 
Fig. 7 oxygen contents are also indicated in parentheses after the material codes. 

The solid line in Fig. 7 (b) indicates that work anneal hardening of vanadium is small 
at low nitrogen level. The work anneal hardening increases with the nitrogen content in a 
step-wise manner at around 100 wppm, followed by saturation. Figure 7 (b) suggests that 
nitrogen is the dominant element for the hardening, because the work anneal hardening of 
V-EB-1 is nearly zero despite its large oxygen content of  290 wppm. V-O series exhibit 
similar extent of work anneal hardening to the other specimens, though their oxygen 
contents varies from 260 to 920 wppm. In all the deformed specimens a dislocation network 
was the only set of defects observed, which did not change by annealing at 573 K. The 
dislocation structure was independent of nitrogen and oxygen content. 

As shown in Fig. 7 (a), the data itself does not represent a sharp step function, 
however they does not conflict with the data on the work anneal hardening. In the present 
study a broken part on the solid line shown in Fig. 7 (a) is suggested, because the correlation 
between RAH and nitrogen content can be understood in the same way as that derived for 
the deformed specimens. The microstructures consisted of only dislocation loops, and were 
not significantly affected either by annealing at 573 K or its nitrogen level. In this case the 
loops and invisible simple defects and their clusters can be responsible for the RAH. Single 
vacancies and their small clusters, such as divacancy, is expected to migrate below 573 K, 
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according to the previous estimation of their migration energy ranging from 0.5 to 1.2 eV[23, 
24]. In the low-nitrogen specimens, such as V-EB-1, V-LI and V-LI-R, a slight hardness 
recovery was observed after post-irradiation annealing at 573 K in Fig. 7 (a). This indicates 
that the small, unstable and invisible defect clusters produced by irradiation at RT were 
recovered by the post-irradiation annealing at 573 K. In contrast to the irradiation, such 
unstable defect clusters were not introduced by deformation. This is the reason why 
hardness recovery was not observed in the low nitrogen specimens in Fig. 7 Co). RAH 
occurred in high nitrogen specimens although such small defect clusters were considered to 
be recovered also in those specimens. Therefore, the dislocation loops should be the 
responsible defects for RAH. According to the clear correlation between RAH and nitrogen 
content, RAH should be caused by migration of nitrogen to dislocation loops in irradiated 
vanadium. In the previous work with Cu ion irradiation up to 0.75 dpa, number density of 
dislocation loops similar to that in the present study was decreased by two orders during 
post-irradiation annealing at 873 K[12]. The decrease of hardness at 873 K in Fig. 2. is 
expected to arise from the decrease of dislocation loops and detrapping of nitrogen from 
dislocation loops. 

Microhardness of the specimens showing RAH, Me~H, and Vickers hardness of the 
specimens showing work anneal hardening,/-/Am are separated into three terms as 

MRAH = Munirrad. d- Z~RT4rra d -t- ,~IRAH (2) 

H,4H = HFA + zS]-lcw + Z~"IAH (3) 

where Mu.,,~od, AMRr-,r~d and zlMtun are microhardness of full-annealed specimen, 
irradiation hardening at RT and RAH, respectively. HFn is the Vickers hardness of full- 
annealed specimens, zll4cw and Brim4 are work hardening and the work anneal hardening, 
respectively. In the present study the average of zlMRr-,,~od, is 1.2 GPa as shown in Fig. 3 (a). 
zlMe~H is 0.42 GPa, which is given as the upper level indicated in Fig. 7 (a) for the 
specimens with nitrogen content of 400 wppm or higher, dHcw, the difference between the 
as-rolled and the full-annealed specimens, was shown to be independent of nitrogen content 
and estimated to be 75 Hv[17]. From Fig. 7 (b) the average of zl/-/An is estimated to be 26 Hv, 
which is the upper level of the solid line drawn after the specimens with 400 wpprn nitrogen 
or higher. 

Orowan's dispersed barrier equation for the change in the sheer stress, Ax, can be 
written as 

A'r = tiP-@ (4) 

in which p is sheer modulus and b is the magnitude of the Burgers vector[25]. The factor fl 
is a measure of the barrier strength. The average barrier spacing for the dislocation loops in 
the specimens irradiated at RT, lRr-i,~aa, is described as 

1 
IRT.,,~o~-..~tZr= (5) Nlva 
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in which N and d is the number density and the diameter of the loops, respectively. The 
spacing for network dislocations in the cold-worked specimens, lcw, is described as 

1 
l c w -  t - -  (6) 

in which p is the network dislocation density produced by cold working. Av is converted 
into change in the uniaxial yield stress, day, using Taylor factor, Mr, as 

AITy = MT AT (7) 

Assuming both changes in Vickers hardness and Microhardness are proportional to AO}, the 
hardness change in the specimens irradiated at RT, AMRr-,,rad., and that in the cold-worked 
specimens, M-/cw, are written as follows by using Eq (4) - (7). 

AMRT-,rrad = aM 12 b ~]N d (8) 

AHcw =aH I.t b ~ (9) 

aM and aH are measures of the barrier strength of the dislocation loops and the network 
dislocations. Because TEM showed no change in N, d and p after annealing at 573 K, RAH 
and the work anneal hardening are considered to arise from decorations of dislocations with 
nitrogen. The decoration is expected to induce an increase in aM and aH into aM' and all', 
respectively. Therefore, followings are obtained. 

ZSJl/1RT-,rrad + Zll~/Iedn = OgM' ].1 b (10) 

AHcw + AllAH = OtH" # b (11) 

Using Eq (8)-(11), the change ratios of the barrier strength are given as follows. 

AMe~H 0.42 (GPa) 
aM' _ 1 + = 1 + ---- 1.350 (12) 
OSM AMRr-,m~. 1.2 (GPa) 

O~H' = 1 AI-IA_...._.~H = 2 6  (1-Iv) 
OtH + AHcvr 1 + 75 (Hv) = 1.347 (13) 

Thus, the ratios of the barrier strength before to after anneal hardening are very similar for 
ILAH and the work anneal hardening. The similarity supports the idea that the same 
mechanism is operating to RAH and the work anneal hardening. 

In conclusion, tL~H and the work anneal hardening in vanadium at 573 K should be 
accounted for by interaction of nitrogen with dislocation loops and dislocation network, 
respectively. 
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Conclusions 

Copper ion irradiation at room temperature (RT) and at 573 K up to 1 dpa was 
conducted on vanadium doped with controlled levels of nitrogen. A microindentation test 
was performed to make a quantitative estimation of irradiation hardening and radiation 
anneal hardening (RAH) of the irradiated surface layer. New findings and understandings 
are obtained as follows. 

1. In vanadium, microhardness obtained by the microindentation test has a linear 
relationship with Vickers hardness at least for the range from 1.0 to 2.1 GPa in 
microhardness. 

2. Irradiation hardening and microstructures are not strongly influenced by nitrogen 
content and irradiation temperature. The average of irradiation hardening at RT and at 
573 K is 1.2 and 1.0 GPa, respectively. 

3. RAH appears with 170 wppm nitrogen and above after post-irradiation annealing at 573 
K. RAH increases with nitrogen content in stepwise manner and similar to anneal 
hardening of deformed vanadium. 

4. RAH and the anneal hardening of deformed vanadium at 573 K should be accounted for 
by interaction of nitrogen with dislocation loops and dislocation network, respectively. 
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Abstract: In the Accelerator Production of Tritium Program, thermalized neutrons 
~roduced from multiplication and moderation of spallation neutrons will be absorbed in 
He gas to produce tritium. The spallation neutrons will be generated by the interaction of 

high energy (-1 GeV) protons with solid tungsten rods. An unavoidable byproduct of the 
spallation reactions is large amounts of helium and hydrogen gas generated in the rods. 
The release kinetics of these gases during various proposed off-normal scenarios 
involving loss of coolant and afterheat-induced rises in temperature are of particular 
interest. In addition, the magnitude of the gas generation cross sections and the fractional 
retention of these gases is necessary for extrapolation of these data to higher exposures. 

Tungsten rods irradiated with 800 MeV protons in the Los Alamos Neutron 
Science Center (LANCE) to rather high exposures have been sectioned to produce small 
specimens suitable for measurement of both helium and hydrogen. Hydrogen evolution 
was measured both by dropping the specimen into a small ceramic crucible at 1200~ 
and also by subjecting the specimen to a simulated temperature ramp from -200 to 
-1200~ as has been calculated to be induced by loss of cooling and subsequent 
afterheat in an APT plant. The latter technique showed four distinct hydrogen release 
peaks at temperatures of approximately 500, 800, 1000 and 1200~ suggesting a variety 
of trapping sites with different binding energies. Helium release and total content were 
measured by subjecting the specimens to the same temperature excursion, followed later 
by melting to release the remaining helium. Approximately 99% of the helium was 
retained until melting occurred. For both gases, release measurements were conducted 
using mass spectrometric techniques. 

The measured amounts of helium agreed well with predictions. The hydrogen 
measurements were somewhat lower than predicted. This may reflect diffusional losses 
from the rods or some needed modifications in the evaporation model employed in the 
LAHET code. 
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USA. 
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Introduction 

The Accelerator Production of Tritium (APT) project [1] was proposed as one of 
several solutions to the U.S.A. national need for tritium. In the APT concept, high- 
energy protons would impinge on a tungsten target producing high-energy spallation 
neutrons. These neutrons would in turn be multiplied using a lead blanket, then 
thermalized using water. Tritium production would occur through capture of the 
thermalized neutrons by 3He gas. A main technical issue that was addressed during the 
APT design was radiation damage to materials in the mixed high-energy proton and 
neutron environment. A materials irradiation program [2] using the 800-MeV proton 
accelerator at the Los Alamos Neutron Science Center (LANSCE) was therefore 
developed. To simulate the tungsten neutron source in the proposed APT target, a series 
of tungsten rods was included in the LANSCE materials irradiation assembly. 

While reviewing postulated off-normal conditions for the APT target, the question 
of gas buildup inside the Alloy 718 clad tungsten rods was raised. Spallation reactions 
typically result in large amounts of helium and hydrogen being produced in the target 
material. If enough gas is produced and released from the target material, and then 
trapped at the tungsten/cladding interface, this gas might result in the failure of the target 
cladding due to a pressure build-up. Therefore, the tungsten rods included in the 
LANSCE materials irradiation test were used to address two important questions; (1) is a 
large fraction of the two gases released from the target material and at what rate, and (2) 
how accurately can gas production be predicted for the APT target rods? 

Tungsten Analysis Samples 

Several sets of tungsten samples were prepared at Los Alamos National Laboratory 
(LANL) for helium and hydrogen measurements. Each sample was in the form of a thin 
disk cut from selected 3.18 mm diameter tungsten target rods previously irradiated with 
800 MeV protons in LANSCE for an exposure time of approximately two months. 
Proton fluence for me twoin-beam samples (W-2 and W-3) and the out-of-beam sample 
(1Wc) was ~I x I0" p/cm ~ and -5 x 1019 p/cm 2, respectively. The radial temperature of 
the rods was estimated to range from -166~ (surface) to -175~ (center) at beam 
center, to -35~ out of the beam. The tungsten rods were formed by powder metallurgy 
(pressed, sintered and then drawn) and had an elemental composition of 99.96% tungsten 
with the major impurities being Mo at 100 ~tg/g and C and O at 30 ~tg/g each. The initial 
grain size was -15 ~tm. 

As the rods were highly radioactive, sample preparation was performed in a hot 
cell. Extensive radiometric analysis was conducted on the samples to provide flux and 
gradient data for the model calculations. A diagram of the experimental setup in the 
LANSCE facility is shown in Figure 1. Locations of the individual measured tungsten 
specimens, relative to the center of the proton beam, are shown in Figure 2. 

Samples for gas analysis were cut using small diagonal wire cutters. Prior to 
analysis, each specimen is individually cleaned in acetone and air-dried. The mass of 
each analyzed specimen was determined using a microbalanee with calibration traceable 
to the National Institute of Standards and Technology (NIST). Mass uncertainty is 
conservatively estimated to be • rag. 
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Helium Analyses 

Helium Analysis System 

Helium analyses were conducted by mass spectrometry at Pacific Northwest 
National Laboratory (PNNL). Details on the mass spectrometry system have been 
presented elsewhere [3,4]. Helium contents were determined by heating and/or 
vaporizing each sample in a resistance-heated crucible in one of the mass spectrometer 
system's high-temperature vacuum furnaces. Helium concentrations are generally 
determined either by direct measurements of the mass spectrometer helium signal, or by 
an isotope-dilution technique where the released helium isotope (He3 or Hr is 
compared with a known quantity of added "spike" of the other isotope. The helium 
isotopic spikes were obtained by expanding and partitioning known quantities of gas 
through a succession of calibrated volumes [3]. The mass spectrometer was calibrated 
for mass sensitivity during each series of runs by analyzing known mixtures of 3He and 
4He. Reproducibility of the analysis system for samples with known homogeneous 
helium content is -0.5%. The absolute accuracy is generally better than 1%. 

Stepped-Anneal and Total Helium Measurements 

Details of the stepped-anneal and total helium measurements have been presented 
earlier [5]. For the stepped-anneal helium release measurements, the specimens cut from 
the tungsten disks were loaded into the central section of a 0.48 cm diameter graphite 
crucible. Small graphite plugs were placed at each end of the hole to position the 
samples as close as possible to the middle of the crucible. Temperature measurements 
were conducted using either a thermocouple or an optical pyrometer. Temperature 
uncertainty is estimated to be +50~ As both 3He and 4He were expected in the samples, 
no helium spikes were used in this measurement series. 

Results of the stepped-anneal measurements conducted earlier are shown 
graphically in Figures 3 and 4. Helium concentrations are~lotted in atomic parts per 
million (appm), based on a calculated value of 0.328 x 10 atoms per gram for tungsten. 
Helium levels were corrected for background helium buildup in the analysis furnace as a 
function of time, obtained from separate "control" analyses conducted immediately after 
the sample runs. For sample W-2, helium release is first observed at a temperature of 
-800~ From 800~ up to the final temperature of~1600~ the incremental helium 
release is approximately the same for each temperature step, although there is some 
indication of a subsequent, slowly increasing release rate up to -1400~ At the final 
temperature of 1600~ a total of five measurements were made, and these data show a 
leveling off of the gas release at a value o f - l . 4  appm. Similar trends were observed for 
sample W-3, with the 4He release tending asymptotically to -1.0 appm at the highest 
temperature of-1200~ For this second sample, however, there is little evidence for an 
increasing helium release rate with temperature (above -800~ The 3He release for 
both specimens was at or below the detection limit of the analysis system (~1012 atoms) 
for the particular setup used in these tests. Variability in the helium release data are due 
largely to variability in the subtracted helium background [5]. 
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Following the stepped-anneal measurements, the two tungsten specimens were 
reloeated, in their original crucibles, to different positions in the same furnace for 
subsequent vaporization analysis. For these measurements, the residual helium contained 
in the speeimen~s was determined using the isotope-dilution method. Prior to the addition 
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of the spike, however, a first aliquot of the sample gas was taken for a determination of 
the helium isotopic ratio in the sample itself. 

Helium measurements in the two samples after vaporization are summarized in 
Table 1. Total helium measured was 754 aopm for W-2 and 715 appm for W-3, with an 
average of 733 + 28 (16) appm. The 4He/SHe isotopic ratio observed in the two 
specimens was 13.9 and 13.7, respectively, with an average value of 13.8 + 0.1 (16). The 
absolute uncertainty (16) in the individual helium contents is estimated to be between 1% 
and 2%. 

As can be seen from Figures 3 and 4, and Table 1, helium release from the tungsten 
during the initial stepped-anneal tests was small compared to the total helium inventory. 
For W-2, the total 4He released at 1600~ was only --0.2% of the total 4He. Similarly, for 
W-3, the 4He released by 1200~ was only --0.1% of the total. 

Hydrogen Analyses 

Hydrogen Analysis System 

Hydrogen measurements conducted previously [5] on these tungsten samples were 
performed using one of the analysis furnaces attached to the helium analysis system that 
had been extensively modified for the task. This earlier system was based on isotope- 
dilution, static-mode, gas mass spectrometry, similar to the method used for the helium 
measurements. Although this system provided useful initial data for the APT program, 
the system could only be used for relatively high hydrogen levels (thousands of appm), 
and the absolute accuracy of the system was difficult to assess. In particular, background 
hydrogen levels in the detector were difficult to determine. 

In order to improve on the accuracy and sensitivity of the hydrogen measurements, 
a second development effort was undertaken that involved improvements to both the 

Table 1 - Total helium in APT tungsten. 

Measured Total Helium 
Specimen Helium Concentration 

Analysis Mass b (1014 atoms) (appm) c 
Specimen Type a (mg) 3He 4He 3He 4He 

W-2-B Anneal 5.373 0.09 0.2 
Vap. 8.88 123.4 51.0 702.2 

W-3-B Anneal 3.606 0.03 0.17 
Vap. 5.74 78.50 48.8 665.9 

1Wc-E Vap. 3.510 0.268 2.570 2.33 22.35 
-F Vap 5.965 0.460 4.043 2.35 20.69 

aStepped-anneal or vaporization (Vap.) analysis. 
bMass uncertainty is 4-0.002 mg. 
CTotal helium concentration in atomic parts per million (10 "6 atom fraction) with 
respect to the total number of atoms in the specimen. Values for the W-2 and 
W-3 represent the total of the stepped-anneal and vaporization analyses. 
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sample hydrogen extraction furnace and detector components [6]. The hydrogen 
extraction system improvements involved a significant reduction of the chamber volume 
and a change of materials in the sample furnace that were heated and in direct connection 
to the mass spectrometer detector. The detector improvements involved a complete 
redesign of the detector volume to minimize its size and its proximity to the extraction 
furnace. 

A schematic diagram of the hydrogen analysis system is shown in Figure 5. 
Hydrogen is extracted from the analysis sample by heating to temperatures up to 
~1200~ The extraction furnace shown on the left-hand side consists of a sample 
turntable assembly located above a ceramic test tube shaped crucible heated on the 
outside by a resistance-heated tungsten filament. A tungsten heating filament is contained 
inside a water-cooled copper enclosure connected to its own separate vacuum system. 
Samples are loaded into the upper section of the turntable and remotely dropped one at a 
time through the central vertical channel into the crucible using a bellows-sealed push 
rod. 

Viewport 

Gate L r 

Sample 
Holder Sample 

Manipulator 
/ 

" r Ar purge V a l v e ~ ~  i I .D--1~4::~ "''"=a=~:/ 
Crucible 
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Supply ] 
Tungsten-Wire Turbo 

Heater Pump 

Current 
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Quadrupole 
MS 

\ 

Hydrogen 
Leak 

Turbo 
Pump 

~ l o n  
Source 

Figure 5 - Hydrogen analysis system employed in the present measurements. 

The hydrogen detector system is shown in the fight-hand side of  Figure 5. Sample 
gas flow from the extraction system travels through the horizontal vacuum line which 
terminates at a point that is very near the ionization region of the quadrupole detector. 
The mass spectrometer detector is a quadrupole analyzer with an electron multiplier 
detector. For the present measurements, the output of the electron-multiplier was fed 
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directly to a digital multimeter (DMM). The mass spectrometer was tuned to a mass of 2 
amu for all measurements. 

Calibration of the system sensitivity is accomplished using a hydrogen leak source 
attached to the vacuum line between the extraction furnace and the detector volume. The 
calibrated leak has a very small trapped volume, resulting in virtually no reduction of the 
leak rate with time. Calibration measurements are conducted before and after each 
sample analysis, and show an overall reproducibility of~2 to 3%. 

Measurements are also routinely conducted on specimens of a standard, hydrogen- 
containing steel maintained in the laboratory. The stated content of the steel is 5.2 _+ 0.3 
wppm. The average hydrogen content measured in more than 90 of these samples is 5.0 
wppm with a standard deviation of-20% (16). It is speculated that at least some of the 
observed variability in the standard samples is associated with actual heterogeneity in the 
hydrogen content at this small mass level. 

Absolute uncertainty (16) in the hydrogen analyses is currently estimated at ~20%, 
and is due partly to the uncertainty in the calibrated hydrogen leak source. The system 
has been determined to be linear in response up to a total hydrogen release of at least 1017 
atoms, which for a 0.5 mg steel sample, represents a hydrogen concentration of ~20,000 
appm. Additional uncertainty may also be present from possible hydrogen release from 
remaining water layers or hydrated metal oxides on the surface of the sample that are 
subsequently dissociated by the hot crucible. It is hoped that with more experience with 
the system, this uncertainty will be further reduced. 

Retained Hydrogen in Tungsten 

Using the new analysis system, hydrogen measurements were conducted on 
additional specimens from two of the irradiated tungsten samples from the original group 
of  five samples prepared at LANL and reported earlier [5], on samples from two 
additional specimen sets from LANL, and on specimens taken from unirradiated control 
tungsten material. Except for one sample, which was analyzed using an approximate 
linear temperature ramp, all of the analyses were conducted at a fixed crucible 
temperature of~1200~ which is the postulated off-normal scenario for the APT design. 

Hydrogen measurements are summarized in Table 2. The mean concentrations and 
16 standard deviations in the replicate analyses are given in the last column. As 
discussed above, the absolute uncertainty (16) in the hydrogen analyses is estimated at 
~20%. 

Hydrogen release measurements during the temperature ramp were also conducted 
on one of the tungsten specimens and are shown in Figure 6. The thin solid line in the 
graph is the crucible temperature profile as a function of heating time in seconds. The 
crucible temperature is given on the right hand y-axis. The thicker line indicates the 
instantaneous hydrogen release in atoms per second on the left y-axis. Total heating time 
is given in the bottom axis. 

LAHET Calculations of Helium and Hydrogen Content 

A detailed Monte Carlo model of the APT materials irradiation has been completed 
at LANL using the LAHET Code System (LCS) [7]. The LCS is the neutronic tool used 
for the design of APT and the estimation of radiation damage parameters, such as DPA 
and gas production. Because the proton energy spectrum and beam profile vary 
throughout the APT target/blanket (with values ranging as high as 1.6 GeV), the model 
presented is therefore prototypic for only one region of the target system. However, 
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Table 2 - Retained hydrogen in APT tungsten. 

Sample 

Unirradiated: 

W-blank 

Irradiated: 

W-2 

W-3 

1Wh 

lWc 

Measured Hydrogen Concentration 
Mass" Hydrogen (appm) b 
(mg) (1015 atoms) Measured Corrected r Average a 

7.506 4.7 191 210 
10.22 7.8 233 - • 

9.063 -42 -1400 -1190 1700 
1.526 10.2 2030 1820 • 
3.282 25.0 2320 2100 

0.761 9.27 3710 3500 3500 

4.538 25.1 1680 1470 1990 
6.197 46.4 2280 2070 • 
4.432 38.3 2630 2420 

5.240 6.36 370 160 220 
4.390 7.23 502 292 • 
3.719 5.18 424 214 

aMass of specimen for analysis. Mass uncertainty is • mg. 
bHelium concentration in atomic parts per million (10 -6 atom fraction) with respect 
to the total number of atoms in the specimen. 

CCorrected for hydrogen measured in unirradiated control material. 
dMean and standard deviation (1 a) of duplicate analyses. 

using the measurements of helium and hydrogen in the LANSCE Area A test at 800 MeV 
as a calibration for the LCS will provide some insight into the potential accuracy of gas 
production predictions throughout the APT target/blanket. 

Calculations of the helium and hydrogen (i.e., proton) production in the current 
LANSCE Area A test were carded out using the LCS [5]. Because the measured results 
are related to the total number of helium and hydrogen atoms that are stopped and 
retained in the sample volume and not necessarily the total production rate in the sample, 
the tally option used was IOPT=14 with charged particle transport turned on in LAHET 
(this is not the default LAHET option). The LCS default level density model was used 
with a pre-equilibrium model following the intranuclear cascade (not the LCS default). 
This allows some estimation of the energetic loss of helium atoms and protons, especially 
the latter, which can be on the order of 50% or larger. It does not account for subsequent 
thermally induced diffusional losses of hydrogen, however. 
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Figure 6 - Hydrogen release from irradiated tungsten at 
temperatures between 750~ and 1200~ 

The results of the generation and retention calculations are summarized in Table 3 
along with a comparison to the average measured values. Statistical errors in the LCS 
calculations were calculated to be less than 3%. Although the statistical errors are small, 
overall uncertainty is expected to be about 50% for the prediction of radionuclides in 
general. This uncertainty estimate is based primarily upon the work ofUllmann, et al. 
[8], who measured radioactive spallation products from tungsten and lead targets. The 
variation of predictive capabilities is relatively large and seems, to some extent, to be a 
function of the target material [8, 9]. 

Table 3 - Comparison of LCS calculations with measured helium and hydrogen 
concentrations. 

Gas Concentrations (appm) 
Location Helium Hydrogen 

Sample (mm)" Measured b Calculated C /M c Measured Calculated C/M c 
W-2 12.5 753 760 1.0 1700 4980 2.9 
W-3 12.0 715 760 1.1 3500 4980 1.3 
1Wh 10.5 - 760 1990 4980 2.5 
1Wc 62 23.9 TBD 220 TBD 

~ Sample location relative to proton beam center. 
Average total helium (3He+~He) measured in samples. 

cCalculated-to-measured ratio. 
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Discussion and Conclusions 

The measured helium release from two irradiated tungsten samples during the 
stepped-anneal tests was very small compared to the total residual helium inventory 
measured in the same samples. At 1200~ which is the postulated off-normal 
temperature for the APT project, the total helium release for one sample was only -0.1%. 
At 1600~ the total helium release in a second sample was only slightly higher at -0.2%. 
Helium release was first observed at about 800~ One sample showed some evidence 
for an increasing helium release rate with temperature between 800~ and 1400~ At 
the highest temperatures reached in the anneal tests, where multiple helium analyses were 
conducted, both samples showed evidence of a leveling off in the helium release rate. 
Helium-3 release for both samples was at or below the detection limit of the analysis 
system (-1012 atoms) for the particular setup used in these tests. Given the low quantities 
of helium release at 1200~ it is unlikely that this release will result in any pressure 
buildup at the target/cladding interface of a production target. 

Total helium concentrations measured in the two irradiated tungsten samples 
averaged 733 + 28 (Io) appm for the near beam center locations, and ~24 appm at 65 mm 
from beam center. Comparison with LAHET calculations gives C/M values o f - l . 0  to 
1.1 near beam center. Calculated offbeam values are still in progress. As indicated 
previously [5] this close agreement, however, may be fortuitous. Absolute uncertainty 
(16) in the measured helium contents is estimated to be between 1% and 2%. 

New hydrogen measurements conducted on two unirradiated specimens of as- 
received tungsten material showed a low hydrogen impurity content of about 200 appm, 
in good agreement with the preliminary data obtained earlier [5]. New analyses of  
irradiated samples show total hydrogen contents ranging from approximately 1700 up to 
3500 appm, also in good agreement with the earlier preliminary data. 

Comparison of the hydrogen values with LAHET calculations gives C/M values 
ranging from -1.3 to 2.9. Some of the discrepancy between the calculated and measured 
values is the result of the uncertainties in the measurements and the calculations (about 
20% and 50%, respectively). While energetic losses were estimated, thermally-induced 
diffusional losses were not accounted for in the LAHET calculations. Calculations of 
effective diffusion length [10] for the LANSCE irradiation conditions (~170~ for -60 
days) would indicate a value of about 9 mm, which is considerably larger than the rod 
radius. Such a large value would suggest that most if not all the generated hydrogen 
would have diffused out of the sample during irradiation, at least for the in-beam samples 
W-2 and W-3. The fact that significant hydrogen was in fact retained, strongly supports 
trapping of the hydrogen in the tungsten matrix. Although LAHET calculations are still 
to be performed for the out of beam locations, correlation of the retained hydrogen in 
Sample 1We with the relative proton fluence would suggest lower diffusional loss of 
hydrogen which would be consistent with the lower irradiation temperature for this 
sample. 

Hydrogen release profiles with increasing temperature, in Figure 6, show four 
release peaks at temperatures of  approximately 550, 850, 1100, and 1200~ Some of 
release features may be attributable to the nonlinearity in the temperature ramp. Recent 
calculations [11] show a good fit to the release data using a single trap model with a trap 
energy of 1.4 eV. Both the present measurements and the earlier preliminary 
measurements suggest complete hydrogen release from the tungsten at temperatures of 
1200~ (or lower), within a few minutes. Whether or not this released hydrogen will 
result in a pressure buildup at the target/cladding interface of a production target will 
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depend largely on whether or not any gaps exist between the tungsten and the cladding. 
If no gap exists, then the hydrogen will likely diffuse through the Alloy 718 at a rate 
equal to its release from the tungsten [12]. I fa  gap exists, however, the hydrogen will 
likely recombine to form molecular H2, and subsequent decomposition and release 
through the 718 cladding may be slower, allowing some build up in pressure within the 
cladding, leading to potential cladding rupture. 

Within the respective uncertainties of the gas measurements and calculations, 
several observations can be made. 

�9 As expected, significant levels of helium and hydrogen were observed in the 
tungsten target material. 

�9 Helium release at the APT postulated off-normal temperature of 1200~ is small 
at about 0.1 to 0.2% of the total generated helium. A very small helium release 
first occurs at -800~ and the release rate does not change significantly with 
temperature. 

�9 Given the small levels of helium released, helium gas buildup should not 
contribute significantly to any pressure buildup at the target/cladding interface of 
a production target. 

�9 Hydrogen release was seen to occur in tungsten starting at -500~ with release 
"peaks" at -550, 850, 1100, and 1200~ possibly from temperature 
nonlinearities. Release data are consistent with a single trap model, with a trap 
energy of 1.4 eV. 

�9 The measurements suggest complete release of generated hydrogen within a few 
minutes at 1200~ Whether or not this released hydrogen will contribute to a 
pressure buildup at the target/cladding interface will depend on whether there is a 
gap at the interface allowing recombination of the hydrogen into molecular form. 

�9 LAHET calculations of helium generation agreed reasonably well with 
measurements within estimated uncertainties. Calculation of hydrogen generation 
were higher than the observed retention, likely from relatively small measurement 
and somewhat larger calculational uncertainties and possibly from some 
thermally-induced diffusional losses from the tungsten samples during irradiation. 
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Abstract: Swelling and microstructure of silicon carbide (SIC) are studied by means of 
MeV-range ion irradiation. The material used is chemical vapor deposited high purity 

polycrystalline cubic (3C)-SiC. The swelling behavior is characterized by precision 

interferometric profilometry following ion bombardment to the diamond-finished surface 

over a molybdenum micro-mesh. Irradiation was carried out at temperatures up to 873 K, 

followed by profilometry at room temperature. Microstructural characterization by means 

of cross-sectional transmission electron microscopy has also been finished for selected 

materials. Irradiation induced swelling was increased with increasing the displacement 

damage level up to 0.3 dpa at all evaluated temperatures. At 333 K, the swelling was 

increased with increasing the damage level up to 1 dpa, and irradiation-induced 

amorphization was observed over 1.07 dpa. At the higher irradiation temperature, 

swelling was saturated over 0 3 dpa. The temperature dependence of saturated swelling 

obtained so far appeared very close to the neutron irradiation data. For the study of the 

synergism of displacement damage and helium production, a dual-beam experiment was 

performed up to 100 dpa at 873 K. Swelling of the dual-beam irradiated specimen was 

larger than that of single-beam irradiated specimen. The result also suggested the onset of 

unsteady swelling in high He/dpa conditions after "saturated point defect swelling" is 

once achieved at displacement damage levels over 50 dpa. 
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Introduction 

Silicon carbide (SIC) materials have been considered as the structural material for 
advanced energy systems, including fusion system, due to their superior mechanical 
performance and chemical stability at high temperature and low induced radioactivity. For 
the design of SiC materials as the structural components of nuclear energy systems, 

irradiation effects such as thermal and mechanical property degradation and swelling 

cannot be ignored. Because irradiation-produced defect accumulation causes these 

property changes, it is important to understand the nature and processes of radiation 

defect evolution in SiC [1]. 
In a fusion environment, the synergistic effect of helium and displacement induced 

by neutron irradiation is of concern. The most damaging component of radiation will be 

high-energy neutrons (~ 14MeV), which cause not only displacement of the atom but 
also helium production through (n, ct) nuclear reactions [2]. Since the fusion reactors do 

not yet exist and only a few high temperature capsules have been irradiatesd in research 

fission reactors, irradiation effects data under the existence of both displacement damage 
and helium production at the high temperature in SiC materials are very limited�9 

A dual-beam ion irradiation study [3, 4] is suitable to the evaluation of materials for a 
fusion system�9 The objective of this work is to determine the effects of irradiation 

condition for the influence to SiC microstructure and study the synergistic effects of 

displacement damage and helium production�9 
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Fig. 1 - The depth profile calculated by TRlM92 code 
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Irradiation and Observation 

The material used is chemical vapor deposited high purity polycrystalline cubic (3C)- 

SiC produced by Morton. For ion-beam irradiation, the CVD-SiC was cut to disk shape 

and its irradiation surface was polished. The dimensions of  specimen were 3.0 mm 

diameter and 0.25 mm thickness. Ion-beam irradiation was carded out at the High-fluence 

Irradiation Facility, The University of  Tokyo (HIT Facility). The specimens were 

irradiated with single- ion, only 4 MeV Ni 3+ ions or dual-ions, 4 MeV Ni 3+ ions and 

simultaneously implanted helium ions. 4 MeV Ni 3+ ions were accelerated by the 1 MeV 

Tandetron accelerator, and a Van de Graaff accelerator was used for 1 MeV He + ions, 

which were degraded in energy and slowed down by a thin Ni foil degrader placed 

between the accelerator and the irradiation chamber. The depth profiles o f  displacement 

damage, concentrations of  Ni and He were calculated by TRIM-92 code. An example o f  

TRIM92 calculation result is shown in Fig. 1 [4]. A sublattice-averaged displacement 

energy was assumed to 35 eV. The damage level was up to 25 dpa, and irradiation 

temperature was up to 873 K. Displacement damage rate was 1 x 10 .5 , 1 • 10 "4 and 1 • 10 .3 

dpa/s. He/dpa ratio o f  simultaneously irradiated helium was 60 appm. Irradiation surface 
was polished by diamond and 

covered with molybdenum mesh 

to make tmirradiated area for the 

swelling characterization as 

shown in Fig. 2. 

CVD-SiC was sliced about 

0.1 - 0.3 mm thick by dicing saw 

and focused ion beam (FIB) 

processing [3] was performed to 

make a thin foil for the 

microstructural investigation by 

a transmission electron 

microscopy (TEM). The thin foil 
was normal to irradiation surface. Fig. 2 - Nomarski micrograph of  ion irradiated 

surface over Mo mesh in CVD-SiC 
The microstructural investigation 

was performed with JEOL JEM- 

2010 conventional TEM. 
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Swelling Characterization 

The surface profile was characterized by precision interferometric profilometry. 
Swelling is calculated from the surface profile and TRIM92 code. The interferometric 
profilometry is possible to analysis about 2nm height. Ion irradiation induces the gradient 
displacement damage, the swelling at the average displacement damage level, 
AV / V(dPav), is given by 

AV/V(O av) ~ AZ/d (1) 

where AZ is the step height between irradiated and unirradiated surface measured by 
interferometric profilometry, d is the depth of irradiated region from the surface, and 
Oav is the average displacement damage level of all irradiated region. Irradiated aria 
depth, d and average damage level, Oav were calculated from the TRIM92 code and 
evaluated by EDS analysis. 

For the swelling evaluation of dual-beam irradiated specimen, it is necessary to 
consider the implanted helium depth distribution in CVD-SiC. The swelling of dual-beam 
irradiated specimen is calculated as following equation. 

( A V / V~  - AV/V~%~)XZd =AZ d~ -AZ"* (2) 
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Fig. 3 - Temperature dependence of ion induced swelling 
in CVD-SiC. 
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A V / V ~  d is the swelling of dual-beam irradiated specimen at the ~ d ,  average 

A V / V " ~  e is the swelling of displacement damage level in helium implanted zone . . . . .  @,, 

single-beam irradiated specimen at the ~av .  The thickness of  helium implanted region is 
Zd, and the step heights of dual-beam and single-beam irradiated specimen are AZ d~ 

and AZ ""~l' , respectively. 

Results 

Temperature Dependence of Point-Defect Swelling in CVD-SiC 

Temperature dependence of swelling was performed with single-beam irradiation at 

the temperature up to 873 K and shown in Fig. 3. Displacement damage rate was 1 x I0 "~ 

dpaJs. At 333 K, the swelling increased with increasing average damage level up to 1 dpa, 

and saturated by amorphization. Fig. 4 shows the cross-sectional TEM image of single- 

beam irradiated SiC at 1 dpa and 333 K. There are 3 regions that are normal to the surface 

because of the gradient damage level by ion beam irradiation. The near-surface region, 

Fig. 4 - Cross-sectional TEM image of single-ion irradiated 
CVD-SiC at the temperature 333 K and dose level 1 dpa. 
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from the surface to about 1.5 
~m depth, was not observed 

amorphization. Amorphization of SiC 10o 

occurred about 0.8 ~unwide band 
10 centered near the peak damage region. 

The bottom of damaged range is 2.25 r 
= 1 

~un depth from the surface, 

unirradiated region is located deeper o~ 

than the amorphization region. From 

the TEM evaluation in Fig. 4, 

amorphization threshold for CVD-SiC 

at 333 K is estimated at 1.07 dpa [5]. 

At the higher temperature, 
swelling increased with increasing the 10 

displacement damage level up to 

0.3 dpa and saturated without 

amorphization as shown in Fig. 3. 

Unsaturated and saturated swelling is 

induced by point defect accumulation, 

and depends on the irradiation 
temperature at 473-873K. 

Dose Rate Dependence of Ion 
Irradtation Induced Swelling in CVD- 
SiC 

Dose rate of ion irradiation by 

accelerator is much larger than that of 

neutron irradiation in reactor, it is 

necessary to evaluate the influence of 
displacement damage rate in SiC. The 

evaluated displacement damage rates 

were I x 104 and 1 x 10 a dpa/s at 333 

K - 873 K and 1 x 10 .5 dpa/s at 333 K 

with single-beam irradiation. The 

results of these evaluations are shown 

in Fig. 5. The error bars represent the 
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96% confidence limits for the Gaussian distribution. It appears no significant effects of 

displacement damage rate are shown in Fig. 5. At the low dose level, error bars of both 

displacement damage late results overlapped each other, and the swelling results of both 

rates were almost equal at the high dose level. Fig. 5 suggests that ion irradiation induced 

s w e l l i n g  ( t 0  -3 - 10 .5 dpa/s) should be comparable with the neutron induced saturation 
swelling (10 -7 - 10 4 dpaJs). 

Effects of Simultaneously Implanted Hefium for the Swelling in CVD-SiC 

Dual-beam study was performed at the 333 K and 873 K. Displacement damage rate 

was 1• 10 -3 dpa/s. Fig. 6 shows the comparison of the swelling between dual-beam 

irradiated specimens and single-beam irradiated one. The swelling of dual-beam 

irradiated specimens were calculated by Eq. (2). Fig. 6 shows no significant difference 

due to single or dual irradiation at 333K At 873K, however, the simultaneously 

implanted helium affected the swelling behavior. Both the unsaturated swelling at the low 

dose level and saturation swelling at the high dose level of  dual-beam irradiated 

specimens are larger than that of single-beam irradiated one. 

100 
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10  .... �9 873K(Single) ........ _ . _ ~ s  . . . . . . . . . . . . . . . .  
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Fig. 6 - Dual-ion irradiation induced swelling in CVD-SiC 
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Fig. 7 - He accumulation and irradiation-induced swelling in 

dual  and single-ion irradiated CVD-SiC at 873K 

Fig. 6 suggests that the implanted helium affects the defect annihilation rate. Under 
the irradiation environment at elevated temperature, the two competing processes of 

damage production and recovery are simultaneously occurring [6]. In saturated swelling 

region, displacement damage production just balances with the relaxation by the 

recombination of defects and vacancies. Since the relaxation effects at 333 K are smaller 
than those of at 873 K and the influence of implanted helium at 873 K is larger than that 

at 333 K, implanted helium is assumed to combine with vacancies and prevent the 
relaxation of irradiation induced damage. Swelling at the point-defect swelling 

temperature region is the result of equilibrium between the defect production and damage 

relaxation, swelling of dual-beam irradiated specimen is larger than that of single-beam 
irradiated specimen at 873 K. 

High fluence examination was performed for the evaluation of helium accumulation 
by dual-beam irradiation up to 100 dpa at 873 K The results of swelling and helium 

concentration are shown in Fig. 7. Displacement damage rate and He/dpa ratios were 
1 • 10 .3 dpa/s and 60 appm, respectively. Fig. 7 shows the unstable volumetric expansion 

at high displacement damage level over 50 dpa. In this dose region, helium accumulation 

increases over 3000 appm There are some possibilities about this phenomenon, one is the 

effect of Ni ion. The other is the effect of helium accumulation. 
The data in Figs. 6 and 7 suggest one possibility that the implanted helium 

significantly affects the defect annihilation rate. Under the irradiation environment at 

elevated temperature, the two competing processes of damage production and recovery 
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are simultaneously occurring [6]. In saturated swelling region, displacement damage 

production just balances with the relaxation by the recombination of defects and 
vacancies. Since the relaxation effects at 333 K smaller than those at 873 K and the 

influence of implanted helium at 873 K is larger than that at 333 K, implanted helium is 

assumed to combine with vacancies and prevent the relaxation of irradiation induced 
damage. Swelling at the point-defect swelling temperature region is the result of 

equilibrium between the defect production and damage relaxation, swelling of dual-beam 
irradiated specimen is larger than that of single-beam irradiated specimen at 873 K. 

Discussion 

Ion irradiation induced swelling results in the present work are comparable with the 
neutron irradiation ones published by Price [6,7,8], Blackstone [9], Snead [10] The 

results of ion irradiation induced saturated swelling generally agree with the published 

results of neutron induced volumetric swelling. No significant effects of displacement 
damage rate for unsaturated and saturated swelling in CVD-SiC observed at least for dose 

rate of 10 .5 to 10 -~ dpa/s, ion beam irradiation results should be directly relevant for 
investigation of SiC as a potential fusion reactor structural material. 

Though ion beam irradiation induced swelling generally agrees with neutron induced 

swelling, exactly, it is necessary to consider the difference between ion and neutron 
irradiation. This makes a possible that the ion irradiation induced swelling is somewhat 

larger than that of neutron irradiation, though it is not appeared in the present work. 

Helium production is suspected to prevent the interstitial-vacancy recombination by 
interacting vacancies. This changes the balance of displacement damage production and 
relaxation, and dual-beam irradiation swelling become larger than single-beam irradiated 

one at the elevated temperature. He accumulation over 3000appm in dual-beam 

irradiation at 873K brings about the unstable expansion. If this phenomenon is the result 

of helium accumulation, this might be important because SiC structural materials 
irradiated to damage levels in saturation swelling region (>70 dpa) have a possibility to 
expand with the excess of helium accumulation in fusion environment. 

Conclusion 

The present work established the validity of characterizing ion irradiation induced 

swelling in SiC by using precision the interferometric profilometry method. The results of 
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ion irradiation induced saturated swelling generally agree with the published results of 
neutron induced volumetric swelling and confirmed the possibility of being comparable 
to the neutron irradiation behavior. 

The amount of ion irradiation swelling depends on irradiation temperature and the 
displacement damage level. Amorphization occurs over the threshold dose level of 1.07 
dpa at 333 K. The swelling is saturated without amorphization over 0.3 dpa at the 
elevated temperature Unsaturated and saturated swelling for single ion irradiation 
condition decrease with increasing irradiation temperature, dose rate does not 
significantly affect to swelling in the present work condition. 

The dual-beam irradiation study is suitable for microstructural evaluation of fusion 
materials. Simultaneously implanted helium affects the irradiation induced swelling larger 
at 873 K. Since the helium effect at 333 K is not observed, implanted helium is estimated 
to combine vacancies and prevent the interstitial-vacancy recombination. High fluence 
dual beam irradiation achieved unstable expansion at the displacement damage level and 
helium accumulation over 50 dpa and 3000 appm, respectively. This phenomenon is 
suspected to be associated with the obstruction of relaxation and suggests the unstable 
volumetric expansion of structural materials may occur in the fusion environment. 
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Abstract: Microstructural evolution of silicon carbide fiber-reinforced silicon carbide 
matrix composites (SiC/SiC composites) during dual-beam ion irradiation was studied. 
The composites had been fabricated by means of chemical vapor infiltration (CVI) and 
polymer impregnation and pyrolysis (PIP) methods using advanced fibers, i.e., 
Hi-Nicalon TM Type-S and TyrannorM-SA, as well as conventional fibers. Dual-beam ion 
irradiation was performed to 10 dpa at 873K and 60appmHe/dpa. Composites with 
advanced low-oxygen near-stoichiometric SiC fiber with high crys~llinity and beta-SiC 
matrix exhibited superior irradiation resistance, in contrast to that amorphous Si-C-O 
based fibers and conventional polymer-derived matrix exhibited microstructural 
instability in association with irradiation-induced crystallization. Pyrolytic carbon 
deposited as the fiber-matrix (F-M) interphase exhibited irradiation-induced 
amorphizafion and the helium co-implantation enhanced it. Post-irradiation heat 
treatment caused significant microstructural changes across the F-M interphases at 
temperatures as low as the composites are supposed to retain their mechanical strength. 
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Silicon carbide fiber-reinforced silicon carbide matrix composites (SiC/SiC 
composites) are attractive potential materials for advanced energy systems. In addition to 
superior mechanical performance and chemical stability at elevated temperatures, low 
induced radioactivity of silicon carbide makes it especially attractive for heavily 
nentron-loaded applications represented by fusion blanket first wall structures and 
advanced fission reactor core components [1,2]. The improvement in mechanical 
properties and neutron irradiation resistance, as a result of recent efforts in developing 
high performance SiC fibers and composites for fusion and advanced gas turbine 
applications, makes SiC/SiC composites even more attractive [3-5]. 

The most serious issue particular to materials for fusion and nuclear applications is 
the effect of irradiation on structural integrity [1]. Of crucial concern for fusion materials 
is a synergistic effect of atomic displacement due to energetic neutron bombardment and 
insoluble gas (i.e. helium) production through (n,c0 nuclear reaction, which may cause 
microstmctural, physical and mechanical property degradation. For example, 
irradiation-induced swelling of crystalline SIC[6, 7], shrinkage of oxygen-containing SiC 
fibers due to irradiation-assisted oxidation[8], irradiation-induced recrystallization of 
micro-crystalline fibers[9], amorphization[10], the fiber-matrix debonding caused by 
radiation-induced deformation[//] and irradiation creep of fibers[12] have been observed. 
SiC fibers with lower oxygen content, reduced free carbon and increased crystallinity are 
likely to minimize these effects of radiation. 

As for the SiC fibers, advanced near-stoichiometric cryst~lliue fibers, i.e., 
Hi-Nicalon TM Type-S (Nippon Carbon, Tokyo, Japan) and Tyrannor~-SA (Ube Industries 
Ltd., Ube, Japan), are expected to exhibit superior radiation tolerance. A low-fluence 
neutron irradiation experiment confirmed that I-Ii-Niealon Type-S -reinforced composites 
do not undergo radiation-induced strength degradation that is common for Nicalon-CG 
and I-li-Nicalon composites [5]. In this series of work, radiation response of conventional 
and advanced fibers axe compared. 

Matrix densification of SiC/SiC composites are being performed by chemical vapor 
infiltration (CV1), polymer impregnation and pyrolysis (PIP), reaction bonding fRB, or 
'reaction sintering,' RS), liquid phase sintering (LPS) and other methods including 
various hybrid processes. Among two industrially common methods, namely CVI and 
PIP, the former has extensively been employed for the studies for nuclear and fusion 
applications because of its advantages in crystallinity, stoichiometry and homogeneity in 
the produced matrix. On the other hand, PIP is a widely studied technique for industrial 
production of SiC/SiC composites, due to the potential for drastic reduction in fabrication 
cost, to which a continuous impregnation and pyrolysis process is applicable for large 
scale production. Several disadvantages of conventional PIP-produced SiC/SiC have 
been pointed out, such as low thermal conductivity, insufficient elastic modulus, poor 
radiation tolerance and chemical incompatibility with liquid coolants and breeders. These 
undesirable properties are associated with amorphous structure and excess carbon (and 
oxygen) contents in the PIP-produced matrix after typical pyrolysis at temperatures of 
1473-1673IC In order to obtain a highly crystalline and stoichiometric matrix through a 
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PIP process, pyrolysis at temperatures as high as 2073K was attempted in the current 
work. This was enabled by the recent commercialization of highly heat-resistant 
Tyranno-SA fiber [13]. 

The response of polycrystalline beta-SiC to fast neutron and electron irradiation has 
been relatively well studied [14-16]. However, understanding of the influences of 
high-fluence irradiation and/or intense helium production is so far very limited for either 
fibers, matrices or interphases. 

In this paper, we will present some results from dual-beam ion irradiation 
experiments on SiC/SiC composites, that have been reinforced by conventional and 
advanced SiC fibers and matrix-densified by either CVI, conventional PIP or high 
temperature PIP process. 

Experimental Procedure 

The CVI-SiC/SiC composites, Hi-NicalonCU/D)/PyC/SiC cw and Hi-Nicalon 
Type-SCU/D)/PyC/SiC cw, were fabricated at the National Research Institute of Metals 
(NRIM) using regular and Type-S Hi-Nicalon fibers. The Type-S fiber contains a reduced 
amount of oxygen and has near-stoichiometric chemical composition. Representative 
properties and chemical compositions of the fibers have been compiled in ref. [17]. The 
matrix of a unidirectional fiber-reinforced composite was formed by chemical vapor 
infiltration (CVI). A pyrolitic carbon (PyC) coating was deposited as an interlayer 
between the fiber and matrix (interphase, hereafter), on the woven fiber fabrics by CVI 
prior to the matrix processing. The nominal thickness of the carbon coating on the fiber 
preforms was 200nm. The high temperature-pyrolyzed PIP composite, 
Tyranno-SA(U/D)/SiC pvS was fabricated at the Institute of Advanced Energy, Kyoto 
University. Tyranno-SA fiber was selected as the reinforcement due to its proven strength 
retention after heat treatment at over 2073K[18]. Polyvinylsllane (PVS) was used as the 
matrix precursor[19]. The pyrolyzing temperature was selected to be 2073K, at which an 
almost complete crystallization of SiC and a significant reduction in excess carbon in 
argon environment could be expected [20]. The number of impregnation and pyrolysis 
cycles was limited to four, since the matrix porosity suppression was not essential for the 
purpose of ion irradiation study. As a representative conventional PIP-SiC/SiC, 
Tyranno-TE(P/W)/SiC gcs composite was also subjected to ion irradiation. The PIP 
condition was eight cycles times pyrolysis at 1573K for 3600s in nitrogen. A F-M carbon 
interphase was produced by a thermochemical treatment. 

For the dual-beam ion irradiation experiment, the composites were square-cut into a 
15.0 • 2.8 • 2.0 mm bar with the 2.0 ram-length parallel to the fiber direction. To enable 
examination of the depth-dependent irradiated microstructures of the fiber, the matrix and 
the interphase, the surface normal to the fiber direction was irradiated. The surface was 
carefully polished and diamond powder-finished prior to irradiation. The ion irradiation 
was carried out at the dual-beam irradiation target at the High-fluence Irradiation Facility, 
University of Tokyo (HIT Facility) [21]. 4 MeV Ni 3+ ions accelerated by a Tandetron 
accelerator operating at 1MV were used to produce atomic displacement damage. 
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Simultaneous implantation of  He ions was accomplished using a Van de Graaff 
accelerator, operating at 1MV. The 1 MeV He ions were decelerated by a nickel foil 
energy degrader. 

The calculated depth profiles of  displacement damage, stopped nickel and 
deposited helium are presented in Fig. 1. The calculated depth profile was made using the 
TRIM-92 code [22], by assuming an average displacement threshold energy of 35eV [23], 
stoichiometric chemical composition and 3. lg/cm 3 of mass density. The irradiation 
temperature, displacement damage rate and total dose were 873K, 1 • 10 .3 dpa/s and 10 
dpa, respectively. Note that most of  the deposited Ni and He atoms occur at different 
depths m SiC 

Following the ion irradiation, the specimen was sliced into 0.2 mm-thick foil and 
the irradiated edge region was fm'ther thinned to 0.05mm using a dicing saw. For 
examination by transmission electron microscopy (TEM), the thinned tip was further 
thinned in a focused ion beam (FIB) micro-processing device. The plane of the thinned 
film was parallel to both fiber axis and the ion bombardment direction. The details of  the 
specimen processing has been described elsewhere [24]. The FIB processing was 
performed so that a single thin film contained the fibel, matrix and the interphase. 
Microstructural investigation was performed with a JEOL JEM-2010 conventional TEM 
and with a JEOL JEM-2010F field emission TEM operating at 200kV. 

Some of the irradiated specimens were subjected to post-irradiation annealing at 
temperatures as high as 1873K, in order to study the evolution of implanted helium and 
microstructural stability during high temperature exposure following irradiation. The 
annealing was performed on bulk samples. TEM specimen preparation andexamination 
were perfomed in a same way as the irradiated ones. 
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Low magnification transmission electron micrographs of irradiated thin foils are 
presented in Figs. 2 (A)-(C). Three different regions of interest were selected from the 
fiber portion of the thin foils. The first one, "unirradiated' hereafter, is located about 3-5 
/am from the irradiated surface, which is far beyond the maximum range of the implanted 
ions. The second region, or 'single-beam,' was selected to be approximately 500 nm from 
the surface, in which both the total deposited concentration of helium and any surface 
effects during irradiation should be negligible and only atomic displacement due to 
nickel ion irradiation is expected to contribute to the mlcrostructural modification. In the 
last one, or 'dual-beam' irradiated region, approximately l ]am from the surface, both the 
atomic displacement and the helium deposition rate are significant. The average helium 
deposition rate in this region was 60 appm (atomic parts per million) / dpa nominal, 
which corresponds to the typical anticipated helium generation rate in a SiC fusion 
blanket. 

In Fig. 2, the images from fibers are marked 'F' and the matrix 'M'. The pyrolytic 
carbon interphases typically appear as thin bright stripes in the absorption contrast 
images. The thin foil's edges generally on the top of micrographs correspond to the 
irradiated surfaces, covered with thin tungsten layers, which were physically deposited 
following irradiation to protect the edge region of the thin foil during the FIB processing. 

Figure 3 - High resolution 7"LM images of unirradiated and single- and dual-beam 
irradiated pyrolytic carbon deposited as a fiber-matrix interlayer. 
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The appearance of Hi-Nicalon/PyC/SiC cvl and Hi-Nicalon Type-S/PyC/SiC cvl was very 
similar in this magnification, in which no significant influence of irradiation was 
observed either in fibers or matrices. High resolution transimission electron microscopy 
(HRTEM) revealed irradiation induced crystallite growth to typically 10 to 15nm in 
diameter in the Hi-Nicalon fiber, compared to the original crystallite sizes as large as 
5nm. No difference was observed between single- and dual-beam irradiated 
microstructures. Influences of irradiation could not be detected in Hi-Nicalon Type-S 
fiber and CVI-produced beta-SiC matrix even by HRTEM. 

The pyrolytic carbon interphases appeared to be susceptible to irradiation, as 
anticipated from neutron irradiation data found in the literature [25]. As seen in Fig. 3, 
heavy ion irradiation to 10 dpa-SiC at 873K caused very significant disturbance in 
graphitic substracture of the glassy carbon. Co-implanted helium in the dual-beam 
irradiation condition was clearly enhancing this trend so that the resultant microstructure 

Figure 4 - Umrradsated and trradtated bright and dark field tmages and selected area 
dtffkacnon patterns taken from the PCS-dertved SiC matrix. 
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could be identified as amorphous. The average basal plane spacings measured on 
HRTEM micrographs were 0.69, 0.75 and 0.79nm, respectively, for unirradiated, single- 
and dual-beam irradiated materials. These observations confirm that the ion-irradiatied 
evolution of the pyrolytic carbon was following the amorphization process of 
neutron-irradiated graphite and carbon fibers and it was accelerated in the presence of 
constantly-supplied helium. 

In Tyranno-TE(P/W)/SiC Pcs, the irradiated area could easily be distinguished by its 
slightly reduced brighmess in the bright field image. The irradiated volume in both fiber 

Figure 5 -Appearance o]fiber-matrix interfiTcial regions of Hi-Nicalon PyC SiC c17 
after annealing for 3600s at the indicated temperature Jbllowing ion irradiation. 

Figure 6- Appearance oJfiber-matrix interJbcial regions of Hi-Nicalon Type-S PyC 
SiC Cr7 after annealingJor 3600s at the indicated temperature Jbllowing irradiation. 
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and matrix also shrunk significantly, as clearly demonstrated by morphological changes 
in the fiber-interphase boundary and the matrix-interphase boundary in Fig.2(B). The 
surface step between fiber and matrix is not necessarily representing a differential 
densification, because of potential polishing differences during specimen preparation. 

Unirradiated and irradiated bright and dark field images and selected area 
diffraction (SAD) patterns taken from the PCS-derived SiC matrix axe compared in Fig. 4. 
The dark field images were obtained by picking up a part of beta-SiC <111> diffraction 
ring or corresponding diffraction angle in case the ring was not clearly observed. 
Crystallites as large as several nm in diameters were detected at low number density 
foUowing single-beam irradiation, while none was confirmed in the unirradiated and 
dual-beam irradiated matrices with a conventional TEM. The set of SAD patterns tells 
that the original almost totally amorphous matrix tends to crystallize by irradiation and 
that the co-implanted helium retards the crystallization. It could be concluded that the 
irradiation-induced densification was due to crystallization of the amorphous structure of 
PCS-derived SiC matrix. 

In Tyranno-SA(U/D)/SiC Pvs, the matrix pyrolyzed at 2073K consisted of beta-SiC 
grains with diameters up to about 1000nm and a small fraction of excess carbon. The 
volume fraction of crystalline SiC was measured to be 81 percent. The excess carbon was 
present, mixed with matrix pores, within the intergranular openings. The structure of 
carbon phase was mostly amorphous, while a small amount of graphitic carbon was 
detected by an SAD analysis. Effect of irradiation was not apparent either in matrix or in 
fibers. A very smooth irradiated surface across the F-M boundary confirms that no 
significant differential volume change had been induced by irradiation. 

A post-irradiation annealing experiment was performed using the 
Hi-Nicalon(U/I))/PyCISiC cw and Hi-Nicalon "Blpe-SCO/D)/PyCISiC cw composites. A 
precipitation of implanted helium as bubbles was observed in the matrix at temperatures 
over 1473K. Most of the bubbles were observed on grain boundaries and triple points in 
non-spberical irregular shapes. This leads to an interpretation that along-range 
intragranular migration, that might be associated with trapping/detrapping at vacancies, is 
determining the condition for belium precipitation and the helium atoms once reached to 
grain boundaries may rather easily migrate along the boundaries to precipitate bubbles. 
No helium precipitation was observed interior Hi-Nicalon and Type-S fibers, which 
consist of fine beta-SiC crystallites and a glassy Si-C-O matrix. 

The evolution of helium at the interphase could not be examined, because of the 
substantial mechanical disturbance at temperatures corresponding to helium precipitation 
in the matrix. Fig. 5 shows the appearance of F-M interracial regions after annealing for 
3600s at the indicated temperature. A significant disturbance of the pyrolytic carbon 
interphase was observed after post-irradiation annealing at temperature as low as I073K 
in the Hi-Nicalon composite. An annealing at 1273K or a higher temperature, at which 
Hi-Nicalon composites with CVI matrices usually retain its mechanical properties in an 
unirradiated condition, resulted in a disruption of interfacial structure. The Hi-Nicalon 
Type-S composite exhibited a superior tolerance to the heat treatment, where the 
interphase integrity was maintained at temperatures up to 1473K as presented in Fig. 6. 
Therefore, it is likely to be related with the chemical stability of fibers and the irradiation 
effect on it. A closer look at the fiber-interphase and matrix-interphase interracial 
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structures revealed that the disturbance had been caused by intrusion of the growing SiC 
crystallites on the interfaces toward the carbon interphase. The crystallite size varied 
depending on the fiber grade and annealing temperature, and generally larger on the fiber 
side than on the matrix side of the interphase. The observation of SiC crystallite growth 
from the fully crystalline stoichiomeric SiC matrix suggests the reaction of evolving 
silicon with the interphasc carbon. The enhanced crystallite growth on the fiber side and 
its dependence on the fiber grade suggest that the major part of evolving silicon comes 
from the glassy Si-C-O matrix of the fibers. 

Conclusion 

SiC/SiC composites reinforced with several kinds of SiC fibers and matrix-densified 
by CVI and PIP processes were subjected to microstmctural examination following 
dual-beam ion irradiation to 10dpa at 873K and 60appmHe/dpa. 

Advanced SiC fibers, namely Hi-Nicalon Type-S and Tyranno-SA, did not develop 
any detectable irradiation effects, while major microstmctural modifications and a 
consequent densification took place in Hi-Nicalon and Tyranno-TE, respectively. 

R was confirmed that a CVI-produced matrix were stable under irradiation. A PIP 
appeared to qualify as a radiation-resistant matrix consolidation process when pyrolyzed 
at temperatures high enough to allow a total crystallization of SiC. A conventional PIP 
matrix suffered fi'om an irradiation-induced crystallization but the dual-beam irradiation 
retarded it. 

Pyrolytic carbon, introduced as a fiber-matrix interphase, exhibited an 
irradiation-induced amorphization, which appeared to be enhanced by the dual-beam 
irradiation. 

Post-irradiation annealing caused a loss of fiber-matrix interphase integrity of the 
CVI composites at temperatures lower than expected. The composite with 
near-stoichiometry SiC fibers exhibited a superior stability. 
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Abstract: Silicon carbide (SIC) is a candidate material for nuclear fusion reactor 
blankets; hence the importance of investigating its response to irradiation. Molecular 
dynamics (MD) simulations are a powerful tool to study radiation-damage production 
from the microscopic standpoint. Results of displacement-cascade MD simulations, 
conducted using the Tersoff potential to describe the interatomic forces, are presented 
herein. The number of point-defects produced in the material by silicon- (Si) and 
carbon- (C) primary knock-on atoms (PKAs) of increasing energy (between 0.25 and, 
respectively, 8 and 4 keV) is studied systematically. By comparison with standard 
theoretical models, threshold-displacement-energy (TDE) values of practical usefulness 
for SiC are derived. The effect of irradiation temperature is also allowed for. 
Qualitatively, the C sublattice turns out to be more heavily damaged than the Si 
sublattice. The effect of the irradiation temperature becomes visible only above 
~2000 K. 

Keywords: silicon carbide, radiation effects, displacement cascades, point-defects, 
molecular dynamics simulation 

Introduction 

Silicon carbide (SIC), a low-activation, low-Z, high-temperature-resistant 
material, has long been considered for performing structural and protective functions in 
the first wall and blanket of future nuclear fusion reactors [1], both magnetic [2-4] and 
inertial [5-7], particularly in the form of SiC-fibre/SiC-matrix composite [8]. It is 
therefore paramount to achieve a deep knowledge of the effects of intense irradiation in 
this material. 
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The computational atomistic simulations are today a powerful tool for the study of 
the different phases of radiation damage production and evolution [9], from the 
microscopic standpoint. More specifically, Molecular Dynamics (MD) has long been 
identified as the only technique that permits the investigation in detail of the 
characteristics of the displacement cascades [10], which are the true primordial 
phenomenon of radiation damage production. The short duration of these physical 
events (a few picoseconds) and their limited spatial extension (a few nanometres) 
prevent their analysis by direct experimental observation. Through experiments it is 
only possible to extrapolate information on displacement cascades by observing and 
measuring their secondary effects. On the contrary, MD, which is essentially an 
appropriate computational algorithm to solve the equations of motion for an ensemble 
of atoms, enables naturally the study of the evolution of a displacement cascade [11]. 
The remarkable advances in the knowledge of radiation effects in metals, achieved in 
the last decade, are mainly due to the impressive power of modem computers, that 
allow treating by MD a suitably large amount of atoms [12]. 

Relatively few MD studies of displacement cascade dynamics in SiC exist in the 
literature [13-22], all of them preliminary. The main qualitative features emerging from 
the published work can be synthesised as follows: (1) The duration of the thermal spike 
in SiC is very short and no evidence exists of any local phase-change to liquid, so that, 
for instance, no after-cascade amorphous-pocket formation has been observed, as 
opposed to pure silicon [13,20]; (2) Ion-beam mixing is also very limited during 
displacement cascades in SiC, most displaced atoms ending up at small distances from 
their initial positions [13,16]; (3) Most displaced atoms belong to the C sublattice, 
owing to both lower threshold displacement energy (TDE) for C atoms and to easier 
recombination for Si atoms [13-22]; (4) Antisites do form, but represent a minority of 
the total amount ofdefedts [13-22]. 

In this paper, for the first time, some results of a systematic displacement cascade 
study in SiC are reported. A statistically meaningful collection of events has been 
gathered, in order to deduce quantitatively significant information on how the number 
of defects generated per cascade depends on recoil energy. By comparison with 
standard theoretical models, such as Norgett, Robinson and Torrens' (NRT [23]) or 
Coulter and Parkin's (CP [24]), TDE values for practical use have been inferred. 
Moreover, the effect of irradiation temperature has been analysed in certain detail. 

Methodological Details 

All simulations herein reported were carried out with the MD parallel program 
MDCASK, a code optimised for studying the interaction of high-energy ions with 
crystals [25]. The interatomic forces for SiC are described using the many-body, 
semiempirical potential proposed by Tersoff [26,27], merged with a binary ab initio 
repulsive potential, to adequately treat the atomic collisions in the short-distance range 
(> 0.5 A) [28,29]. The Tersoffpotential has been long demonstrated to allow the 
performance of reliable MD simulations of the behaviour of SiC in a variety of 
conditions and situations [30-32]. The MDCASK code is implemented in the Cray-T3E 
massively parallel supercomputer of the CIEMAT (Madrid, Spain), which can make 
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available up to 32 processors for a single computational task. The parallel 
implementation is based on the PVM message-passing library. 

The simulations were conducted in the canonical (NV7) ensemble, that is, 
maintaining number of particles (N), volume (V) and temperature (7) constant 
throughout the duration of the calculation. The temperature was controlled by using the 
velocity rescaling method, applied to the sole outer box-shell when the recoil atoms 
were introduced [11]. Simulations were performed at 20, 800, 1300, 1800 and 2300 K 
(SiC is a high-temperature applied material), though most of them were carried out at 
300 K. The simulation-box size was chosen in order to guarantee that it contained the 
whole cascade, thereby avoiding unphysical energy or recoil-atom re-entering, as a 
result of the periodic boundary conditions. All simulations where the possibility of such 
re-entering existed were rejected. Globally, three box-sizes were used: 25aox25aox30ao 
(150 000 atoms-8 processors), 40aox4Oaox4Oao (512 000 atoms-16 processors), 
40aox4Oaox6Oao (768 000 atoms-32 processors), with ao = 0.436 nm. In most cases the 
smallest box was enough; for higher recoil energies it was necessary to turn to the 
intermediate box; the largest box, due to the long wait of the process in queue, was only 
used in extreme cases. All recoils were introduced from the upper part of the box and 
set in motion along a direction close to [001 ]. The highest recoil energy that could be 
simulated was 8 keV for Si PKA and 4 keV for C PKA, since on average the range of C 
recoils almost doubles the range of Si recoils of the same energy, as can be seen in 
Figure 1. In the same figure the recoil-energy data points produced in this study at 300 
K are visible (except for the 8 keV, Si-PKA point). Each point is the result of an 
average of 5 displacement cascades, though for the very-high-energy range this number 
dropped to 2 or 3. It should be noticed that the PKA energy coincides with the damage 
energy, as the dissipation through electron excitation was not simulated. 

Figure 1 -Range of  Si and C PKAs vs. energy. Though both data points and error bars 
show high scattering, lineal interpolations are possible, as indicated. 
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Each simulation consisted of  4 phases: (1) The system was equilibrated at the 
desired temperature (1000 timesteps = 1 ps); (2) After introducing the PKA, the cascade 
reached its peak and got to its end within 2000 timesteps (< 2 ps, adaptive timestep 
duration); (3) The system was relaxed for another 2000 timesteps (2 ps) at the 
simulation temperature, (4) The defects were counted and the system was visualised 
using adequate analysis and visualisation programs. The criteria adopted for counting 
the defects were as follows: (1) An atom is counted as displaced whenever it is found at 
a distance greater than the 1 st neighbor distance (dl=~!3/4ao) from its original position; 
(2) A replacement occurs whenever a displaced atom is found at a distance smaller than 
dJ2 from a vacancy left by another displaced atom: if the vacancy corresponds to an 
equilibrium position for the type of  atom displaced, then a recombination has taken 
place; if, on the contrary, the vacancy is of  the opposite type, then an antisite has 
formed; (3) Any displaced atom found at a distance greater than d)/2 from all vacancies 
is counted as an interstitial atom; the number of  interstitials, that equals the number of  
vacancies, is referred to as number of  Frenkel pairs. The count of  atoms which, after 
being displaced, went back to their original position, was carried out separately. 

Results 

Recoil energy dependence 

In Figure 2 the number of  atomic displacements (Si atoms, C atoms and total) at 
the peak and at the end of  the cascade, at 300 K, is plotted as a function of  Si-recoil 
energy. For better legibility, the error bars (standard deviation) have been indicated only 
for the total amount. The lines are simply guides for the eye. The curves stemming from 
the study of  C recoils (not shown) are essentially coincident, though limited to a smaller 
energy range. As anticipated in previous work (see Introduction), both at the peak and at 
the end of  the cascade most displaced atoms belong to the C sublattice. Moreover, only 
on the Si sublattice a substantial difference is visible between cascade peak and end. 
This can be interpreted as a sign of both greater recombination distance for Si atoms and 
smaller average separation between the displaced Si atoms and their vacancies, 
compared to C atoms. On average, between ~30% (in the case of  Si recoils) and ~45% 
(in the case of(" recoils, not shown) of  the peak-displaced Si atoms regain their initial 
position, in contrast to only =10% of  the peak-displaced C atoms. 

Despite the apparent scattering, all series of  data points of  the type displayed in 
Figure 2 can be interpolated with excellent approximation by straight lines. In Table 1 
the linear laws used for the interpolations of  the data points corresponding to final 
displacements (end of the cascade) are given, for both Si and C recoils. In the same 
table, the average per cent subdivision of the total amount of  displaced atoms between 
the two sublattices is also indicated. These percentages, calculated as ratios between the 
number of  Si or C displacements and the number of  total displacements, are 
independent of  the recoil energy, precisely because both the numerator and the 
denominator of  such ratio depend linearly on the recoil energy. The peak displacements 
are not given, as they are not to be considered representative of  the damage, since, as 
mentioned, they include a substantial portion of  atoms that have not been actually 
displaced, but only temporarily removed from their position. In Table 1 the following 
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notation is used: v,f is the number of  displacements on thej  sublattice induced by a 
recoil of  type i; v,-is-- the total number of  displacements generated by a recoil of  type i 
and E is the recoil energy in keV, coincident with the damage energy. 

Figure 2 - Number of atomic displacements per cascade (total, Si and C) as a function 
of Si-recoil energy, at 300 K. 

Table 1 - Linear laws interpolating the MD data points for the number of displacements 
per cascade and relevant per cent subdivisions between the two sublattices, at 300 K. 

Displaced atoms Si PKA C PKA 

Si atoms t/s,.s, = 1+5.20E vdc.s, = 4.65E 

38.1+10.8 % 26.1+5.9 % 

C atoms ~s,.c = 10.53E ~c,c = 1+10.87E 

61.9+10.8 % 73.9+5.9 % 

Total ~/s, = 1+15.73E vdc = 1+15.52E 

From Table 1 it can be seen that, although the total amount of  atomic 
displacements is practically independent of  the type of  recoil, their subdivision is not. 
As it is, in the case of  a C recoil only 1 out of  4 displaced atoms is a Si atom, whereas a 
Si recoil succeeds in distributing the damage more equally. 

Not all of  the displaced atoms given by the linear expressions of  Table 1 
correspond to actual defects. Part of  them recombine, without contributing to the 
damage; a small portion recombine "wrongly," that is, create antisites; the rest of  them 
remain out of  place, forming Frenkel pairs. Vacancies, interstitials and antisites can 
appear in clusters, but this issue, though of  fundamental importance, is not addressed in 
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this paper. In Figure 3 the number of  Frenkel pairs (Si, C and total) at 300 K is plotted 
as a function of  Si-recoil energy. In Figure 4 the number of  recombinations and antisites 
versus the same independent variable is given. The curves obtained from the study of  C 
recoils (not shown) are very similar. 

Figure 3 - Number of  Frenkel pairs per cascade (total, Si and C) as a function of  Si- 
recoil energy, at 300 K. 

Figure 4 - Number of  replacements per cascade (total ant&ites, Sic and Cs,; total 
recombinations, Sis~ and Cc) as a function of  Si-recoil energy, at 300 K. 

Table 2 is analogous to Table 1, but refers to the number of  Frenket pairs per 
cascade. In Table 3, similar data are given for the number of  replacements per cascade; 
however, in this case the exponents o r E  were used as fitting parameters for the 
interpolations, instead of  using straight lines. 
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Table 2 - Linear laws interpolating the MD data points for  the number o f  Frenkel pairs 
per cascade and relevant per cent subdivisions between the two sublattices, at 300 K. 

Frenkel Pairs Si PKA C PKA 

Si sublattice vFPs,.s, = 1+2.33E vFec, s, = 2.38E 

30.6+11.0 % 20.2+5.6 % 

C sublattice ~fPs,.c = 7.22E ~fPc, c = 1+7.59E 

69.4+11.0 % 79.8+5.6 % 

Total vFPs, = 1+9.55E vFPc = 1+9.97E 

Table 3 - Free-exponent laws interpolating the MD data points for the number o f  
replacements per cascade (antisites and recombinations) and relevant per cent 
subdivisions between the two sublattices, at 300 K. 

Replacements Si PKA C PKA 
I-C _ Sic vS s~ - 0-61 E~ ~-Cc = 0.97E ~ 

49.0+7.7 % 54.7+9.5 % 

Cs, vC-S,s, = 0.64E 0 94 vC-St C = 0 . 7 0 E  1 06 

51.0+7.7 % 45.3+9.5 % 

Total Antisites V4Ss, = 1.26E ~ v4s c = 1 . 7 1 E  097 

Sisl lfl I'Sl If'-S'c S, = 1.19E 127 = 0.97EO 81 

33.4+11.3 % 46.5+12.2 % 

Cc vC-Cs, = 2.81EO83 vc-c c = 2.25E j 18 

66.6+11.3 % 53.5+12.2 % 

Total Recombinations VBs, = 4.16E ~ 94 ~P c = 5.30E ~ 95 

Table 2 shows that, as with the atomic displacements, though the total amount of 
Frenkel pairs is substantially independent of the type of recoil, their subdivision is not. 
Indeed, only 1 out of 5 interstitials is a Si atom when the recoil is a C, Si recoils 
succeeding in distributing a little more equally the damage. 

Both Figure 4 and Table 3, if compared with the other figures and tables, state 
clearly that antisites represent a reduced minority of the total number of defects. 
However, their (slow) growth against recoil energy is practically linear, as revealed by 
the exponents of E in the upper part of Table 3. Moreover, the two types of antisites 
appear to be produced with basically the same probability. 
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As to recombinations, they always represent between ~25% (C recoils) and ~30% 
(Si recoils) of the total amount of displaced atoms. In addition, though no relevant 
figure is shown here, it should be stressed that, by comparing the number of 
recombinations and displacements separately on the Si and C sublattice, it turns out that 
the recombination fraction on the former is almost ~1.5 times the same fraction on the 
latter. This is a sign of the greater ease with which displaced Si atoms recombine, 
compared to displaced C atoms. Finally, it should be noted that the slight deviation from 
the linear behavior exhibited by the number of Sis, and Cc recombinations (exponents of 
E in the lower part of Table 3) is only apparent. Indeed, the number of recombinations 
is seen to be proportional to the number of displacements, which are interpolated by a 
linear law of the type ~j+aE, where 6,j is 1 if i=j  and 0 i f i~ .  The absence of any 
addendum substituting fi, j in the free-exponent laws used to interpolate the number of 
recombinations causes the exponents in such analytical expressions of Table 3 to be 
different from 1, as they have to "make up for" the lack of the mentioned addendum. 

Irradiation temperature dependence 

In Figure 5 the curves representing the total number of defects per cascade 
(including recombinations) against irradiation temperature are plotted. Each point is an 
average of at least 5 cascades induced by a 3-keV Si recoil. Error bars correspond to 
standard deviation. Lines are simply guides for the eye. 
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Figure 5 -Number  of defects per cascade (total) as a function of irradiation 
temperature (3keV Si recoils). 

It can be seen that in a wide range of temperature, spanning form 0 K to ~2000 K, 
the number of defects per cascade is substantially constant, except for a slow increase in 
the number of displacements and replacements. Above ~2000 K, suddenly there appears 
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to be a substantial increase in the number of displacements, a sign of a diminution in the 
TDEs. Nonetheless, since this rise is accompanied by a growth in the number of 
recombinations and, also, antisites per cascade, the net effect is that the total amount of 
Frenkel pairs generated per cascade remains constant for all temperatures. This behavior 
is particularly interesting for practical purposes, as it will be seen in the next section. 

Discussion 

The fact that the number of displacements, replacements and Frenkel pairs per 
cascade in SiC is a linear function of the recoil energy can be used to make useful 
predictions. For instance, if the number of displacements is known, then the portions of 
recombinations, antisites and Frenkel pairs can be estimated, by employing fixed 
coefficients, valid below 2000 K, obtainable from the data of Tables 1, 2 and 3. As an 
example, on average it has been seen that the total number of displacements is about 1.6 
times the total number of Frenkel pairs. Similarly, the average number of  displacements 
per unit length andper ion can be estimated by dividing the total number of 
displacements by the PKA range (Figure 1), thereby obtaining a constant value of 
~1.1.108 displ..cml/ion (or, applying the factor 1.6, ~0.7-108 Frenkel-pairs.cml/ion). 

Another useful application of the linear behavior versus damage energy exhibited 
by the number of displacements and Frenkel pairs per cascade is that it permits a direct 
comparison with linear theoretical models such as NRT [23] and CP [24]. These 
models, in their simplest form, can be synthesised by the following expressions: 

NRT v d (E)=1+  0"8EL,(E) (t) 
2E a 

cv: v~ (E): 6,, + r 'E  L,,(E) (2) 
2E~ 

where: 

v, d, vJ  = respectively, the number of total andj displacements per cascade induced by a 
recoil of type i; 

E = damage energy; 
Ed, Ea / = respectively, the average and the j-species TDE; 
8,j = Kronecker delta (=1 if i=j; =0 if i~); 

=j-species-concentration-dependent coefficient (in the present case, h = 0.8cj = 0.4, 
since cj = 0.5 V j  in SIC); and 

L,(E), L,j(E) = damage functions, which take into account the departure from the linear 
behavior; in the present case they can be set equal to unity. 

Either by comparing the slopes of equations (1) and (2) with the slopes of the 
corresponding equations in Tables 1 and 2, or by considering each data point of Figures 
2 and 3 as the result of applying equations (1) and (2), it is possible to deduce a value 
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for the TDEs. A similar approach was used by Devanathan and Weber, applied to a 
much smaller set of data [33]. 

If models (1) and (2) are compared with the number of final displacements per 
cascade (Figure 2, Table 1), then the TDE values thereby obtained are more liable to 
approach a realistic value. However, such a comparison is not totally justified from the 
theoretical point of view, as the simple binary NRT model does not include the count of 
recombinations, whereas MD final displacements do. On the other hand, comparing 
models (1) and (2) with the number of Frenkel pairs (Figure 3, Table 2), though 
theoretically more close to the spirit of the NRT model, will give TDE values 
supposedly higher than the real ones, as atoms which have been removed from their 
positions, but ended up occupying other vacancies (recombinations), are not taken into 
account. At any rate, both approaches were followed here and the results are given in 
Table 4, in which Ed denotes the threshold displacement energies and EFp denotes the 
threshold Frenkel pair formation energies. 

Table 4 - Threshold"displacement" energies as deduced from the comparison between 
the results of  the MD simulation and the theoretical models NRT and CP. 

Threshold From slope From data point Average 
energies (eV) comparison comparison values 

Si PKA C PKA Si PKA C PKA 
From final displacements 

Ed ~ 38.5 43.0 36.9+5.1 52.8+16.5 ~43 
Ea c 19.0 18.4 20.5+8.1 19.4+1.6 ~19 
Ea 25.4. 25.8 25.7+4.6 27.9+2.8 ~26 

From Frenkel pairs 

EFp si 85.8 84.0 99.0+41.6 108.6+40.5 ~94 
EFp c 27.7 26.0 31.5+14.3 27.0+2.5 ~28 
EFp 41.9 40.2 47.7+21.2 45.0+5.4 ~44 

The TDE values for the C sublattice obtained from the different calculation 
methods utilised are quite homogeneous around the average value. The ~19 eV found in 
the final-displacement comparison is very close to the 20 eV recommended by Zinkle 
and Kinoshita, on the basis of both experimental and computational data available from 
the literature [34]. On the other hand, the ~28 eV encountered in the Frenkel-pair 
comparison do not differ so much from the previous value. The small difference is 
justified by the little per cent of recombinations on the C sublattice, so that the number 
of C Frenkel pairs is very close to the number of C displacements. 

In the case of the Si sublattice the data are not as much homogeneous around the 
average value. One cause for the large uncertainty can be identified in the much higher 
Si-atom TDE seen by the C recoils. Another cause could be the existence of wide 
uncertainty bands around the value of the TDE for Si atoms in SiC along different 
crystallographic directions, as determined by MD in earlier work [22]. However, the 
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--43 eV found on average in the final-displacement comparison do not differ much from 
the 40 eV recommended by Zinkle and Kinoshita [34]. On the contrary, the ~94 eV 
encountered in the Frenkel-pair comparison appear unrealistically high, as a 
consequence of the significant percentage of recombinations on the Si sublattice. 

Probably the most interesting values are the total ones, ~26 eV for displacements 
and =44 eV for Frenkel pairs. As it is, these numbers, inserted in the simple linear NRT 
expression, provide a correct estimation of the total number of displacements and 
Frenkel pairs per cascade in SiC. According to Figure 5, the latter magnitude, is 
independent of irradiation temperature, whereas the former is not. Moreover, the total 
number of Frenkel pairs per cascade is a good index of damage level in the material. 
Hence, it is suggested here that the adoption of the straightforward linear NRT model 
with a value Ea ~ 40-45 eV could allow an easy and reliable estimation of the total dpa 
(displacements per atom) level in SiC. 

To conclude the discussion, it is important to mention that it is likely that the 
linear behaviour detected in this work is valid only for sufficiently low recoil-energies. 
By comparison with the behavior of metals, it is expected that a substantial deviation 
towards sublinearity will take place above a hitherto unknown recoil-energy value, 
> 8 keV. According to theoretical calculations of total displacement function, the 
number of displacements per cascade in SiC begins to saturate between 100 and 200 
keV and only up to ,~100 keV can the linear approximation be considered roughly valid 
[35]. Although these results cannot be currently confirmed by MD simulation in SiC, 
because a multi-million-atom simulation box would be necessary for such purpose, they 
probably give an indication, however crude, of the limit of the approximation proposed 
in the present paper. Above ~100-200 keV, the number of displacements per cascade 
could perhaps be considered constant and equal to the value extrapolated for ~100 keV. 

Conclusions 

By systematic MD simulation of a statistically meaningful amount of 
displacement cascades in SiC, induced by both Si and C recoils, the following features 
have been deduced: 
�9 The number of defects (atomic displacements, Frenkel pairs, antisites) produced 

within a displacement cascade in SiC is a linear function of the recoil energy 
(damage energy), at least below 10 keV and probably up to ~100 keV. Whether the 
recoil is a Si atom or a C atom, the total number of defects does not vary 
significantly. However, the type of recoil does have an influence in determining 
how the total amount of defects of all sorts is distributed between the two 
sublattices. 

�9 The C sublattice is always much more damaged than the Si sublattice: only 1 out 4 
displaced atoms is a Si atom and only 1 out of 5 Frenkel pairs belong to the Si 
sublattice, when the recoil is a C atom. Si recoils succeed in distributing a little more 
equally the damage between the two sublattices. The higher damage level on the C 
sublattice should be ascribed to both lower threshold displacement energy for C 
atoms and greater ease in recombining for Si atoms. 
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�9 Antisites do form within displacement cascades in SiC, but they represent a minority 
of the population of defects (<10% of the displaced atoms). Cs, and Sic antisites are 
generated with basically the same probability. 

�9 Between 25% (C recoils) and 30% (Si recoils) of the atoms displaced in a cascade 
recombine within the cascade itself. The recombination fraction is about 1.5 times 
higher for the Si sublattice than for the C sublattice. 

�9 The number of defects per cascade is seen to be insensitive to irradiation 
temperature in a wide range, spanning from 0 K to ~2000 K. Above 2000 K the 
number of displacements and replacements increases. However, the number of 
Frenkel pairs is the same for all temperatures. 

�9 By comparison of the MD results with theoretical models such as NRT and CP, an 
average TDE of~19 eV and ~--43 eV at 300 K is found for, respectively, C and Si 
atoms in SiC, in agreement with previous recommendations. However, it is 
suggested that it may be convenient to adopt a global value ~40-45 eV to predict the 
total number of Frenkel pairs per cascade (independent of irradiation temperature) 
by using the simple linear NRT model. This scheme could be used for dpa 
calculations, at least for recoils of sufficiently low energy. Above ~100-200 keV the 
number of displacements per cascade could be considered constant. 
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during Plastic Deformation of Metal Materials 
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Abstract: The processes of energy dissipation and accumulation were studied during 
plastic deformation. In addition, the characteristics of strength and ductility were 
obtained for pure metals and structural materials pre-irradiated by neutrons or 
alternatively by alpha-particles. The temperature dependencies were obtained and 
analyzed for both strength and ductility characteristics and stored energy. It was found, 
that for the studied materials in their unirradiated and/or irradiated conditions, the 
stored energy increase correlates with the applied stress increase, i.e. EsN~ n , where n = 
2 at early stages of deformation. Due to radiation effects the material, ability to 
accumulate mechanical energy decreases to a great extent with irradiating fluence 
increase. At the same time, heat release is increasing during deformation procgss. 

Keywords: metals and alloys, deformation, stored energy, irradiation, martensite, true 
strength, dissipation of heat 

Introduction 

The defect structure, formed and developing under irradiation and/or deformation of 
metal crystals, is a type of a "carrier" of the latent (stored) energy Es. The quantity Es is 
associated with variation in numerous significant (physical, mechanical, chemical) 
characteristics of metals and alloys, as well as in peculiarities of structural and phase 
transformations occurring in them [1, 2]. It is assumed that the latent energy values are 
necessary to know when dealing with many aspects of the theory of radiation-induced 
and fatigue damage, as well as predicting the lifetime for structural materials 
considered as candidates for fission/fusion reactors. Due to this, investigation of the 
process of energy absorption in metal materials under deformation is of theoretical and 
practical interest. 
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The objective of this work is to study, by means of calorimetry, the regularities and 
characteristics of the processes of energy accumulation and heat release in the course 
of plastic deformation of irradiated metals and alloys. 

Materials and Techniques of the Investigations 

Figure 1. a) Schematic o f  the facility for study o f  energy accumulation and 
dissipation during deformation and failure o f  irradiated materials. 1 - 

calorimeter, 2 - assembly for  deforming, 3 - p o w e r  drive, 4 - measuring cells, 5 
- sample-bystander, 6 and 7 - reduction gears, 8 - sample under investigation, 9 

- receiver o f  the sample, 10 - tie-rod, 11 -pins for  specimenfixing. 
b)Calorimetric unit. c) Exterior o f  the assembly for  a tensile-test with a specimen 

f x e d  inside, d) The unit o f  load~elongation sensors. 

Flat specimens of armco-iron, copper and the 12Crl 8Nil 0Ti steel with sizes of a 
working part 10x3.5x0.3 mm have been studied in mechanical tests. These were pre- 
annealed in vacuum not worse than 6.7.10 .3 Pa at 1125 K for 30min - for copper, at 
1185K for 2h followed by cooling with the furnace - for iron, and at 1325K for lh, 
followed by cooling in water - for the steel 12Crl 8Nil 0Ti. 

The thermally treated specimens have been irradiated by neutrons in the WWR-K 
reactor core at the temperature not higher than 353K to the maximum fluence of 2.1024 
n/m 2 (E>0.1 MeV). Irradiation of the specimens by 50-MeV alpha particles, in view of 
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obtaining uniform helium implantation throughout a specimen volume, has been 
executed at the isochronous cyclotron U-150 (NNC RK). 

In view of the heat release investigation performed directly in a uniaxial tensile test, 
a special installation was designed. The installation includes a calorimetric unit with a 
micro-disruption machine, placed inside it (see Figure 1) [3]. The standard differential 
Calvet micro-calorimeter (the manufacturer is the French firm "Setaram") is used as a 
calorimetric block (Figure 1). The calorimeter sensitivity is to 2.10 -7 W, the operational 
temperature range is from the room temperature to 473 K. 

Due to transit-time effects of calorimetric sensors, the typical primary thermogram, 
usually obtained in experiments, is strongly distorted, making impossible both recovery 
of the true behaviour of thermal processes accompanying the deformation and study of 
kinetics of energy accumulation in a material. In order to eliminate this disadvantage 
and to extract the true chain of events, thermogram reconstruction was produced by 
means of the regularisation technique by Tikhonov [4]. 

The installation makes possible simultaneous recording of both the tensile diagram 
in the co-ordinates "force F - elongation Al" and the thermogram "heat release rate 
cTQ/Ot- time t". As a result, one can obtain the deformation dependence of the heat 
release fOQ/c2.c~ in experiments for every continuously strained specimen and, as a 
sequence, compare the effects of the deformation and the thermal processes in the same 
time scale. On calculating, from the tensile diagram, the work spent on variation in a 

material shape A (A =fFdl) versus the residual deformation e, one can determine 
experimentally the stored energy Es=A-Q and the relative stored energy P=EJA, as 
well as their dependencies on applied stresses and strain values. 

Results and Discussion 

lnfluence of in-reactor irradiation, the extent of  cold deformation and the test 
temperature on the latent energy and the heat release in steel 12Cr18Ni l OTi under 
deformation 

In Figure 2 the typical "force-elongation" diagrams and the corresponding 
experimental thermograms are represented for unirradiated specimens of the steel 
12Crl 8Ni 10Ti and those irradiated by neutrons to the fluence of 5.1022 n/m 2. The 
characteristics of strength and ductility, calculated from the diagrams, as well as the 
values A, Q and Es, related to the moment of failure, are presented in Table 1. In Figure 
3 the A-, Q- and Es -dependencies versus the strain value e are shown. 

As follows from the presented data, the steel is hardened as a result of irradiation, 
and the effect of embrittlement is small. Figure 3 demonstrates that the values of A and 
Q increase too, and Es tends to saturation, as strain increases. At the same value of ~, 
the A and Q values are higher and Es is somewhat lower for irradiated steel than for 
unirradiated one; i.e., a material capability to store energy in the course of tensile strain 
is lost as a result of irradiation. 
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816 EFFECTS OF RADIATION ON MATERIALS 

Increase in the temperature from 293 to 473 K leads to reduction o f  both the 

strength and plasticity characteristics and to considerable reduction in the work A, the 
dissipated heat Q and the stored energy Es. 

Table 1. - The mechanical and energy characteristics of  unirradiated and 
neutron-irradiated steel 12Cr18Ni10Ti versus the test temperature 

T,K State 

293 

Unirrad 
iated 

Yield Ultimate Uni- Total Work Rele- Stored Rela- 
stress stress forme elon- of ased energy tive 
0"0.2, ~B, elon- gation defor- heat Es, stored 
MPa MPa gation ~total ,  mation Q, MJ/m 3 energy 

8equal., ~ A, MJ/m 3 P, 
% MJ/m 3 % 

180 650 63 70 410 310 100 24 

473 

After 440 700 48 60 406 333 73 18 
i~adimi 

o n  

Uni~ad 130 475 35 37 144 95 48 33 
i~ed 

After 
irradiati 

o n  

320 500 27 33 162 115 47 29 

I13  

0 . * * 2  

293K 
2 

- , , , , r . . . .  i . . . .  

~oo ,.o ,~** Time, s 

473K 

2 

o 

2** ~ 6** ~ Time, s 

Z 

0 

~ ~ h '8 Elongation, nun d l ~ ~ 

Figure 2. Typical machine r diagrams (1 and 2) and thermograms (1" 
and 2) for  an unirradiated specimen l from the steel 12Cr18Ni10Ti and neutron- 

irradiated ones 2. Scales of  time and elongation correspond 
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MAKSIMKIN AND GUSEV ON ENERGY TRANSFORMATION 817 

One of the reasons for this variation in the properties of the steel 12Crl 8Nil0Ti is the 
temperature suppression of the ~/---~a' transformation. It has been found that the 
temperature close to 373 K is the critical point for the 3'---~a' transformation, which 
isn't observed at the temperatures higher and lower, both in an unirradiated material 
and an irradiated one, subject to single-axial tension [5]. 

Another factor responsible for potential reduction in the mechanical and energy 
characteristics is the temperature variation in the stacking fault energy (SFE), which 
determines an extent of dislocation splitting: the higher the test temperature, the higher 
is the SFE in austenitic steel [6], and the less is the energy stored as a result of 
deformation. 

It follows also from the data presented in Table 1 that the neutron irradiation leads 
to increase in the dissipated heat Q and reduction ofEs. The increase of Q in particular 
can be associated with the release of additional energy as a result of interaction 
between moving dislocations and radiation defects. 

400 

300 

200 

100 

0 20 40 60 

deformation,% 

Figure 3 The deformation work.4 (1 and 2), the dissipated heat Q (3 and 4) and 
the latent energy Es (5, 6) versus the de formation for unirradiated specimens 
(2,4,6) and irradiated ones (1,3,5)for steel 12Cr18Ni10Ti. Deformation is 

performed at 293 K. 
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818 EFFECTS OF RADIATION ON MATERIALS 

Role of  the latent energy in the martensitic 7---~a" transformation under deformation in 
the Fe-Cr-Ni irradiated stainless steel 

In Reference [7] an attempt was undertaken to consider the phase transition y--~ct" 
in terms of energy and to represent accumulation of the a 'phase  in irradiated steel 
12Cr 18Ni 10Ti before and after irradiation by neutrons as a certain function of the 
latent energy Es. Earlier we have found for the 18-10-type steel [8] that the values of 
the relative energy P=EJA stored during the deformation of a neutron-irradiated 
specimen are considerably lower than those of unirradiated specimens throughout the 
entire range ofe values. On the other hand, in Ref. [9] it was shown that for steel of the 
same type the critical value of deformation Scrit related to the formation of a 'phase  also 
decreases as the fluence grows. These facts can be matched under assumption that a 
certain critical value of energy Uv_,~ exists (see.Fig.4), corresponding to elastic 
distortions, at which conditions are available for occurrence of the martensitic y--~a' 
transition in steel. In this case, transformation of the energy, stored in the course of 
deformation, needed for achieving Ur-,~, must be less for an irradiated material, 
because in it the latent energy of radiation defects already is wailable. 

Ucr U er 

Ur.~ U 7-a 
E ~rr 

$dcf E tm 
s d�9 O 

lit 

EsIrr 

U~n U~,m 

E s ~  Es n 

Uo Uo 

Figure 4. Change of the stored energy in steel after annealing, deformation and 
irradiation. Uo- Level of  internal energy of the material at T=OK, Ua,,- internal 
energy in the material after annealing," U, rr - level of  the internal energy, after 
irradiation, Ucr - critical level of the internal energy, on achievement of  which 
material will be failured Ur~ a level of  the internal energy, on achievement of  

which will start y-->a'transformation. 

To evaluate this concept, the in-calorimeter experiments on deforming the samples 
of the 12Cr 18Nil 0Ti steel before and after neutron irradiation have been carried out. 
The dependence of the stored energy in tension has been found with determination, for 
each case, of the value of Es def absorbed irreversibly by a sample at the moment of start 
of the y--->a'transformation. The absolute values of Es.def have been found to be equal 
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MAKSIMKIN AND GUSEV ON ENERGY TRANSFORMATION 819 

to 60 MJ/M 3 for unirradiated (Es 7~f ) steel, 40 and 8 MJ/M 3 - for the steel samples 

irradiated (Es'd~f), respectively, with the fluences 5.10 Is and 2.1019 n/cm 2 (E>0.1 MeV). 

Thus, it has been confirmed experimentally that, at other equal conditions, the value of 
Es def reduces indeed as the fluence grows. 

In particular in our case the following relations are valid: 

U v ~  = U0 + Esa,n + E$ defmt for unirradiated steel (1) 

U~-.a = U0 + Es ann+ Es ,~r+ Es ~f for irradiated steel (2), 

where Es ,rr energy of radiation defects, Es.an, value of stored energy after annealing. 
We obtain from Eqs. (1) and (2): 

l r r  

Es irr = Es dtt~f -- Es def (3) 

Thus, on deforming the unirradiated and irradiated specimens up to the moment of 
c~' phase appearing, one can determine the value of the latent energy related purely to 
irradiation. On the other hand, with a known value of Es i~, one can estimate with ease 
the relation between the value of cold deformation and the integral dose of irradiation. 
For instance, it has been found that for the fluence values 5.1022 and 2.1023 n/m_ 2 the 
values of the cold work are equal to 5 and 19% respectively. 

It follows also from Eq. (3) that, with the assumption that Es~f =0, one can 

determine the fluence value related to direct y--~a'transformation for a given material, 
occurring as a result of irradiation without extra deformation. On a base of the obtained 
dependence of latent energy (Es lrr) versus the fluence, we can estimate the required 
integral irradiation dose, comprising ~ 1025 n/m 2 for the steel 12Crl 8Nil 0Ti. 

Thus, relying on the obtained results, one can conclude that the process of the 
martensitic y--~a" transformation in the unirradiated/neutron-irradiated austenitic 
stainless steel 12Cr18Ni10Ti subject to deformation correlates with the process of 
energy storing, and the value of the latent energy is a crucial parameter of the process. 
The amount of the a 'phase  obtained under deformation is determined by the amount 
of the latent energy: My = C exp(mEs) [8], where C, m - constant. 

Peculiarities of the helium effect on energy accumulation~dissipation during 
deformation of armco-iron 

Investigations of the armco-iron implanted up to the concentration ~10 .3 at.% He 
have shown that the character of the dynamical strain ageing process (DSA) varies 
substantially. The start of DSA is shifted toward higher temperatures and higher 
deformations. In contrast to an unirradiated armco-iron, in a case of the helium 
implantation, DSA evolution doesn't lead to abrupt reduction of plasticity. This fact 
can be related, in particular, to peculiarities in accumulation of the mechanical energy 
under deformation. For the specimens implanted by helium, in the DSA temperature 
range the intensity of the Es growth is considerably lower than for unirradiated ones. 
Besides, it should be noted that in a material implanted by helium the dissipation 
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820 EFFECTS OF RADIATION ON MATERIALS 

process intensity dQ, in the course of  deformation at 423 K (e ranges from 6 to 25 %) 
is higher than the deformation work rate dA. This phenomenon, seemingly, is caused 
by interaction between dislocation assemblies and radiation defects. 

Z 
1 5 0  

a 2 

, / ' ,  , , , . . . .  , . . . .  , , , , 

1 2 3 

Elongation, mm 

4 e - 4  

2 e - 4  

b 

500 IOOO 1500 

Time, s 
Figure 5 Tension diagrams (a) and heat release curves (b) obtained during 
deformation for copper (1 - the unirradiated specimen, 2 - the specimen 

subjected to neutron irradiation). 

Peculiarities of heat release during deformation and failure for copper pre-irradiated 
with neutrons 

The samples of  the oxygen-free copper, both unirradiated and subjected to neutron 
irradiation in the WWR-K reactor up to the fluence 2.1024 n/m 2, have been studied. 
The experimental curves obtained are presented in Figure 5, and the results obtained 
are given in Table 2. 

Table 2 - Properties of copper, initial and irradiated by neutron 

Condition 

Yield Ulti- 
stress mate 
0"02 stress 

MPa OB 
MPa 

Unirra- 40 150 
diated 

Irradiated, 115 202 
2.1024 n/m 2 

Uni- Total Work of Released Stored Rela- 
forme elon- defor- heat energy tive 
elon- gation mation Q, Es, stored 
gation E;tota I A, MJ/m 3 MJ/m 3 energy 

MJ/m 3 P, ~equal % % 
% 

30 32 38 30 8 21 

8 9 16 10 6 37 

It can be observed that irradiation has led to increases in o0,2 and OB and 
considerable reduction of  plasticity. The values of  A and Q for irradiated samples are 
also considerably lower. Failure of  irradiated material occurs at Es=6 MJ/m 3, being 
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MAKSIMKIN AND GUSEV ON ENERGY TRANSFORMATION 821 

somewhat less than for the unirradiated material; however, growth of Es with increase 
ofe in the neutron-irradiated copper occurs considerably faster. For instance, at e=8 % 
E7 =6 MJ/m 3, and E m' =3.5 MJ/m 3. One can assume that in copper the formation and 

the evolution of defects under irradiation have led to formation of the defect structure 
of the special type which absorbs the deformation energy stronger. 

100 

= 60 

~ 4o 

20 
1 

i. 

200 400 600 

"Start o f  ~/-~' 
transformation 

800 1000 

Figure 6 a) The latent energy and the applied stress for  the steel 12Crl8Ni1073 
subjected to tensile strain at 293K. ini - unirradiated material, irr- material 

irradiated by neutron with fluence 5 x l  O 22 rdm 2. 1- a region where the relation 
(4) is valid, Ldef  - a region o f  strain localization, b) Electron microscopic 

photographs o f  the deformed steel, x 25, 000 ini - initial structure, 1- 3 - a 

dominant structure for  the segments 1- 3 o f  the curve (( cr-Es)). (1 - FCC-lattice, 3 
- FCC+BCC) 
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It is of special interest to consider the phenomenon of relaxation in a deformed 
material, when after failure the process of heat release is observed for -300s with 
intensity decreasing almost exponentially with time. And, during post-deformation 
calorimetry at 293K from the failure point till the moment of noticeable heat release 
stop, the irradiated copper releases, in average, Qrel .~ 8 MJ/m 3, that is higher than for 
an unirradiated material and exceeds the value of latent energy in copper after 
irradiation (Es ~f ). In other words, the total thermal effect from deformation, failure 

and relaxation is higher than the total work A of the tensile machine. This, apparently, 
contradiction result is related to the release of additional latent energy as a result of 
migration and annihilation of a fraction the radiation defects on dislocations formed 
under deformation. 

Relation between the latent energy Es and the true applied stress (r 

Steel 12CrlSNilOTi. In Figure 6 are depicted the ~Es -o~ curves for unirradiated and 
irradiated materials, containing the segment Ldef, related to localization of the 
deformation and failure, at which o increases and Es is, practically, unaffected. 
Analysis of curves has shown that, within the region of small deformations, they obey 
the relation like this: 

Es ~ Es0 + ct o 2 (4) 

where ~t and Es0 are constants. 
The ~tEs-m) curve for an irradiated material looks like that for the unirradiated one, 

but is shifted toward the region of lesser Es by ~20 MJ/m 3. 

Copper. Figure 7 shows the latent energy Es, accumulated during plastic 
deformation, versus the applied stress c for copper before and after irradiation by 
neutrons fluence at the fluence 2.1024 n/m 2. One can observe that the curves are S- 
shaped. The curve of an irradiated material is shifted to the range of larger stress values 
and lesser values of Es. Directly after achieving the yield strength, a parabolic relation 
between the latent energy and the applied stress takes place (see Figure 7). On 
achieving certain critical values of Es and o, a break occurs in the curve, showing the 
change in the character of material strengthening. The extent of the parabolic segment 
on the "Es-cr" curve for irradiated copper is considerably lower than for unirradiated 
and failure of the specimen occurs at lesser values of Es. 

Armco-iron. For armco-iron, in contrast to copper and the 12Cr18Ni10Ti steel, a 
specific segment takes place on the r curve at 293 K, where the Chernov- 
Luderse band appears and propagates on the specimen. It should be mentioned that 
increase in Es occurs at, practically, unchanged value ofo.  As a whole, with the 
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MAKSIMKIN AND GUSEV ON ENERGY TRANSFORMATION 823  

exeption of this feature, the Es-cr dependence for both primary armco-iron and helium- 
doped one to certain values of the stress and the latent energy is described rather 
satisfactorily by Eq. (4). 

Es=-O. 6096+3.91E-4*O" 2 

\ 
/ 

Ldef 

5 
/ g a  

O 

4 

8 1 a ~, 

. I ~ ~ I ~ i ~ i 

o 50 ~oo ~5o zoo 

Applied stress, MPa 
Figure 7. Relation between the applied stresses and the latent energy for copper 
deformed at 293 K. a - unirradiated material, b- copper irradiated by neutrons 
at 2xl  O 24 n/m 2. The spot 1 is marked," approximating parabola corresponding to 

spot 1 is shown. 
Thus, as for the relation between Es and ~ one can conclude the following. The 

relation like Eq. (1) is satisfied to a certain critical extent of deformation (stress) Then 
the square law for material hardening is changed. Irradiation either by neutrons or by 
alpha particles shifts the <<Es-tS>> curves toward the larger stresses and lesser values of 
Es For copper and the steel 12Cr18Ni 10Ti in a neutron-irradiated state transition to a 
localised flow and failure occurs at considerably lower values orEs, compared to 
primary samples. For iron, difference in the critical values of Es for an unirradiated 
material and for a helium-doped one is small. 
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Conclusions 

With application of the new calorimetric technique, the value of the stored energy 
and the regularities of dissipation and accumulation of energy under deformation have 
been determined for neutron- and a-particle irradiated copper, armco-iron, and steel 
Crl 8Nil 0Ti. It was found that in the general case, the irradiated materials dissipate 
more energy during deformation than unirradiated ones and accumulate less energy. 

Except for this, a relationship between the stored energy and the applied stress has 
been obtained and it has been found that up to some critical values of stresses and 
deformations for unirradiated specimens as well as for irradiated ones the parabolic 
law of hardening is valid. Irradiation either by neutrons or by alpha particles shifts the 
<<Es-t~>> curves toward the larger stresses and lesser values orEs 

For irradiated copper and steel 12Crl 8Nil 0Ti the transition to the localised flow 
and failure occurs at considerably lower values of Es, compared to unirradiated 
specimens. For iron, the difference in critical values of Es for an unirradiated material 
and for a helium-doped one is rather small. 
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Abstract: The materials used were Ti-50.0, 50.5 and 51.0at%Ni alloys which were cold 
rolled and aged at 400~ for 1 hr. Neutron irradiation was performed in the Japan 
Materials Test Reactor (JMTR) up to a dose of 1.2 x 1024n/m 2 at cooling water 
temperature (about 60~ which meant the specimens were irradiated in the parent phase 
(B2). After the irradiation, micro-Vickers hardness measurements, microstructure 
observations by transmission electron microscope (TEM) and positron annihilation 
spectrometry (PAS) measurements were carried out. Differential scanning calorimetry 
(DSC) measurements were taken at temperatures between -120~ and 120~ After the 
irradiation, all the alloys show extremely high irradiation hardening: the estimated 
increase in the yield stress of Ti-50Ni alloy is almost 1GPa, Although the hardness of the 
Ti-Ni alloys depends on the alloy composition in the unirradiated condition, all the alloys 
reach the same hardness value after the irradiation. DSC measurements revealed that the 
martensitic transformation was completely suppressed by the irradiation in all the alloys. 
PAS study revealed that no structural vacancies existed in the alloys before the irradiation, 
and that vacancies were formed after the irradiation. Microstructural observations 
indicate that disordered regions, which were considered to be amorphous, were 
homogeneously distributed in the irradiated parent ordered phase, accompanied by an 
appearance of the halo ring on the diffraction pattern. The irradiation effects disappeared 
following a post-irradiation anneal at 250~ for 1 hr. The recovery of the martensitic 
transformation by post-irradiation annealing is attributed to the migration of vacancies 
that causes the reordering, it is expected that Ti-Ni alloys are potential self-restorative 
materials for the irradiation above 250~ where vacancies are mobile. 

Keywords: shape memory effects, aged Ti-Ni alloys, neutron irradiation, martensitic 
transformation 
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Introduction 

The application of shape memory alloys to nuclear fusion technology has been 
considered from the viewpoint of security of work in a radiation environment where 
demands for remote controlling systems for reactor maintenance have been rising. 
Irradiation effects on shape memory alloys have been studied by many workers. It was 
found in an in-situ transmission electron microscope (TEM) observation study that 
electron irradiation caused a broadening of the dislocation and grain boundary images, 
which was attributed to the preferential irradiation-induced transition from crystalline to 
amorphous at lattice defects [1-3]. The resistivity measurements and differential scanning 
calorimetry (DSC) technique were used to measure the transformation temperature of the 
electron and neutron [4] irradiated Ti-Ni alloys, and the transformation temperatures 
were shown to be decreased by the irradiations that might induce disordering [5]. 
Neutron irradiation often suppressed the transformation completely, but the irradiation- 
induced suppression of the transformation recovered after post-irradiation annealing at 
250~ [6, 7]. Although there are several works on irradiation effects on shape memory 
alloys, these are the studies on solid solution annealed alloys. The shape memory effect 
of aged alloys at 400~ is well known as superelasticity. 

In this research, the effects of neutron irradiation and post-irradiation annealing on 
the aged Ti-Ni shape memory alloys have been investigated to make clear the mechanism 
of irradiation-induced suppression of the martensitie transformation. 

Experimental 

The materials used were Ti-50.0, 50.5 and 51.0 at.%Ni alloys, which were 
produced by melting in a high frequency vacuum furnace from high-purity nickel 
(99.99mass%) and pure titanium (99.85mass%). The ingots were hot-forged and rolled, 
followed by cold rolling to sheets of 0.3 mm thickness. The specimen preparation 
conditions of the alloys are summarized in Table 1. 

Table 1- Specimen preparation conditions 

Ti-50.0Ni 
Ti-50.5Ni 
Ti-51.0Ni 

Cold work ratio 
0.20 

Heat Treatment (1) 
800~ 1 hr, WQ 

Heat Treatment (2) 
400~ 1 hr, WQ 

0.33 800~ 1 hr, WQ 400~ 1 hr, WQ 
0.18 800~ 1 hr, WQ 400~ 1 hr, WQ 

WQ: water quench 

Disk shape specimens were fabricated with the dimensions of 3 mm diameter and 0.15 
mm thickness after the heat treatment in a vacuum of 5 x 10"4pa. Neutron irradiation was 
performed in the Japan Materials Testing Reactor (JMTR) to a fluenee of 1.2 x 1024n/m 2 
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in a water leaking capsule to irradiate specimens at temperature as low as the cooling 
water or 60~ The DSC measurements were carried out by scanning in the range of 
temperatures between -120~ and 120~ at a heating/cooling rate of  15~ Micro- 
Vickers hardness tests with a load of 0.1kg and PAS measurements were carried out at 
room temperature. From the PA spectra, average lifetime was obtained. Microstructures 
of the neutron irradiated 51.0 at.%Ni alloy was observed by TEM. 

Results and discussion 

DSC Measurement 

The typical features of  the DSC curves of neutron irradiated and post-irradiation 
isothermally annealed Ti-Ni alloys are shown in Fig. 1 with those before the irradiation. 
The upper and bottom curves in each pair are for cooling and heating, respectively. It is 
clear that in all the alloys, martensitic transformation was suppressed by the irradiation 
and recovered after the annealing at 250~ for i hr. This trend is similar to that of  the 
solution annealed alloys [7]. 

I. 
= 

Ti-50.0at.%Ni 
400 ~ l h r / J ~  

I I i I I 
"I00 "50 0 50 10l 

Temperature (~ 

Ti-50.5at.%Ni 
400 ~ lhr 

- a s - ~  

~ - h e a t i n g " ~  

I I I I I 
-100 -50 0 50 100 

Temperature (~ 

Ti-51.0.%Ni 
400 ~ lhr 

unirr .  

i TA~250j ~ I , 

-I00 -50 0 50 I00 
Temperature (~ 

Figure 1- DSC spectra of aged 77-Ni alloys before and after the irradiation and 
after post-irradiation annealing. The upper and bottom curves are of cooling 
and heating, respectively. Isothermal annealing was carried out for ] hr at 
each temperature. 
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828  EFFECTS OF RADIATION ON MATERIALS 

Micro-l~ckers Hardness Test 

Age hardening--The change in the hardness during aging is shown in Fig. 2 and 3 
for solid solution annealed Ti-Ni alloys. The Ti-51Ni alloy was age hardened by the 
annealing above 250~ and attained the maximum hardness at 350~ while no such a 
significant age hardening was observed in the Ti-50Ni alloys. A small amount of 
hardening was observed in the Ti-50.5Ni alloy. Ovemging was recognized at 400~ for 
Ti-51Ni alloy. It was reported that the precipitation of intermetallics such as TiHNil4 and 
Ti2Ni3 was observed in Ti-51Ni alloy after the aging at 400~ [8]. 
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irradiation Effects--Figure 4 and 5 show the effects of irradiation and post- 
irradiation annealing on miero-Vickers hardness of aged Ti-Ni alloys, indicating that the 
hardness before irradiation and the amount of irradiation hardening depends on the alloy 
composition significantly. In the unirradiated condition, the hardness of Ti-51Ni alloy is 
about 1.8 times higher than that of Ti-50Ni alloy. The hardness of the alloys, however, 
increased to almost the same level following the irradiation, showing the smallest and 
largest irradiation hardening in Ti-51Ni and Ti-50Ni alloy, respectively. The irradiation 
hardening again completely recovered after the annealing at 250~ for 1 hr. 

700 

600 

500 

400 

300 

200 

500 

400C AO. Hv 
I I I I 

/ 

i i I T 

un lrr, as trr. 200 250 
Anl. Temp. /~ 

400~ AG. AHv 
l I 

<3 

400 

300 

200 

100 

0 

-100 

-- e- - 51.Oat%Nl \ \  

I I I 
as hr. 200 250 

Anl. Temp./~C 

Figures 4 (top) and 5 (bottom)-Effects of neutron irradiation and post- 
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PAS Measurement 

Since the structural vacancies 
have been considered to exist 200 
sometimes in off-stoichiometric 
intermetallic compounds, PAS 

180 
measurements were performed for 
solid solution annealed Ti-Ni alloys. 
Figure 6 shows the average lifetime of ~ 160 
positron in water quenched Ti-Ni .~;~ 
alloys after annealing at 800~ In as- ~ 140 
quenched alloys, the lifetime in Ti-50 
and 51Ni alloys is in the range ~ 120 
between 110 and 120ps that is 
considered to be the lifetime in matrix 
of many intermetallics [9,10]. Aging 100 
at 350 and 400~ caused a slight 
increase in the average lifetime, 
suggesting that the positron may be 
trapped at small precipitates. 

The effect of irradiation on the 
average lifetime in aged TiNi alloys is 
shown in Fig.7, indicating that the life 
time is increased by the irradiation to 200 
around 160ps. This suggests that 
single vacancies and/or small 180 
microvoids are induced by the 
irradiation in the alloys. In both -~ 1~ 
Figure 6 and 7, the trend is somewhat .~ 
different in Ti-50.5Ni alloy. Since the ~ ~ 140 
Ti-50.SNi alloy was cold rolled to 
33%, which is much larger than the 

120 
other alloys, the difference can be 
attributed to the high density of 
dislocations in the alloy [11]. Thus, 100 
although the cause of irradiation- 
induced increase in positron lifetime 
is still unclear, it is very likely that 
vacancies contribute to it, which is 
also supported by the previous study 
on kinetics of the recovery process of 
neutron irradiation effects in Ti-Ni 
alloys [7]. 
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TEM Examinations 

Figure 8 shows the TEM micrographs of aged Ti-51Ni alloy in the as-irradiated 
condition (g=ll0): a) bright field image and b) image taken by a 001 ordered spot, e) 
[l10]B2 diffraction pattern. As indicated by white arrows in the mierographs, black- 
white contrast becomes reversed between the two, indicating that the black region of the 
bright field image is the disordered (maybe amorphous) region. There are some black-dot 
structures which are considered to be dislocation loops. Since the dislocation loops lose 
their contrast when they were observed with g=112, the Burgers vector of the dislocation 
loops were identified to be b=a/2<lll>, which is different from b=a<001> of 
deformation-induced dislocations [12]. The diffraction pattem shown in Fig.8(c) is 
observed from <111> direction of the parent phase of the alloys. It is clear that the 
ordered spots still exist and halo rings are superimposed on the diffraction pattern. This 
suggests that the irradiation-induced disordered region includes amorphous as well as 
disordered lattice and defect clusters such as dislocation loops and microvoids. The 
suppression of the martensitic transformation is considered to be due to high resistance to 
the motion of martensite domain boundaries caused by the highly disordered region and 
defect clusters. 

Figure 8-TEM micrographs of aged Ti-51Ni alloys: a) bright field image 
and b) dark field image taken by 001 ordered spot, c) [110]B2 diffraction 
pattern. 
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Figure 9 shows the in-situ results obtained by a hot-stage TEM holder, showing the 
change in the irradiation damage structure by post-irradiation annealing. The same region 
was observed following the post-irradiation annealing of aged Ti-51Ni specimen at 
300~ for 45 min. This annealing resulted in almost complete recovery oftbe irradiation 
effects in the alloy. After the annealing, a number of spherical precipitates (several nm in 
size) were observed. Since atomic diffusion in B2 intermetallic compounds has been 
known to occur by the so called six-jump mechanism through the motion of 
vacancies[13,14], reordering, which was accompanied by the precipitation, occurred 
during the annealing where vacancies were mobile. The halo rings observed before the 
annealing were still observed after the annealing. This suggests that the reordering has 
not been completed yet. 

Figure 9-TEM micrographs of aged Ti.51Ni alloys: a) as-irradiated, b) 
post-irradiation annealed at 300~ for 40min. 

Appearance of R-phase Transition in Ti-5ONi Alloy 

The Ti-S1Ni alloy is well known to show superelasticity that relates to two step 
martensitic transformation, that is from B2 to R-phase and from R to M-phase [15]. The 
R-transition has been considered to relate to the precipitation of TillNil4 [8]. In the 
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stoichiometric Ti-50Ni alloy, no R-phase has 
been observed so far. However, post- 
irradiation annealing causes the occurrence of 
R-transition in Ti-50Ni alloy. Figure l0 shows 
the [110] diffraction pattern of parent phase in 
solution annealed Ti-50.0%Ni alloy after post- 
irradiation annealing at 250~ for 2hr. 
Observation was carded out at room 
temperature where the parent phase and R- 
phase are considered to exist. There are extra 
spots at 1/3 position in the direction of <112>, 
which have been considered to stem ff~m R- 
phase [8]. Even in stoichiometric alloy, during 
post-irradiation annealing, R-phase relevant 
precipitates, such as TillNi14 and/orTi2Ni3, can 
be formed locally in the parent phase and 
induce the R-transition. 

Conclusions 

Figure 10--[ 110] diffraction pattern 
of parent phase in solution 
annealed 77-50.0%Ni alloy after 
post-irradiation annealing at 250~ 
for 2 hr. 

Irradiation effects on the martensitic transformation of aged Ti-50.0, 50.5 and 
51.0at.%Ni alloys were investigated after neutron irradiation to 1.2 x 1024rgm 2 at the 
temperature of cooling water (about 60~ The neutron irradiation suppressed the 
martensitic transformation in all the alloys. Irradiation hardening was the largest in Ti- 
50Ni alloy that showed the lowest hardness before the irradiation. The hardness after the 
irradiation is almost the same for the three alloys. The irradiation effect recovers in all 
the alloys after post-irradiation annealing at 250~ for 1 hr. 

PAS and TEM examinations suggest the existence of a disordered region that is 
considered to be amorphous with defect clusters, which suppress the transformation in 
the alloys. The recovery is considered to be due to migration of vacancies, which causes 
the reordering accompanied by precipitation of nickel-rich particles. The R-transition 
occurs in the post-irradiation annealed Ti-50Ni alloy. It is expected that Ti-Ni alloys are 
potential self-restorative materials for irradiation above 250~ where vacancies are 
mobile. 
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Abstract: ln-situ transmission electron microscopy was applied for clarifying 

radiation-induced amorphization, the behavior of  grain boundaries under ion irradiation. 

The effect of  mass and energy of several ions on preferential amorphization was discussed. 

The critical fluenee for amorphization strongly depended on the temperature, where it 

increased with increasing temperature. Further, with increasing ion mass and decreasing 

energy, the critical fluence was reduced. The onset temperature for preferential 

amorphization increased in the case of  heavier mass and lower energy ion irradiation. All 

of  the results imply the importance of the balance between damage production and 

recovery. 
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Introduction 

Polycrystalline silicon (poly-Si) is a widely used material for thin film transistors 

(TFTs); active-matrix addressed flat-panel display [1,2], static random-access memory [3] 

and image sensors [4], for example. However, the grain size obtained by commonly used 

methods is too small. For achieving much higher integration and performance, excimer 

laser [5-7] and ion-beam [8,9] techniques have been applied for increasing the grain size. 

Heavy ion irradiation can easily produce the amorphous transition, where the 

stability of phases, crystalline and amorphous, is strongly dependent on irradiation 

temperature and ion flux [10-13]. It has been reported that the preferential amorphization 

occurred on grain boundaries (GB) during Xe + irradiation in the transformation 

temperature range [14], which was supposed to be a thermodynamically controlled process 

and to be analogous to the concept of grain boundary melting in the solid at the equilibrium 

temperature [15]. However, the details of this phenomenon have not yet been clarified. 

Especially, the kinetics of radiation-produced amorphization and crystallization are 

expected to be very important in controlling the phenomenon. 

In this work, in-situ transmission electron microscopy (TEM) was carried out for 

understanding the details of the process of radiation-induced amorphization and GB 

behavior. The objectives of this paper are defining the mass and the energy effect on critical 

fluence for the amorphization, and clarifying the relation between the fluence and 

preferential amorphization. 

Experimental Method 

Specimen preparation 

Poly-Si of about 200 nm in thickness was grown on oxide silicon by LPCVD (Low 

Pressure Chemical Vapor Deposition) followed by thermal ahnealing at 1223 K for 4 hours 

in an Ar atmosphere. Figure 1 shows the microstructures in cross-sectional and plane-view 

after annealing. The mean grain size (d) adapted by equation (1) [16] was about 230nm. 

d = a ~ / 2  (1) 

Where a and b are the long and short axes of the ellipsoid, resp~tively. 
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838 EFFECTS OF RADIATION ON MATERIALS 

Figure 1-Grain structure of poly-Si film, (a) cross-sectional view, (b) plan-view 

at bright field image and (c) plane-view at dark filed image. 

Irradiation experiment 

Ion irradiation was performed at TIARA Facility of Japan Atomic Energy Research 

Institute, Takasaki Laboratory, where 400 kV electron microscopes, JEOL 4000FX, is 

equipped with 400keV ion accelerator. 

Specimens were irradiated with 100 - 300 keV C § 100 keV N + and 200 - 300 keV 

Ar + with ion fluxes 3.0 - 4.0 x 1017 m-2s "1. The irradiation temperature was from 100 K to 

423 K. The details of the irradiation conditions were shown in Table 1. 

For detecting the critical fluence, changes in selected-area electron diffraction 

(SAED) patterns were used, as shown in Figure 2. SAED pattern ofpolycrystalline 

presented clearly diffraction spots. On the other hands, SAED pattern of amorphous phase 

revealed halo rings. In this work, the critical fluence for amorphization was defined by 

SAED pattern. SAED spots were completely changed from spots (Figure 3 (a)) to halo ring 

pattern (Figure 3 (e)) by ion irradiation. The critical fluence was the fluence at the complete 

halo ring pattern. 

Figure 2-Selected-area electron diffraction (SAED) pattern during ion irradiation: 

(a) crystal, (b) defective crystal and (c) amorphous phase. 
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Table 1 -Detai ls  of ion irradiation conditions 

839 

Ion/energy Temperature, K 

C+300keV 
C + 100keV 
N + 100keV 
Ar + 300keV 
Ar + 200keV 

213 - 3 3 3  
104 - 4 5 3  
113 - 453 
298 - 4 5 3  
323 - 453 

' ~  1 0 ~ "  I ' , . , . , . , �9 , . , . , . , , V C +300keV �9 Ar +300keV f ,  
�9 C+100keV �9 Ar+200keV ~[.' 

+ # I 

~ 10211 �9 N 100keV .~e,~Of~ , 

10 2~ ~- ./ / 

~ 1 0 1 9  f - -  ~ ~ 

L) , i , i . I i I i I i I I I , i , i 

50 100 150 200 250 300 350 400 450 500 
Temperature (K) 

Figure 3 Temperature dependence of critical fluence at different irradiation condition. 

Results 

Effect of  mass and energy on the critical fluence 

Figure 3 shows the temperature dependence o f  the critical fluence at each irradiation 

conditions. The critical fluence showed an exponential function. The critical fluence had 

little temperature dependence below a room temperature (RT). On the other hands, about 

RT, it increased with increasing of  temperature. In case o f  the heavy ion and the low energy, 

the critical fluence was reduced at below a RT. The cut-offtemperature, which means 

crystal is stable even if under irradiation condition, was increased. Those behaviors suggest 

that the critical temperature depends on both o f  the production o f  amorphization and 
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crystallization at the local area. 

Minimum temperature o f  preferential amorphization on GB 

The microstructure of crystal-amorphous (c-a) transformation was strongly depended 

on the irradiation temperature. Figure 4 shows microstructural change of amorphization 

process during 300 keV Ar + irradiation at each temperature. 

In case of RT, diffraction spots disappeared with diminishing of irradiation and then 

turn to halo ring at the fluence of 3.7 x 1019 m "2. In TEM image, the polycrystalline 

structures composed of white and black areas before irradiation, which depend on Bragg 

condition. I f  the crystal becomes completely amorphous phase during the irradiation, the 

contrast of the image should be turn to intermediate color, which means the amorphous 

area. At the fluence of 1.3 x 1019 m "2, SAED composing of diffraction spots and the weak 

halo ring indicates that the structure was a defective crystal. 

Figure 4 TEAl microstructures irradiated by 300keV Ar § at the RT and the 423K 

At higher temperature of 423 K, SAED pattern showed completely halo ring after the 

irradiation of 9.8 x 102o m "2. During medium fluence, the preferential amorphization 

developed on GB occurred and the amorphous layer grew with increasing of fluence. This 

phenomenon was recognized in other ion species and energies as shown in figure 5. 
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Table 2 shows the minimum temperature of  the onset o f  preferential amorphization for 

different ion irradiation condition. In case o f  heavier ion and the lower energy, the 

minimum temperature was increased. The data o f  1.5 MeV Xe + in table 2 was the result 

obtained by Atwater [14]. 

Figure 5 The structure of  polycrystalline silicon above~below the temperature of  

preferential amorphization during 300 keV C +, 100 keV C + and 300 keV Ar + 

irradiation. Above the temperature indicated at dash line, preferential 

amorphization occurs. The temperature of  preferential amorphization at 

difference condition shows in Table 2. 

Table 2 - The minimum temperature of  the onset of  preferential amorphization on GB 

Ion/energy Temperature, K 

C+300keV 
C+100keV 
N+100keV 
Ar + 300keV 
Ar  § 200keV 

Xe + 1.5 MeV 

243 - 3 0 0  
3 0 0 - 3 3 3  
300 - 3 3 3  
343-373 
373 - 403 

423 
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Discussion 

Effect of  the mass and the accelerated energy on critical fluence 

With increasing ion mass, the critical fluence reduced as shown in Figure 3. In 

general the total amount o f  defects and the size o f  cascade damage zones produced by an 

incident ion assumed to be much larger in heavy ions than in light ions. Consequently it is 

easily considered that the critical fluence could reduce with much heavier ion. 

With decreasing of  energy for the same ion species, the critical fluence reduced, 

whereas the crystallization temperature increased. Those results suggest that the damage 

level at local area especially in thin f i l l  should be larger for lower energy. By using TRIM 

code [17], energy transferred to recoil from ion to matrix was calculated. The condition 

was as follows: specimen thickness, displacement energy and lattice bonding energy were 

200 nm, 16 eV and 2 eV, respectively. Figure 6 shows the result o f  calculation. Energy 

transferred to recoil for low energy ions was larger than that for high-energy ions. This 

corresponds to experimental results. It means that the temperature dependence o f  the 

critical fluence is dependent on the damage level in local area. 

~, 12o 

~ 1 0 0  
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o 
o 
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". - - " " " " " " " . . . . .  Ar + 300keV 
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~p~(nm) 

Figure 6 The result of  TRIM calculation. Specimen thickness, displacement energy and 

lattice bonding energy were 200 nm, 16 eV and 2 eV, respectively. 
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Temperature range of preferential amorphization on GB 

The temperature of  preferential amorphization on GB increased with following 

order; 300 keV C + < 100 keV C + < 100 keV N + < 300 keV Ar+< 200 keV Ar +. In 

comparison with the result of TRIM calculation, this temperature shows a positive 

correlation as the energy transferred to recoil. In the case of large damage energy, it was 

suggested that the amount of defects introduced by single ion were a lot. 

Considering the preferential amorphization on GB region from the point of view of  

thermodynamics, it is generally known that the Gibbs free energy of  GB region (G6s) is 

larger than that of the free defect cryshal (Gf~). The Gibbs free energy of the whole of 

crystal is increased due to the introduced defect, which brings about the increase of free 

energy (Gdc~). Assuming that amorphization takes place when the Gibbs free energy of 

crystal exceeds the threshold energy (G~or) for amorphization, it can be considered that 

GB region become easily to amorphous phase, because of its higher potential for 

amorphization. Therefore, it can be considered that GB region can be easily transformed to 

amorphous phase in comparison with the inside of grain. In the growth mechanism of 

preferential amorphization, the growth of amorphous phase means the continual 

amorphous nucleation on c-a interface. If  the c-a interface has large free energy with a 

strain in comparison with the inside of grain, amorphous nucleation on c-a interface can be 

understand as the same as GB region. 

In case of lower energy ions, the preferential amorphization temperature was 

increased: increasing of the energy of damage formation indicates that G ~a  becomes large. 

Considering that the crystal can transfer to amorphous phase, if the free energy becomes to 

G~r + Gdelt~ -> Gmor. In order to nucleate amorphous phase on GB, G ~  must decrease, e.g. 

Gpcr + G~lta < G~mor and GoB + G~h  >- G~mo~, where G ~  depends on amount of defects. 

If many defects are introduced by the irradiation, the cut-off temperature must be at high 

for reducing G~ha. Therefore, it can be considered that the preferential amorphization 

temperature shift to high temperature side, in case of higher energy transferred to recoil is 

large. 

Conclusion 

We investigated the mass and energy effect on the critical fluence for amorphization, 

the temperature for preferential amorphization and during ion irradiation. 

With increasing mass and decreasing energy, the critical fluence was reduced, 

whereas the cut-off temperature was increased. It was considered that the amount of the 
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damage should be much larger. The temperature of preferential amorphization was 

increased with increasing mass and decreasing energy. This result tended to be the same as 

the cut-off temperature. These results were equivalent to large of energy transferred to 

recoil calculated by TRIM code. It is confmned that these phenomena are controlled by the 

balance between the introduced defects by energetic ion and the recovery of defects by 

temperature. 
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Abstract: The primary factors influencing the crack growth resistance of irradiated 
Zr-2.5Nb pressure tube material at low concentrations of hydrogen/deuterium are reviewed. 
These factors include the initial characteristics of the material, which have brought about 
improvements in the toughness, and the operating conditions in reactor. The paper presents 
an update on the current status of this work using J-R curves. Such curves are determined 
from curved compact and rising-pressure burst test specimens at 250~ i.e., the lower end 
of the operating temperature range. Some of the challenges encountered in assessing the 
crack growth toughness of this high-strength, thin-walled material are discussed. The role 
of chlorine, known to be responsible for the presence of Zr-C1-C particles and preferential 
decohesion and fissuring, is also highlighted. The results from the curved compact 
specimens suggest a limiting level of chlorine above which no further significant 
degradation in crack growth resistance occurs. This level of chlorine is about 3 wt ppm 
for material having a low concentration of zirconium phosphide (P < 20 wt ppm). Such 
results require confirmation using burst tests on material with intermediate levels of 
chlorine and low levels of zirconium phosphide. 
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Introduction 

The primary containment for the fuel in CANDU ~ reactors is provided by thin-walled 
pressure tubes of cold-worked Zr-2.5Nb. These tubes typically have a length of 6.3 m, an 
inside diameter of 103 ram, and a wall thickness of 4.2 mm. During service heavy water 
flows through the tubes to cool the fuel. The tubes operate at an internal pressure of 
between l0 and 11 MPa at temperatures varying from 250-265~ (inlet ends) to 
290-315~ (outlet ends) depending upon the reactor unit. Considerable progress has been 
made recently in understanding the primary factors influencing the crack growth resistance 
and failure mechanism of the material. This includes the effects of irradiation, deuterium 
pickup and the role of pre-existing particles. The paper presents an update on the current 
status of this work for irradiated material having low concentrations of 
hydrogen/deuterium. The results presented are from crack growth resistance curves 
obtained from curved compact and burst test specimens tested at 250~ i.e. the lower end 
of the operating temperature range. 

Material 

CANDU reactor pressure tubes are manufactured from extruded and cold-worked 
(about 26%) Zr-2.5Nb. The results reported here are for material manufactured to the 
earlier specification shown in Table 1. 

Table 1 - Chemical specification for Zr-2.5Nb pressure tubes for CANDU ~ reactors. 

Element Specification (up to 1987) Current 

Niobium 2.4-2.8 wt% 2.5-2.8 wt% 
Oxygen 900-1300 a 1000-1300 
Carbon < 270 < 125 

Chlorine . . . . . .  < 0.5 
Chromium < 200 < 100 
Hydrogen _< 25 b _< 5 

Iron < 1500 < 650 
Nickel < 70 < 35 

Nitrogen < 65 < 65 
Phosphorus . . . . . .  < 10 

Silicon < 120 < 100 
Tantalum < 200 < 100 

Zirconium and Other Impurities Balance Balance 

a Concentration of remaining elements given in ppm by weight. 
b 20 ppm hydrogen for ingot, 25 ppm hydrogen for final tube. 

The final microstructure of the material is dual-phase with a network of elongated 
a -phase  (hexagonal-close-packed), containing about 1 wt% Nb in solution, surrounded 
by a thin film of [3-phase (body-centered-cubic), with about 20 wt% Nb [1]. 
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Degradation occurs during service as a result of irradiation damage as well as deuterium 
pickup from the pressurised heavy water. Periodically surveillance tubes are removed 
from reactor and the mechanical properties assessed to ensure that the tubes remain "fit for 
service". Although some small specimen studies have been conducted on pre-selected 
material irradiated in test reactors, the majority of information on the crack growth 
resistance of irradiated Zr-2.5Nb pressure tube material is from surveillance tubes. 

Mechanical test results have been obtained to date on irradiated Zr-2.5Nb pressure 
tube material sampled from tubes removed from Picketing Nuclear Generating Station 
(NGS) A Units 3 and 4, Bruce NGS A Units 1 to 4 and Wolsong Nuclear Power Plant 
(NPP) Unit 1. The tubes sampled operated for up to 18 years in service at a fast neutron 
flux of between 2.5 and 4 x 1017 n.mLs 1 to give a maximum fast neutron fluence of 
18 x 1025 n.m 2 (E >1 MeV). (All neutron fluences in this paper are fo rE  >1 MeV.) 
All the material was fabricated in the late 1960s and 1970s by early production 
techniques, e.g. from double-vacuum, arc-melted ingots. The majority of mechanical 
test results have been obtained at a test temperature of 250~ This temperature 
corresponds to the lowest (inlet) irradiation temperature of the surveillance material and 
was selected to avoid removal of any irradiation damage by annealing. In addition, the 
maximum total equivalent hydrogen concentration (hydrogen + 0.5 deuterium 
concentration by weight) of this material is < 30 wt ppm, so that the hydrogen isotopes 
would all be in solution at test temperatures _> 250~ (The terminal solid solubility for 
hydride dissolution at 250~ is about 29 wt ppm.) 

Unirradiated archive material from the surveillance tubes is also available for 
testing. The material comes from tings of material that are removed from the front and 
back ends of a tube before installation. The front end refers to the end that emerged first 
in the extrusion operation. 

Experimental Techniques 

Two different techniques are used to assess the crack growth resistance of irradiated 
pressure tube material. The first is a small-scale specimen method using 17-mm wide 
curved compact specimens machined directly from the tube material [2-4] (see Figure 1). 
The second is a large-scale specimen method for rising-pressure burst tests using 500-ram 
long sections with a 55-mm long, axial through-wall starter crack [5-7] (see Figure 2). In 
each case specimens are oriented for crack growth in the axial direction on the radial-axial 
plane. After fatigue pre-cracking of the starter notch, specimens are loaded at a rate 
corresponding to an initial rate of increase of stress intensity factor of about 1 MPa~/m.s 1. 
Any stable crack growth is monitored using the direct-current potential drop method. The 
positions of the constant current and voltage leads are selected to ensure that the 
relationship between the voltage and crack length for a planar crack front is approximately 
linear. 

Curved compact specimens are loaded in displacement control to produce about 3 to 
4 mm of crack growth and the load, load point displacement and potential drop signal are 
all monitored. After unloading, the crack extension area is marked by heat tinting, and the 
measured (average) crack extension matched to the change in potential drop voltage 
during the test. This allows direct calibration of the potential drop method for each 
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Figure 1 - Standard (17-ram wide) curved compact specimen configuration. 

Figure 2 - Burst test specimen with mechanical end caps and potential drop leads. 
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specimen on an individual basis. Problems occasionally arise when testing irradiated 
specimens from tubes of higher toughness. Such material may exhibit a load drop after 
about 1.5 to 2 mm crack growth which is associated with secondary crack initiation from 
the back face at about 45 ~ to the radial-axial plane. No correction method for such 
secondary cracking has been found. Current practice is to use the calibration factor from a 
specimen of similar toughness (i.e. load, displacement and voltage characteristics before 
the load drop) which did not exhibit "back-face cracking." The origin of such crack 
growth behavior is under investigation. 

Burst test specimens are internally pressurized to failure with argon gas and the 
pressure and potential drop voltage monitored. In this case calibration of the potential 
drop method on an individual basis is not possible, since crack instability occurs just 
beyond maximum pressure. Studies of burst test specimens interrupted before achieving 
crack instability at 250~ suggest the potential drop method provides conservative 
assessments of crack extension during the early stages of crack growth. This is because of 
contributions to the voltage change from through-thickness yielding. However, given the 
mixed-mode nature of the fractures observed for both the small- and large-scale specimen 
geometry (see next section) the true bias of the results is unknown. 

The J-integral parameter used for characterizing the crack growth resistance of 
Zr-2.5Nb pressure tube material may be considered the elastic-plastic equivalent of the 
linear elastic strain energy release rate, G. This is especially true for the rising-pressure 
burst test [5-7], where J is calculated using a strip yield equation for an axial 
through-wall crack in a thin shell [8], i.e. an elastic equation with a small-scale 
plasticity correction factor. 

In comparison, for curved compact specimens the standard ASTM equation for J for 
a flat compact specimen is used [2-4]. This equation is based on the original non-linear 
elastic interpretation and analysis of Rice for the deformation J-integral [9], but the 
validity of this approach is questionable after crack initiation, e.g. work by Turner [10]. 
In fact, different values for J are obtained if alternative analyses are used, e.g. the 
modified J-integral [11], the dissipation J-integral [12]. Such differences can be 
significant when crack front tunneling occurs, see recent paper on Zr-2.5Nb pressure 
tube material by Davies [13]. However, for the purposes of surveillance testing, the 
limitations of the standard ASTM equation based on the deformation J-integral are 
accepted due to the simplicity of the approach and its current widespread acceptance 
within the field of elastic-plastic fracture mechanics. 

Crack Growth Resistance (J-R) Curves and Fracture Modes 

A J-integral versus crack extension (crack growth resistance or J-R) curve may be 
considered a measure of the elastic-plastic energy expended during crack growth, with 
the shape reflecting the macroscopic crack growth process in the material. For 
irradiated Zr-2.5Nb pressure tube material a large range of different shape J-R curves 
are observed depending upon the characteristics of the individual pressure tube, the 
irradiation and test conditions as well as the specimen geometry. For example, Figure 3 
shows the range of J-R curves obtained from burst tests at 250~ for the original tubes 
removed from Pickering NGS A Units 3 and 4 [6]. 
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Figure 3 - Range of crack 
growth resistance (J-R) 
curves from rising-pressure 
burst tests on surveillance 
tubes removed from 
Pickering NGS A Units 3 
and 4 at 250~ 

Such curves show evidence 
of the three stage crack 
growth behavior observed 
earlier for small specimens 
[14]. These three stages 
can be classified as 
indicated below. 
1) 

600 

~ 400 

sos I s  bol denotes max. pre~m'e 
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Crack exter~on,  nun 

Stage 1 (plateau) due to a low energy-absorbing, flat fracture mode developing in 
the region of highest constraint at the mid-thickness. 

2) Stage 2 (increasing slope of J-R curve) due to a high energy-absorbing, transition 
fracture mode developing in the region of intermediate constraint between the 
mid-thickness and surface. 

3) Stage 3 (decreasing slope of J-R curve) due to a low energy-absorbing slant fracture 
mode developing from the region of lowest constraint at the surface. 
Thus individual irradiated Zr-2.5Nb pressure tubes may be characterized as being of 

low, intermediate or high toughness depending upon the relative contributions of these 
different fracture modes. 
1) Low toughness: dominated by flat and slant fracture modes, i.e. stage 1 and 3. 
2) Intermediate toughness: flat, transition and slant fracture modes all significant i.e. 

stage 1, 2 and 3. 
3) High toughness: dominated by transition and slant fracture, i.e. stage 2 and 3. 
An example of a fractograph for a high toughness specimen showing the three different 
fracture modes is shown in Figure 4. 

The relative contributions of the different stages depends upon the relative 
proportions and energy-absorbing capacities of the different fracture modes, which is 
determined by the ease of void nucleation, void growth and coalescence ahead of the 
crack tip. Therefore, the relative proportions and energy-absorbing capacities of the 
three different fracture modes depends on the following factors. 
1) The size, shape and distribution of the particles present since this influences the 

probability of nucleating voids [15]. 
2) The deformation characteristics of the matrix which influences the local crack-tip 

stress for void nucleation, growth and coalescence (ligament failure) [15-1 7]. 
3) The specimen geometry which influences the crack-tip stress and the probability of 

achieving the stress level required for void nucleation, growth and coalescence 
[18,191. 
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Figure 4 - Scanning electron fractograph of burst test specimen from a tube of high 
toughness tested at 250~ showing narrow flat fracture zone at mid-section (f), wide 
cup-shaped transition zone (t), and slant fracture developing at surfaces (s) 
(Tilt angle view at 45 o.) 

For irradiated Zr-2.5Nb pressure tube material the factors in 1) and 2) are strongly 
influenced by the initial properties of  the as-installed tubes (e.g. ingot material, 
fabrication variables) as well as the operating conditions of  the tubes in a given reactor 
(e.g. fast neutron fluence and irradiation temperature). Therefore, some discussion of 
the influence of these variables on the J-R curves is warranted. The majority of this 
work is based on the results from small curved compact specimens. The effects of 
specimen geometry, and confu'rnation of the influence of such variables on the J-R curves 
from rising-pressure burst tests, is presented afterwards. 

Factors Influencing J-R Curves from Small Specimens (Parametric Studies) 

Void-Nucleating Particles 

Void-nucleating particles may be considered as primary or secondary depending 
upon whether they are responsible for initial void nucleation ahead of the crack tip at 
relatively low stress levels or at higher stress levels contributing to ligament failure 
between the primary voids. The majority of work on Zr-2.5Nb pressure tube material to 
date has focused on the study (and elimination) of particles responsible for primary void 
nucleation. In addition to the well known effects of  zirconium hydride [20], such 
particles include a Zr-C1-C (complex carbide), responsible for preferential decohesion 
and fissuring [21,22], zirconium phosphide and carbide [21-23]. Quantitative 
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relationships between crack growth toughness and fissure spacing and length (an 
indirect measure of the density of Zr-C1-C particles) are given elsewhere for the 
unirradiated [21] and irradiated material [22]. Relationships between toughness and 
density of zirconium phosphide and carbide particles are provided in reference [23]. 

In addition, it has been shown that tubes fabricated from ingots made-up from 100% 
recycled material (i.e. passed through the production process twice and equivalent to 
quadruple vacuum-arc-melted material) exhibit the highest toughness [21-24]. This is 
because of the low concentration of chlorine and an absence of Zr-CI-C particles 
[21-23]. The influence of these pre-existing particles have now been elimllaated by 
careful control of the ingot chemistry, including the use of selected raw materials and 
quadruple vacuum-arc-melting [24]. 

The effect of chlorine on the crack growth resistance of irradiated Zr-2.5Nb pressure 
tube material at 250~ is demonstrated in Figures 5 and 6 using the results from small 
specimens sampled from surveillance tubes. Figure 5 shows the initial crack growth 
toughness (dJ/da), which is a measure of the "toughening rate" of the material during 
the early stages of crack growth, and is calculated as the linear regression slope of the 
J-R curve between the 0.15 and 1.5 mm offset lines. For comparison, the J value based 
on maximum load-bearing capacity or load, (Jm0 is given in Figure 6. The chlorine 
concentration was determined from unirradiated archive material from the different 
surveillance tubes using Glow Discharge Mass Spectroscopy (GDMS). For clarity, only 
results from tubes having a low concentration of zirconium phosphide have been 
included, i.e. P < 20 wt ppm, since previous work has shown that such particles have 
little effect below this level [23]. Both sets of results demonstrate a sharp reduction in 
toughness with increasing C1 at concentrations < 3 wt ppm with little further change at 
higher C1 levels. The results also show that the C1 concentration of the Zr-2.5Nb 
pressure tube material fabricated in the late 1960s and 1970s from 100% recycled 
material was < 1 wt ppm. This compares with a level of C1 < 0.2 wt ppm which is now 
achievable with careful material selection and ingot melting practice. 

Figure 5 - Initial crack 
growth toughness 
( dJ/da ) from curved 
compact specimens o f  
irradiated material 
tested at 250 ~ versus 
Cl, Results sorted 
according to source o f  
ingot material. Results 
selected from material 
with P < 20 wt ppm. 
Fast neutron fluence of  
4 to 18 x 1025 n.m e and 
irradiation temperature 
of  254 to 295~ 
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Figure 6 - J at 
maximum load ( Jml) 300 

from curved compact 250 
specimens of irradiated 
material tested at ~ 200 
250~ versus Cl. 

150 Results sorted 
according to source of "~ 100 
ingot material. Results 
selected from material 50 
with P < 20 wt ppm. 
Fast neutron fluence of 0 
4 to 18x lOeSn.m 2 and 
irradiation temperature 
of 254 to 295~ 
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Deformation Characteristics of Matrix 

The deformation characteristics of irradiated Zr-2.5Nb pressure tube material are 
determined by the propensity for slip, dislocation channeling and twinning at a given 
test temperature, i.e. by the yield stress and the twinning stress [14,25,26]. Such factors 
influence the tendency for void nucleation and also for void growth and coalescence 
once the voids are formed, and are sensitive to the operating conditions of a given 
pressure tube, i.e. the fast neutron fluence and irradiation temperature. 

For example, at low fluences (< 3 x 1024 n-m 2) irradiation at a temperature of about 
250~ increases the transverse yield stress and ultimate tensile strength under static 
loading conditions at 240~ by about 200 and 180 MPa, respectively, [27]. At higher 
fluences only a small further increase in strength is observed, e.g. about 5 MPa per 
increase in fluence of 1 x 1025 n.m z)  [27]. Such results show little difference between 
the yield stress and ultimate tensile strength after irradiation, a characteristic of a low 
work-hardening material before the onset of strain localization (work-softening) by 
twinning and/or dislocation channeling [14,25,26]. These changes are primarily 
associated with an increase in the (a-type) dislocation density [27,28]. 

Therefore the main effect of irradiation on crack growth resistance is expected to 
occur early in the life of a reactor pressure tube, within the first year. This is 
demonstrated in Figures 7 and 8 which show the initial crack growth toughness (dJ/da) 
and maximum load toughness (Jr~) versus fluence for material from tubes having a 
lower (< 0.2 wt ppm) and higher (< 4 wt ppm) chlorine concentration. The sharp 
decrease in toughness at low fluences (< 3 x 1024 n.m -2) is associated with an increased 
susceptibility of the material to void nucleation resulting from irradiation hardening 
[22,27]. At higher fluences there is little evidence of further degradation, behavior 
consistent with the toughness being governed mainly by the presence of pre-existing 
particles in addition to the near saturation in the hardening response. However, both 
sets of results exhibit considerable scatter, the source of which is discussed below. 
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o 11850 UnirratL material (centre) 
�9 H850 Irrad. mat., Tirr  = 250-260~ 

F i g u r e  8 - J at maximum load (Jml) from curved compact specimens of irradiated 
material tested at 240/250~ versus fast neutron fluence. Note that tube H737 and 
H850 were irradiated in test reactors compared with results obtained from the 
surveillance tube F316. T~rr is the irradiation temperature in ~ All material with 
P < 10 wt ppm. F & B refer to unirradiated material obtained from archive rings 
removed from front and back ends of tube before installation. 
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Figure 9 - Range of J-R 
curves at 240~ from 
curved compact 500 
specimens of tube 
H737 (Cl = 4 wt ppm) ~ 400 

before and after 300 irradiation in the -~ 
OSIRIS test reactor, 
Saclay, France. Fast ~ 200 

..~ 
neutron fluence of O.4 

100 
to 17.4 x 1025 n.m 2 and 
irradiation 

0 
temperature about 
250~ 

Tube H737 (CI = 4 wt ppm) [ 

_1 Symbol denotes [ ~ Unirrad. 
] max. I o a d ~  material 

f Upper bound 
/ f  for irradiated 

/ specimens 

/ 3 / Lower bound 
t ' d  

i , , , , I , i i i 

1 2 3 4 5 

Crack extens ion,  m m  

The effect of irradiation fluence on the J-R curves obtained for the material of lower 
toughness (C1 = 4 wt ppm) tested at 240~ is shown in Figure 9. Here the sharp 
reduction in the initial slope and formation of stage 1 plateau is associated with the 
development of a wide tunnel-shape flat fracture zone at the mid-section, as shown in 
Figure 10. 

Figure 10 - Optical 
fractograph showing stable 
crack growth region of  
irradiated specimen from 
tube H737 (Cl = 4 wt ppm) 
irradiated in OSIRIS test 
reactor. Features include 
tunnel-shape, flat fracture 
zone at mid-section (tO, 
narrow cup-shaped 
transition zone (t), and 
wide slant fracture 
developing at surface (s). 
(Normal view.) 

Such flat fracture zones are associated with preferential void nucleation and growth 
at Zr-C1-C (complex carbide), aligned in the axial or extrusion direction of the tube 
[21,22].. This is manifested by fissures on the radial-axial fracture plane. The large 
variation in the J-R curves at longer crack extensions for the irradiated material (stage 2 
and 3) is related to a tendency of such material to develop slant fracture. The latter may 
occur preferentially at one or other surface as the crack front tunnels forward at the 
mid-wall to relieve the high crack-tip constraint, as indicated in Figure 10. Thus 
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specimens with lower J-R curves exhibit not only wider flat fracture zones, but also an 
increased tendency to develop slant fracture, i.e. a reduction in the width of the 
transition zones between the regions of flat and slant fracture. In this regard the 
maximum load toughness (Jr~) is a more reliable indicator of such behavior than the 
initial crack growth toughness (dJ/da), since the latter is a measure of the imtial J-R 
curve slope and does not reflect the crack growth behavior at larger crack extensions. 

In comparison, Figure 11 shows the effect of fluence on the J-R curves obtained for 
a material of higher toughness (Cl = 0.2 wt ppm) tested at 240~ and 250~ 

Figure 11 - Range of J- 
R curves at 240/250 ~ 
from curved compact 
specimens of 
surveillance tube F316 
(Cl < 0.2 wt ppm). Fast 
neutron fluence of 
9.2 x 1025 n.m "2 and 
irradiation temperature 
of 286 to 289~ 
Results for unirradiated 
material obtained from 
archive rings removed 
from front and back 
ends of tube before 
installation. UB and 
LB refer to upper and 
lower bound curve 
results, respectively. 

I Tube F316 ( ~  <~  wt ppm) I 

material 
at 2A0/250~C 

�9 i I i I t I i I i 0 
0 1 2 3 4 5 

C r a c k  ex tens ion ,  n ~ n  

In this case the reduction in initial J-R slope after irradiation is not as large as for the 
material with 4 wt ppm C1, and there is no evidence of stage 1 crack growth. This is 
believed to be due to the absence of significant void nucleation sites. The variation in 
the J-R curves arises mainly from differences in the initial slope which result from 
variations in size of the crack-tip blunting zone. For example, specimens sampled from 
unirradiated material exhibit full through-thickness yielding and a wide crack-tip 
blunting zone extending fully across the wall about 1 mm ahead of the fatigue crack. 
However, after irradiation the blunting zone does not always extend fully through the 
thickness, as shown in Figure 12 by the fracture surface for an irradiated specimen 
tested at 250~ Here, the blunting zone is narrow at the mid-wall, where the crack-tip 
stress state (constraint) is high, but extends from the mid-wall as two triangular-shape 
regions, up to 1 mm ahead of the fatigue crack to the surface where the constraint is 
low. Therefore, for material of higher toughness, the initial crack growth toughness 
(dJ/da) does not necessarily reflect a true measure of crack extension, e.g. by microvoid 
coalescence. In the current case dJ/da reflects a combination of both blunting and crack 
extension which are difficult to separate. 
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Figure 12 - Opticalfractograph 
showing stable crack growth 
region of  irradiated specimen 
from surveillance tube F316 
(Cl < 0.2 wtppm). Features 
include wide blunting zones at 
surface(b), tunnel-shape, fiat 
fracture zone at mid-section (39, 
wide cup-shaped transition zone 
(t), and narrow slant fracture 
developing at surface (s). 
(Normal view.) 

An increase in the irradiation temperature is known to produce a reduction in the 
a-type dislocation density and the hardening [29]. Thus at the same test temperature, 
increasing the irradiation temperature is expected to increase the crack growth resistance 
curve due to the reduction in local crack-tip stress. 

Limited results on small specimen tests at 250~ suggest that the J-R curves from 
material of lower toughness are less sensitive to irradiation temperature than those from 
higher toughness material [7]. An example of the sensitivity of material from a 
surveillance tube of higher toughness (C1 < 0.2 wt ppm, P < 57 wt ppm) is shown in 
Figure 13 [7]. 

Figure 13 - Comparison 600 

of  J-R curves at 250~ 
from curved compact ~ 
specimens sampled from ~ 400 
different axial locations ,.~ 
of  surveillance tube 508 L 
(Cl <0.2  wt ppm, ~a 

200 P < 57 wt ppm). Fast 
neutron fluence of  9 to "'~ 
11 x 1025 n.m 2. T,,r iS the 
irradiation temperature 0 
in ~ 0 

C22/388 cm (276~ 
C24/438 cm ( 2 8 0 ~  

/ /  
/ /  _ C1/333 cm (271~ 

C~I1218 cm (260~ 

3 I_ (3"1~ C52,173 em f~am inlet 

~ 2  , , , I Symboldenotesm-x. load I 

1 2 3 4 5 6 

Crack extension, mm 

In Figure 13 the J-R curves are from small specimens machined from different axial 
locations along the main section of the tube where the fast neutron flux was relatively 
constant, varying from only 9 to i 1 x 1025 n.m -2. In all cases the specimens were 
machined from the same circumferential location, i.e. the 9 o'clock position where the 
6 o'clock and 12 o'clock positions refer to the bottom and top of the tube, respectively, 
viewing from the inlet end. Such results clearly show the increase in crack growth. 
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resistance (stage 2 and 3) with increasing axial distance from the inlet end of the tube 
[7]. 

Figures 14 and 15 show plots of the initial crack growth toughness (dJ/da) and 
maximum load toughness (J,a), respectively, versus irradiation temperature for the same 
series of tests. The figures show duplicate small specimen test results from each 
location, as well as the corresponding values of transverse UTS, and provide 
confirmation of the inverse relationship between crack growth resistance and transverse 
strength. 

Figure 14 - Variation in 35o 

initial crack growth 300 
toughness (dJ/da) and 
transverse UTS at 250~ 250 
with irradiation ~, 
temperature for  curved ~ 200 

compact specimens ~ 150 
sampled from different 
axial locations of  10o 
surveillance tube 508 
(C1 <_ 0.2 wtppm, 
P < 57 wt ppm). Fast 
neutron fluence of  9 to 
11 x 102 5 n.m "2. 

1 0 0 0  
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Figure 15 - Variation in J 300 
at maximum load (Jml) 
and transverse UTS at 25O 
250 ~ with irradiation 

2 0 0  temperature for  curved 
compact specimens 

-~ 15o 
sampled from different 
axial locations o f  1 0 0  
surveillance tube 508 
( Cl < 0.2 wt ppm, 50 
P < 57 wt ppm). 
Fast neutron fluence of  9 
to 11 x 1025 n,m -2. 

0 
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For comparison, Figure 14 and 15 include results from a variability study on a ring 
of material sampled 463 cm from the inlet. For the latter, the lowest and highest 
toughness results were obtained for locations closest to the top (12 o'clock) and bottom 
(6 o'clock) positions, respectively, consistent with the lower local temperature towards 
the top of the tube as a result of more coolant flowing above the fuel. The range in 
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results from the ring variability study are generally in agreement with expected behavior 
based on those obtained from the different axial locations. In particular, the results 
imply a temperature difference between the top and bottom of the tube of about 20~ in 
good agreement with the predicted behavior of CANDU reactor tubes based on 
modeling studies [30]. 

Geometry (Constraint) Effects 

The previous section has shown the influence of primary variables (particles, 
deformation characteristics of the matrix) on the J-R curves of irradiated Zr-2.5Nb 
pressure tube material based on the results of curved compact specimens. However, the 
majority of J-R curves from small specimens generally lie well below those from burst 
tests as a result of the higher crack-tip stress (constraint) associated with the former 
compared with the latter [5,6]. This is demonstrated in Figure 16, which compares the 
J-R curves from a matched set of small- and large-scale specimens for a surveillance 
tube of lower toughness. Results from both plane and side-grooved curved compact 
specimens are shown. The shape of the different J-R curves are consistent with a higher 
proportion of flat fracture (stage 1) and a lower proportion of transition fracture (stage 
2) being observed for the higher constraint, bend-type specimen compared with the 
burst test specimen. 

Figure 16 - Comparison of 100 
J-R curves at 250~ from 
standard burst test and plane ~ 80 
and side-grooved curved 
compact specimens from "~ 60 
surveillance tube 98 
(Cl =8to lOwtppm, ~.~ 40 
P = 12 to 15 wtppm). "sg" 
refers to depth of side-groove ~l~ 20 
machined on each surface. 

At higher levels of 
toughness the agreement 
between the J-R curves from 
small- and large-scale 

0 
0 5 

1 

Symbol denotes max. pressure/load | 

a i J L i 

1 2 3 4 
C r a c k  extension,  ~ 

specimens generally improves due to the dominance of the high-energy absorbing 
transition fracture mode (stage 2) [6]. This is shown in Figure 17, where the use of side- 
grooves is now less effective in suppressing through-thickness yielding in the curved 
compact specimens. 

However, at all levels of toughness care must be taken in applying the results from 
small specimens to the actual tube geometry. This is because crack instabihty in a burst 
test occurs predominantly by slant fracture (stage 3). Such a fracture mode develops 
from the two surfaces after the crack-tip stress state is relieved by crack-front tunneling 
at the mid-section. However, m small specimen testing, such slant fracture may only 
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Figure 17 -Comparison of J-R 
curves at 250~ from 
standard burst test and plane 
and side-grooved curved 
compact specimens from 
surveillance tube 508 
(Cl < 0.2 wtppm, 
P < 57 wtppm). 

just be in evidence close to 
the specimen surfaces at the 
termination of the test. In 
addition, the out-of-plane 
bending or bulging associated 
with a rising-pressure burst 
test also promotes slant 

600 

~ ,400 c2 

0 
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,A.. IBT 
C1 

Symbol pr  ' oaa, I 

1 2 3 4 5 

C r a c k  extension,  m m  

6 

fracture, especially at higher levels of toughness corresponding to wider crack openings. 
This effect is responsible for the material dependence of crack-size-effects observed 
recently for material of higher toughness, i.e. a decrease in crack growth resistance for 
burst tests with long starter cracks (i.e. > 65 mm) such that the J-R curves lie below 
those of the matching small specimens (see Figure 18) [7]. 

600 

Figure 18 - 
Comparison of J-R ~ 400 
curves at 250 ~ from 
burst test with long 

t . .  

initial crack size of 
71 mm and curved ,~ 200 
compact specimens "~2~ 
from surveillance tube 
508 ( Cl < 0.2 wt ppm, 0 
P < 57 wtppm). 0 

C21 

7 C22 

I 
i I i i i 

1 2 3 4 5 6 

C r a c k  e x t e n s i o n ,  m m  

Factors Influencing J-R Curves from Rising-Pressure Burst Tests 

The foregoing has demonstrated the importance of confirming the effect of variables 
on the J-R curves of the irradiated material by means of large-scale tests, such as 
rising-pressure burst tests, before applying such results to the in-reactor situation. 
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Figure 19 - J at maximum ~ 600 
pressure toughness based on ~-~ 
instantaneous crack size 
( Jmp,) f rom standard burst ~ 400 
tests on surveillance tubes 
versus Cl. Results sorted ,~ 
according to source o f  ingot ~. 200 
material. P o f  6 to 
60 wt ppm, fast  neutron 
fluence o f  7 to 17 x 1025 n.m 2 "~ 

0 
and irradiation temperature ~ 0 

o f  256 to 287~ 

* 100% recycled material 

o 

o " - - . . ~  o ~ 192 

508(I) o \ t ~ ' ' m - . ~  

Trend line o 
o 

2 4 6 8 10 12 

C! concentration, wt ppm 

An example is shown in Figure 19 using the results from standard rising-pressure 
burst tests on surveillance tubes conducted at 250~ Here the maximum pressure 
toughness has been calculated based on the instantaneous crack size (Jmpi)  and plotted 
versus the chlorine concentration measured from unirradiated archive material. 
In each case the starter crack was located at the 3 o'clock position to minimize any 
variations in toughness arising from circumferential variations in irradiation 
temperature. With the exception of the results for tube 508 (see below), each data point 
corresponds to the crack instability (maximum pressure) position on the J-R curve for a 
different tube. The results confirm the influence of bulk chlorine on toughness, with 
tubes fabricated from 100% recycled material (chlorine concentration < 1 wt ppm) 
having the highest toughness. However, compared with the small specimen results of 
Jml versus  chlorine in Figure 6, there is considerably more scatter in Figure 19 and 
insufficient data to determine the true shape of the relationship between Jmp, and 
chlorine concentration. This is in part due to uncertainties in the definition of the 
instability point, e.g., for tube 192 which exhibited an extended plateau in the pressure 
versus crack extension curve [6, 7]. Such uncertainty (and scatter) in the data can be 
reduced by using a J value based upon the hoop stress at failure and initial crack size 
(Jtnpo), as shown in Figure 20. 

The remaining scatter in Figure 19 arises mainly from variability in the following 
factors. 
1) Experimental error including uncertainties in the local C1 concentration of the burst 

test specimen. 
2) Size and distribution of zirconium phosphide and carbide particles. 
3) Irradiation hardening due to variations in fluence and irradiation temperature. 
4) Initial deformation characteristics of the individual tube. 

For material with C1 < 1 wt ppm (100% recycled material), variations in the C1 
concentration are relatively small, i.e. < 0.1 wt ppm. However, for material with C1 
> l wt ppm (< 100% recycled material), variations in C1 < 1 wt ppm have been observed 
in the GDMS results from duplicate samples, as well as from material sampled from the 
front and back end of the tube. The largest variation in C1 is observed for tubes 
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Figure 20: - J at maximum 
pressure toughness based on 
initial crack size (Jmpo) from 
standard burst tests on 
surveillance tubes versus 
chlorine concentration. 
Results sorted according to 
source o f  ingot material. P o f  
6 to 60 wtppm, fast  neutron 
fluence o f  7 to 17 x 1025 n.m "2 
and irradiation temperature 

o f  256 to 287~ 

e~ 400 I /  508 (C) [ o < 100% recyded ~atefial l 

I~ 5os ~,) EL lOO~recydedn~ter~ j 

~ 200 I * "'"..~ ~ o 

100 [ ~ ' " . .  o 

0 2 4 6 8 10 12 

C! concentration, wt ppm 

fabricated from billets sampled from the top of an ingot, i.e. the final solidification zone. 
Such tubes also tend to have a lower average C1 concentration compared with their 
"sisters" (tubes from the same ingot) due to the reduction in volatile trace elements 
towards the top of the ingot. 

Zirconium phosphide and carbide particles up to several microns in diameter have 
been observed on many of the fracture surfaces of the burst test specimens [6, 7]. This is 
because the majority of burst tests have been conducted on the original tubes removed 
from Picketing NGS A Unit 3 and 4 for which the concentration of phosphorus and 
carbon was generally high, i.e. up to about 80 wt ppm and 180 wt ppm, respectively 
[22,23]. This is well above the level at which zirconium phosphides and carbides have 
been identified on fractures, i.e. > 8 wt ppm and 125 wt ppm, respectively [22,23]. 
However, in comparison to the small specimen results in Figure 6, there are too few 
burst test results to limit the database, e.g. to tubes with P < 20 wt ppm. 

The role of irradiation hardening in reducing the J-R curves obtained from burst 
tests has been confirmed by tests on two sections of tube 508. This tube was fabricated 
from 100% recycled material and had a phosphorus concentration up to 57 wt ppm. 
The J-R curve results are shown in Figure 21 for the two sections taken from the center 
and inlet regions of the pressure tube [7]. The fast neutron fluence and irradiation 
temperature are 11.1 x 10ZS.n.m 2 and 271~ for the former and 9.3 x 1025.n.m -2 and 
256~ for the latter. For these tests the difference in fast neutron fluence is small and 
the reduction in crack growth resistance in Figure 21 arises mainly from the variation in 
transverse strength. The latter was measured after each burst test at the 9 o'clock 
position (i.e. diametrically opposite the starter flaw), giving values of 852 and 913 MPa 
for the center and inlet/center test sections, respectively. The relative magnitude of this 
effect of irradiation hardening on the maximum pressure toughness parameters, Jmpi and 
Jmpo, is indicated in Figures 19 and 20, respectively. Such results are very similar to the 
previous results obtained from the corresponding small specimens (see Figures 13 to 
15). 

Early attempts to rationalize all the burst test specimen results from the original 
Pickering 3 and 4 tubes solely on the basis of chlorine concentration and transverse 
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Figure 21 - Comparison of J-R 
curves at 250~ from 
standard burst tests sampled 
from two different axial 
locations of surveillance tube 
508 ( Cl < 0.2 wt ppm, 
P < 57 wt ppm). T, rriS the 
irradiation temperature in ~ 
The difference in fast neutron 
fluence is relatively small and 
varied from 
9 to 11 x 1025n.m2for 
material sampled from the 
center and the inlet end of the 
pressure tube, respectively. 

600 

:,2 
0 i h L 
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strength proved reasonably successful (see Figure 16 in reference 7). However, as 
results from tubes installed in later reactors have become available, it is now clear that 
such relationships are sensitive to the initial deformation characteristics of the 
individual tube, e.g. initial yield stress and twinning stress. For example, variability in 
yield stress can arise from variations in the oxygen and niobium concentrations [31] as 
well as the initial dislocation density [31], grain structure and texture [32]. Such 
variations can result from minor changes in ingot chemistry, fabrication route and 
extrusion variables [33-35]. 

The sensitivity of Ihe crack growth resistance of irradiated Zr-2.5Nb pressure tube 
material to the initial deformation properties of the tube at 250~ is due to the similarity 
of the yield and twinning stresses in the operating temperature regime after irradiation 
[26]. These parameters determine not only the local crack-tip stress for void nucleation, 
but also the propensity for deformation by dislocation channeling and/or twinning 
compared with slip, i.e., for strain localization. Such strain localization contributes to 
the failure of ligaments between neighboring voids (stage 1 and 2 crack growth) and 
controls the onset of slant fracture at the surface (stage 3). Therefore, removal of void 
nucleation sites is particularly beneficial. This is because it increases the effective wall 
thickness for local ligament failure, and also reduces the extents of stable crack growth 
and tunneling which orient the crack front for easy development of the "sliding-off" 
mechanism. 

Work is now underway to extend the database of burst test results and to determine 
the quantitative relationship between crack growth resistance and CI using material with 
intermediate levels of CI and low levels of zirconium phosphide. The initial 
deformation characteristics of the burst test material are also being studied with the aim 
of elucidating the microstructural factors responsible for the variability in results in 
Figures 19 and 20. This should allow further rationalization of the results obtained from 
different reactor units as well as the potential for producing further improvements in 
crack growth resistance. 
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Summary 

The key factors controlling the crack growth resistance of irradiated Zr-2.5Nb 
pressure tube material at 250~ at low levels of hydrogen/deuterium have been 
reviewed using the current database of small- and large-scale specimen results from 
different CANDU reactor pressure tubes. The review highlights the role of the 
following factors. 
1) The mixed-mode nature of the crack growth process in the irradiated, thin-walled 

material, i.e. flat, transition and slant fracture modes. 
2) The relative proportions and energy-absorbing capacities of the different fracture 

modes, which is determined by the ease of void nucleation, growth and coalescence 
ahead of the crack tip. 

3) The role of primary void nucleating particles, e.g. Zr-C1-C (complex carbide), 
zirconium phosphide and carbide, the beneficial effects of eliminating them. For 
example, the removal of chlorine and Zr-CI-C particles by quadruple 
vacuum-arc-melting. 

4) The deformation characteristics of the matrix, e.g. yield stress and twinning stress, 
which control the tendency! for void nucleation, growth, coalescence and strain 
localization (work-softening). 

5) The specimen geometry, e.g. crack size, geometry and material effects in influencing 
the relationship between the J-R curves obtained from different specimens. 
The current results from curved compact specimens, having a low concentration of 

zirconium phosphide (P < 20 wt ppm), suggest a limiting level of C1 (about 3 wt ppm) 
above which no further significant degradation in the crack growth resistance occurs. 
Such results require confirmation using rising-pressure burst tests on material with 
intermediate levels of Cl and low levels of zirconium phosphide. 

The influence of minor variations in tube fabrication on the deformation behavior of 
Zr-2.5Nb pressure tube material (item 4 above) also requires study. This should allow 
further rationalization of the results obtained from different reactor units as well as the 
potential for producing further improvements in crack growth resistance. 
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radiation-induced, 174, 427 

Shape memory effects, 825 
Shutdown, reactor, 28 
Silicon, 262 

carbide, 775, 799 
carbide composites, 786 
film, 836 

Slant fracture, 846 
Slip dislocations, 523 
Small angle neutron scattering, 

8, 262, 383, 674 
Small specimen testing 

technology, 535 
Spallation, 573,588, 612, 631 

neutron effects, 660 
neutrons, 762 

Spectrometry, 762 
positron annihilation, 237 

Spectroscopy, electrical 
impedance, 631 

Spectroscopy, positron 
annihiliation, 247, 736 
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878 EFFECTS OF RADIATION ON MATERIALS 

Steel, 28, 189, 218 
A302, 356 
A508, 356 
A533B, 79, 237, 315, 356 
austenitic, 694 
cold worked, 457, 469 
ferritic, 55, 79, 204 
ferritic-martensitic, 50, 535, 

557 
low alloy, 8, 42 
martensitic, 674 
martensitic, chromium-rich, 

500 
stainless, 401, 413, 427, 443 
stainless, AL2, 573 
stainless, annealed, 660 
stainless, austenitic, 125, 343, 

401, 427, 487 
stainless, manganese 

containing, 704 
stainless, nickel containing, 

704 
stainless, strip clad deposit, 

328 
stainless, Type 304, 427 
stainless, Type 304L, 125, 

588, 644 
stainless, Type 316, 413, 469 
stainless, Type 316L, 125, 

588, 631, 644 
Strain rate, 343 
Strain, transient, 557 
Stress, 401 

dependence, linear, 557 
Structural integrity, 79 
Superlattice, 218, 588 
Surface activated joining 

method, 42 
Surveillance, 28, 79 

Master Integrated Reactor 
Vessel Surveillance 
Program, 291 

program, 97 
specimen, 42 

Swelling, 401, 413, 427, 457 
influences on, 775 
void, 443, 487 

T 

Temperature cycle effects, 736 
Temperature gradient, 443 

Temperature influence, silicon 
carbide, 775 

Temper embrittlement, 356 
Tensil"e properties, 328, 469, 

500, 644 
Tensile samples, 660 
Tensile specimens, 523 
Tensile testing, 644, 660 
Tension tests, 469, 660 
Tersoff potential, 799 
Thermal aging, 151, 189, 328, 

356, 674 
Thermal anneal heat 

treatment, 151 
Thermal annealing, 218, 247, 

356 
Thermal condition, end-of-life, 

328 
Thermal creep, 557 
Threshold displacement energy, 

799 
TIG welding, 535 
Titanium 

chromium-nickel-titanium, 
343 

titanium-modified stainless 
steel, 443 

titanium-nickel alloys, 825 
Toughness transition 

predictions, 97 
Transformation, 825 
Transition behavior, 97 
Transition joints, welded, 573 
Transition range, 55 
Transition temperature, 109, 

151, 302 
ductile-to-brittle, 189, 

315 
shifts, 79 

Transmission electron 
microscopy, 189, 218, 694 

cross sectional, 775 
in situ observation, 

836 
martensitic steel, 674 
microstructure 

examinations, 722 
phosphorus intergranular 

segregation, 189 
silicon carbide fiber reinforced 

composites, 786 
stainless steel, 413 
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titanium-nickel alloys, 
825 

vanadium alloys, 736 
TRIM code, 722 
Tungsten, 546, 762 

source rods, 
612 

target, 644, 660 
Tyranno SA, 786 

U 

Ultimate strength, 660 
Upper shelf energy, 302 

V 

Vacancy clusters, 204 
Vanadium, 736, 746 
Void, 413, 523 

formation, 443 
swelling, 401, 487 

Volume change, 704 
VVER, 109, 383 

INDEX 879 

W 

Water quality, effect on 
corrosion rate, 631 

Water radiolysis, 631 
Weld, 28, 151, 356, 535 

copper, 302 
inertia welded transition 

joints, 573 
Linde 80, 291 
metal, 302 
metal, submerged arc, 8, 

262, 291, 356 

Y 

Yield, 97 
strength, 343, 660, 694 
stress, 328, 644 

Z 

Zerilli-Armstrong constitutive 
model, 97 

Zirconium phosphide, 846 
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