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Foreword

THIS COMPILATION OF THE JOURNAL OF ASTM INTERNATIONAL
(JAI), STP1513, on Effects of Radiation on Nuclear Materials and the
Nuclear Fuel Cycle: 24th Volume, contains only the papers published in JAI
that were presented at a symposium in Denver, CO from June 24–26,
2008 and sponsored by ASTM Committees E10 on Nuclear Technology and
its Applications and C26 on the Nuclear Fuel Cycle.

The JAI Guest Editors are Jeremy T. Busby, Materials Science and
Technology, Oak Ridge National Laboratory, Oak Ridge, TN, and Brady D.
Hanson, Radiochemical Science and Engineering, Pacific Northwest
National Laboratory, Richland, WA.
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Overview
The Effects of Radiation on Materials series began in 1956 with a meeting
jointly sponsored by the E-10 Committee (called the Committee on Radioiso-
topes and Radiation Effects at the time) and the Atomic Industrial Forum.
In 1960, this symposium transitioned to its current format under the E-10
Committee and, for the past 44 years, this symposium has been an interna-
tional forum. In this most recent meeting, over half of the presentations
originated outside the United States with lead authors from eleven different
countries. These proceedings reflect that international scope.

The 24th Symposium on the Effects of Radiation on Materials marked
the first joint sponsorship between the E-10 and C-26 Committees. The ex-
panded meeting scope was well received as the broader view provided an
opportunity to examine radiation damage for the entire fuel cycle.

These proceedings continue the long-established strength and depth of
the Effects of Radiation on Materials series. Papers on radiation effects in
reactor pressure vessel steels are again an integral component with specific
topics ranging from surveillance programs around the world to detailed
characterization of irradiated microstructures. Radiation effects in oxide-
dispersion strengthened alloys and austenitic stainless steels are also in-
cluded with several papers highlighting renewed interest in non-uniform
deformation in these steels. The balance of the papers covers a diverse set of
radiation-effects topics, ranging from modeling helium bubbles to finite-
element modeling of fuel bundles.

The editors wish to express our gratitude to all of the reviewers, who are
a vital component in a publication of this quality. The ASTM staff also
played a key role in the production of these proceedings. Finally, and most
importantly, we would like to thank the symposium presenters and authors
for their participation and dedication to this series.

Jeremy T. Busby
Oak Ridge National Laboratory

Brady D. Hanson
Pacific Northwest National Laboratory

vii
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International Atomic Energy Agency
Coordinated Research Projects on Structural
Integrity of Reactor Pressure
Vessels

ABSTRACT: The International Atomic Energy Agency �IAEA� has conducted
a series of coordinated research projects �CRPs� that have focused on irra-
diated reactor pressure vessel �RPV� steel fracture toughness properties and
approaches for assuring structural integrity of RPVs throughout operating
life. A series of nine CRPs has been sponsored by the IAEA, starting in the
early 1970s, focused on neutron radiation effects on RPV steels. The pur-
pose of the CRPs was to develop comparisons and correlations to test the
uniformity of irradiated results through coordinated international research
studies and data sharing. Consideration of dose rate effects, effects of alloy-
ing �nickel, manganese, silicon, etc.� and residual elements �e.g., copper and
phosphorus�, and drop in upper shelf toughness is also important for assess-
ing neutron embrittlement effects. The ultimate use of embrittlement under-
standing is assuring structural integrity of the RPV under current and future
operation and accident conditions. Material fracture toughness is the key
ingredient needed for this assessment, and many of the CRPs have focused
on measurement and application of irradiated fracture toughness. This paper
presents an overview of the progress made since the inception of the CRPs
in the early 1970s. The chronology and importance of each CRP have been
reviewed and put into context for continued and long-term safe operation of
RPVs.
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Introduction

A series of nine coordinated research projects �CRPs� has been sponsored by
the International Atomic Energy Agency �IAEA�, starting in the early 1970s, and
was focused on neutron radiation effects on reactor pressure vessel �RPV�
steels. In conjunction with the CRPs, information exchanges have included
many consultants’ meetings, specialists’ meetings, and international confer-
ences dating back to the mid-1960s. In 1972, 25 countries operated water
cooled type reactors. Individual studies on the basic phenomena of radiation
hardening and embrittlement were performed in these countries to better un-
derstand increases in tensile strength and shifts to higher temperatures for the
ductile-brittle transition temperature. The purpose of the CRPs was to develop
correlative comparisons to test the uniformity of results through coordinated
international research studies and data sharing.

Two basic mechanisms of irradiation embrittlement, which result in radia-
tion hardening and shifts in transition temperature, have been identified: �1�
matrix damage �MD� due to irradiation-produced point defect clusters and dis-
location loops and �2� irradiation-enhanced formation of copper-enriched clus-
ters in RPV steels containing residual amounts of copper. The understanding
and modeling of these mechanisms have evolved over the past 40 years, and
sophisticated embrittlement correlations have been developed that incorporate
the knowledge of these mechanisms. Non-hardening embrittlement, such as
segregation of phosphorus to grain boundaries leading to intergranular-type
fracture, is another mechanism important for a few steels but generally is not
considered a significant mechanism for most RPV steels. Considerations of
dose rate effects, effects of alloying elements �nickel, manganese, silicon, etc.�
and residual elements �copper and phosphorus�, and drop in upper shelf tough-
ness are also important for assessing neutron embrittlement effects.

The ultimate use of embrittlement understanding is application to assure
structural integrity of the RPV under current and future operation and accident
conditions. Material fracture toughness is the key ingredient needed for this
assessment, and many of the CRPs have focused on measurement and applica-
tion of irradiated fracture toughness.

IAEA CRPs

A summary of the knowledge gained and key accomplishments from each of
the nine CRPs is presented next. Emphasis has been centered on the most
recent CRPs since they provide the most current understanding of embrittle-
ment and utilize direct measurements of irradiated fracture toughness when
possible.

IAEA CRP-1, Irradiation Embrittlement of Reactor Pressure Vessel Steels

The first two CRPs had ten organizations from nine different IAEA Member
States participating and were devoted to the measurement and understanding
of neutron radiation embrittlement of RPV steels. In the 1970s and 1980s, the
determination of the degree of embrittlement involved an indirect approach

2 JAI • STP 1513 ON EFFECTS OF RADIATION

 



using Charpy V-notch impact tests to measure transition temperature shifts.
The first CRP was initiated in 1971 based on the recommendation from the
IAEA Working Group on Engineering Aspects of Irradiation Embrittlement of
Reactor Pressure Vessel Steels. This initiating CRP focused on standardization
of methods for measuring embrittlement in terms of both mechanical proper-
ties and the neutron irradiation environment. A reference steel plate was cho-
sen, which was ASTM A533 Grade B Class 1 �Heavy Steel Section Technology
�HSST� 03 Plate� from the HSST Program and provided to the IAEA by Union
Carbide Corporation �contractor for Oak Ridge National Laboratory at that
time�, USA, and this material was irradiated in different reactors.

The main goals were �1� to establish if the basis for describing embrittle-
ment and for performing the measurement of neutron spectrum, fluence, and
mechanical properties was sufficiently standardized to permit direct intercom-
parison between international programs without major adjustment of the data
and �2� to compare the embrittlement sensitivity of national steels with that of
the reference steel.

Comparisons were made using irradiation embrittlement and hardening
results from different reactors. Also, investigations of the benefits of post-
irradiation annealing for restoration of initial properties, especially the hard-
ness and strength, of irradiated samples were conducted, and advancements in
fracture toughness methodology were integrated into the program.

No major discrepancies were observed in the results in spite of the use of
unique irradiation rig assemblies in nine different reactors with individual
evaluations of neutron fluence and neutron spectra. Differences in mechanical
test procedures and data interpretation might also have produced complica-
tions in the comparison and analysis of data. In fact, this proved not to be true,
and the variations in the results were more likely due to neutron environmental
measurement differences, some partly due to differences related to irradiation
temperature and type of moderator �light water or heavy water�. It was believed
that further adjustments of experimental data for neutron spectrum variations
or flux determination may reduce the scatter.

Several investigators irradiated steel specimens derived from other sources
in addition to the standard steel used for the program. These additional tests
were found to be particularly useful since the relative uniformity of the results
on the standard material could be used as a basis for direct comparison. It was
recommended that such comparison should be encouraged so as to increase
the database on irradiation embrittlement of RPV steels.

One of the outcomes from CRP-1 was the confirmation that specific re-
sidual elements, namely, copper and phosphorus, enhance the irradiated em-
brittlement of RPV steels. Details of the breadth of CRP-1 are contained in a
special IAEA report, IAEA-176 �1�.

IAEA CRP-2, Analysis of the Behavior of Advanced Reactor Pressure Vessel
Steels under Neutron Irradiation

After a detailed review of CRP-1, it was decided to initiate a new CRP. The
general goal was to demonstrate that knowledge had advanced to the point that
steel manufacture and welding for nuclear technology could routinely produce
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steels for RPVs of high radiation damage resistance. CRP-2 involved testing and
evaluation, by various countries, of RPV steels that had reduced residual ele-
ments of copper and phosphorus. Irradiations were conducted to fluence levels
beyond expected end-of-life. In addition to Charpy transition temperature test-
ing, some emphasis was placed on using tensile and early-design fracture
toughness test specimens and applying elastic-plastic fracture mechanics.
Progress was achieved in reducing scatter in neutron dosimetry methods.

Many organizations and countries provided steels for CRP-2, and during
1977–1979, the participants received test materials from advanced steels and
welds typical for current practice in France, the Federal Republic of Germany,
and Japan. These included

�1� plate ASTM A533-B, Cl.1 from Nippon Steel Corporation, Japan, and
Marrel-Creusot-Loire, France �HSST Plate 03 was also available from
CRP-1�;

�2� forging ASTM A508 Cl.3 from Japan Steel Works, Japan, and Fram-
atome, France; and

�3� submerged-arc welds from Mitsubishi Heavy Industries, Ltd., Japan,
Framatome, France, and Thyssen AG, Federal Republic of Germany.

The main goal was to undertake a comparative study of the irradiation
embrittlement behavior of improved �advanced� steels produced in various
countries. It was intended to demonstrate that careful specification of pressure
vessel steel could eliminate or vastly reduce the issue of neutron irradiation
embrittlement, and to show that knowledge had advanced to the point where
steel manufacture and welding technology could routinely produce steel RPVs
of high radiation damage resistance. The program was also designed to study
effects of neutron irradiation to neutron fluences well beyond normal operating
life for reactors currently in operation, and to allow comparison of the me-
chanical properties after irradiation of improved plates, welds, and forging
steels of RPV grades produced from various sources.

Within this program, which lasted from 1977 to 1983, the following key
conclusions were obtained.

�1� These modern pressure vessel materials �plates, forgings, and welds�
possess relatively high resistance to neutron irradiation damage.

�2� Reducing the copper content �together with low phosphorus content�
of steels leads to an improvement in their irradiation resistance. The
copper content of these modern steels is usually less than 0.1 wt %,
while phosphorus content is usually lower than 0.012 wt %. Charpy
transition temperature shifts of the modern steels were generally lower
than those steels represented by the HSST 03 Plate.

�3� Changes in tensile yield strength and hardness followed the Charpy
transition temperature changes, and the results support the recommen-
dation to include tensile tests in any scheme to measure irradiation
damage sensitivity; hardness testing also could be utilized with ad-
equate validation.

�4� There was no systematic variation in Charpy upper shelf energy change
�decrease� with neutron fluence. The actual levels of upper shelf energy
for the modern steels were higher than those typified by the HSST 03
Plate.
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�5� The results of fracture toughness tests showed that modern steels are
more resistant to neutron irradiation than the older pressure vessel
steels. A good correlation was observed between the Charpy 41 J tran-
sition temperature increase on irradiation and the shift in transition
temperature, defined at the 100 MPa ·m1/2 level �the same as used in
the master curve methodology described later�, from dynamic and
static fracture toughness tests. No reasonable correlation was found
between Charpy upper shelf energy decrease after irradiation and that
determined from dynamic or static upper shelf fracture toughness de-
termination.

Further progress in the application of the fracture mechanics approach to
radiation damage assessment was achieved in this program. Improvements and
unification of neutron dosimetry methods provided better data with reduced
scatter. All results, analyses, and raw data were summarized in IAEA Technical
Report Series �TRS� No. 265 �2�. A summary paper by Steele et al. documented
the results for both CRP-1 and CRP-2 �3�.

IAEA CRP-3, Optimizing Reactor Pressure Vessel Surveillance Programs and
Their Analyses

The third CRP involved 24 organizations from 18 IAEA Member States and was
initiated in June 1983. This CRP included direct measurement of fracture
toughness using irradiated surveillance specimens. The principal goal of CRP-3
was to optimize RPV surveillance programs and related methods of analysis for
international application. One key objective was to consolidate the now in-
creasing body of knowledge on neutron radiation embrittlement and the tech-
nique used to determine its significance. It was intended to establish guidelines
for surveillance testing, which could then be used internationally. There was a
focus on advancing quantitative fracture mechanics methodologies and assur-
ing the extrapolation of qualitative ductile-to-brittle transition temperature
methods, which were predominately used in reactor vessel surveillance.

More than 20 steels were chosen for the irradiation and fracture toughness
study. Primary interest was centered upon a group of Japanese laboratory melts
to assess composition effects and on a “radiation sensitive” correlation monitor
heat from Japan. A crucial recommendation was to provide the latter steel to
serve as a reference material for this program and for future research and
surveillance programs throughout the world. This reference material involved
the procurement of a 20–25 ton heat of steel, designated as JRQ, produced as a
special heat by Kawasaki Steel Corporation in Japan. The baseline properties
and fabrication details for the JRQ heat were documented in IAEA TECDOC-
1230 �4�. This heat has proven to be a good reference steel for irradiation stud-
ies.

More than 60 irradiated Charpy curves were tested as a part of this pro-
gram on three groups of materials: �1� materials of “advanced quality” charac-
terized by a low quantity of detrimental elements like copper and phosphorus;
these materials have been used in RPVs fabricated in the 1980s; �2� materials of
“poor quality” prepared only for this program; these materials represented
RPVs of so-called “first generation” with high contents of copper and phos-
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phorus; and �3� experimental steels prepared for this program to study the
effects of detrimental elements and their synergistic interaction �copper, phos-
phorus, and nickel�.

The following are the main conclusions from CRP-3.
�1� Results from this CRP show that there are comparable knowledge, ex-

perience, irradiation, and testing facilities in the Member States to cre-
ate a world-wide evaluation of the behavior of RPV steels under neu-
tron irradiation exposure.

�2� In general, mechanical test results are quite reproducible, and the data
are suitable for a reliable assessment of RPV life.

�3� Creation of a database of all experimental results obtained within the
program has proven to be essential for a detailed analysis of all the
data.

�4� Testing of “old” and “advanced” types of materials illustrated a decreas-
ing material susceptibility to radiation damage by decreasing phos-
phorus and copper contents in the advanced materials. Study of the
embrittling effects of phosphorus, copper, and nickel contents on spe-
cially prepared experimental heats has provided further insight and
validation of some models on radiation damage.

�5� Transition temperature shifts from Charpy impact testing showed prac-
tically identical results independent of the indexing parameter �i.e., 41
J shift, 68 J shift, and 0.89 mm lateral expansion shift�, while static
fracture toughness transition temperature shifts �at 100 MPa ·m1/2�
produce, in general, larger shifts than from Charpy impact testing.

�6� The JRQ steel �with high copper and phosphorus contents� was tested
by all participants, and this material has been validated for use as a
“reference steel” for future surveillance, as well as research irradiation
programs. JRQ has been found to be fairly homogenous with reproduc-
ible results.

�7� Progress in neutron dosimetry resulted in better instrumentation and
characterization of irradiation experiments; however, the uncertainty
in neutron fluence determination can still be greater than about 30 %.
Note that even with this high degree of uncertainty and data scatter,
some transition temperature results appear to be anomalous.

�8� Progress in the application of the fracture mechanics approach to ra-
diation damage assessment was achieved. Further improvement and
unification of the test and analysis method can provide an efficient way
for improving precision and reliability of RPV life evaluation based on
surveillance specimen programs. Improvement and unification of neu-
tron dosimetry methods have provided better data with reduced scatter
of data, but further steps still seem to be necessary.

IAEA CRP-4, Assuring Structural Integrity of Reactor Pressure Vessels

The main emphasis during CRP-4, which began in 1995, was the experimental
verification of the Master Curve approach for surveillance size specimens. This
CRP involved 24 organizations from 19 Member States and was directed at
confirmation of the measurement and interpretation of fracture toughness
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using the Master Curve method with structural integrity assessment of irradi-
ated RPVs as the ultimate goal. The Master Curve approach using small size
specimens, such as precracked Charpy �PCC�, was shown to be adequate for
producing valid values of fracture toughness in the transition temperature re-
gion. The main material tested was JRQ reference steel, but additional testing
was conducted on other “national” materials.

The main aim of the extensive testing was to verify the application of the
Master Curve using small fatigue PCC specimens suitable for RPV surveillance
programs. The key conclusions from CRP-4 are the following.

�1� In general, the JRQ steel was found to be relatively homogeneous and
suitable for experimental programs as a reference material if strict re-
quirements to specimens’ location and orientation are satisfied.

�2� No difference in the scatter of resulting T0 values has been found be-
tween different laboratories; also, investigations of a test temperature
dependence did not show any deviations in the results, thus supporting
use of a multi-temperature methodology.

�3� The guidance for a test temperature for fracture toughness testing
based on Charpy impact results was investigated relative to the corre-
lation in the Draft ASTM E1921 test method: T28 J−50°C. The mea-
sured data for the JRQ steel show a difference between T28 J and T0
equal to −35°C.

�4� The “Master Curve” approach can be applied to a wide set of national
light water reactor RPV materials, as well as steels used in the Russian
design water-water energetic reactor �WWER�.

�5� The Master Curve approach also can be applied for dynamic fracture
toughness testing, resulting in significant differences in static and dy-
namic T0 values. Transition temperature shifts derived from static frac-
ture toughness tests seem to be higher than impact notch toughness
tests.

�6� Transition temperatures from impact tests �T28 J, T41 J, and T68 J� cor-
relate well with transition temperatures T0 in the whole range of tested
materials.

�7� It was demonstrated that small specimens �Charpy size and even
smaller� can be used for determination of valid values of fracture
toughness of materials in the transition temperature region. It also was
demonstrated that the Master Curve approach is fully applicable for
these RPV materials, test specimens, and material conditions using ei-
ther single or multiple temperature methods.

IAEA CRP-5, Surveillance Program Results Application to Reactor Pressure
Vessel Integrity Assessment

The fifth CRP was titled “Surveillance Program Results Application to Reactor
Pressure Vessel Integrity Assessment,” and 24 organizations from 15 Member
States participated. This CRP had a first objective to develop a large database of
fracture toughness data using the Master Curve methodology for both PCC
�10 mm2 square cross section three-point bend test specimens� and 25.4 mm �1
in.� thickness compact tension fracture specimens �1T-CT�. Second, CRP-5 was
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chartered to develop international guidelines for measuring and applying Mas-
ter Curve fracture toughness results for RPV integrity assessment.

The results from CRP-5 show clear evidence that lower values of unirradi-
ated T0 are obtained using PCC specimens as compared to results from 1T-CT
specimens. This bias in test results is very important when considering use of
PCC specimens in evaluating RPV integrity. International guidelines also were
written and provide a framework for using small surveillance fracture tough-
ness specimens to assess the integrity of RPVs.

This CRP created two deliverables: �1� a large database of Master Curve
fracture toughness data generated by many laboratories, primarily focused on
one RPV material, heat JRQ �see IAEA TECDOC 1435 �5�� and �2� the develop-
ment of international guidelines for applying Master Curve fracture toughness
results for RPV integrity assessment �see IAEA TRS 429 �6��. A flow chart from
TRS 429 delineating the various paths needed to utilize Master Curve fracture
toughness results for assessing RPV integrity is shown in Fig. 1. Also indicated
are the various text sections of TRS 429 �6�.

Figure 2 illustrates the results generated for the PCC and 1T-CT specimens.
The obvious difference in the value of the Master Curve transition temperature
T0 is an issue that has been mentioned in the ASTM Standard E1921 for the
determination of T0. This bias remains an issue that still needs further charac-
terization and understanding and will be assessed in more detail in topic area 1
in CRP-8.

Another topic area that was identified �and pursued further in CRP-8 to a
broader range of loading rates� was that of loading rate effects on T0 even in the
range of acceptable values specified in ASTM E1921. Changes were made in
ASTM E1921, restricting the range of loading rates allowed for determining
valid quasi-static T0 values �stress intensity rate of 0.1–2 MPa ·m1/2/s�, in re-
sponse to recommendations from the participants in this CRP.

IAEA CRP-6, Mechanism of Ni Effect on Radiation Embrittlement of RPV
Materials

CRP-6 was focused on WWER-1000 and pressurized water reactor �PWR� RPV
steels with high Ni contents. Eleven institutes from ten Member States partici-
pated in this CRP, with irradiation experiments of the CRP WWER-1000 RPV
materials being conducted by six of the institutes. In addition to the irradiation
and testing of those materials, irradiation experiments of various national
steels also were conducted. Moreover, some institutes performed microstruc-
tural investigations of both the CRP materials and national steels. It has been
known that high levels of nickel can have a synergistic effect with copper and
phosphorus increasing the radiation sensitivity of RPV steels. Some Russian
WWER-1000 RPV steels have higher levels of nickel than used in typical west-
ern steels. The radiation sensitivity of the higher nickel WWER steels was
evaluated through a small round robin exercise and collection of data. Two
major observations from this CRP were �1� analyzed results clearly show sig-
nificantly higher radiation sensitivity of high nickel weld metal �1.7 wt %� com-
pared with lower nickel base metal �1.2 wt %� and �2� for a given high level of
nickel in the steel and all other factors being equal, high manganese content
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leads to much greater irradiation-induced embrittlement than low manganese
content for both WWER-1000 and PWR materials. The results from CRP-6
were published in IAEA-TECDOC-1441 �7�.

To conduct the experimental investigations regarding nickel influence on

FIG. 1—IAEA guidelines for implementation of master curve �6�.
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radiation embrittlement of WWER-1000 RPV metals, the Russian Research
Centre “Kurchatov Institute” �RRC KI� offered two materials with different
nickel content, one base metal �1.2 wt %� and one weld metal �1.7 wt %�. Stan-
dard Charpy V-notch �CVN� impact specimens were prepared and distributed
by RRC KI to participants of the project. Participants in the irradiation phase
of the CRP were requested to irradiate the specimens to a neutron fluence not
less than the neutron fluence on the inside wall of the WWER-1000 RPV at the
end of its design lifetime ��6�1023n ·m−2 �E�0.5 MeV�� and at the tempera-
ture that corresponds to the beltline region of the WWER-1000 RPV �290°C�. A

FIG. 2—Fracture toughness �KJc� values and master curve for: �a� PCC specimens and
�b� 1T-CT specimens from the 1/4−T and 3/4−T locations of the JRQ plate tested by
different laboratories �5�.
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total of 48 CVN specimens, 12 for testing of each material in both unirradiated
and irradiated conditions, were provided to each participant.

By choice of the individual participants, some of the irradiations were con-
ducted in power reactors and some in research reactors, with fast neutron
fluxes varying from 5.1�1015 to 5.0�1017 n ·m−2 ·s �E�0.5 MeV�. Moreover,
the total exposures varied from 2.4�1023 to 14.9�1023 n ·m−2 �E
�0.5 MeV�, providing the opportunity to evaluate the embrittlement as a func-
tion of fluence �no attempt was made to evaluate effects of flux with the limited
data available�. In the unirradiated condition, considerable scatter was ob-
served from the participants’ results for the base metal, but much less scatter
was obtained for the weld metal. To investigate the potential effect of scatter in
the Charpy 41-J energy temperature �T41 J-UN� values, the mean T41 J-UN of the
individual values obtained in the different laboratories was used to calculate an
adjusted value, �T41 J-ADJ�, of the irradiation-induced shift �T41 J-ADJ. Figures 3
and 4 show the �T41 J-ADJ versus fluence for the base metal and weld metal,
respectively, compared with the predictive curves from the Russian Guide. The
following equation represents the predicted upper bound for irradiated RPV
steels in the Russian Guide PNAE-86 �8�:

T41 J = AF�F/F0�1/3, �1�

where:
AF=23 for base metal and 20 for weld metal,
F=neutron fluence �n ·cm−2; E�0.5 MeV�, and
F0=1018 n ·cm−2 �E�0.5 MeV�.

FIG. 3—Fluence dependence of �T41 J for WWER-1000 base metal �using T41 J-ADJ=
−83°C� �7�.
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As shown in Fig. 3, all the irradiation-induced shifts are less than the Rus-
sian Guide predictive curve for base metal, but Fig. 4 shows that some results
for the weld metal at relatively high fluence are greater than the curve predicted
by the Russian Guide. However, regardless of the increased sensitivity of the
CRP WWER-1000 high nickel weld metal �1.7 wt %�, all but one of the transi-
tion temperature shifts at fluences lower than the WWER-1000 RPV design �40
years� fluence; �6�1023 n ·m−2 �E�0.5 MeV� 3 are still below the predicted
curve from the Russian Guide.

Figure 5 shows that there is a clear effect of nickel and a clear difference in
embrittlement versus fluence between the base metal and the weld metal. Since
the contents of copper and phosphorus are very low and practically identical in
the two materials, the higher irradiation-induced embrittlement exhibited by
the weld metal is attributed to its much higher nickel content, 1.7 wt % versus
1.2 wt %. As with transition temperature shifts, the higher nickel weld metal
shows the greatest irradiation-induced decreases in upper shelf energies, al-
though the lowest energy measured was a respectable 79 J at the very high
fluence of 14.7�1023 n ·m−2 �E�0.5 MeV�.

Other results provided in the CRP �7� for model alloys and other high nickel
steels, including those for western type PWRs, corroborate the observations of
the effects of nickel observed for the WWER-1000 materials discussed above.
Thus, the results validate the predictive formulas for the PWR type steels,

3Personal correspondence from Dr. A. A. Chermobaeva. Fluence for core welds �three
and four� is 5.6�1023 and for core shell fluence is 6.4�1023 n ·m−2 �E�0.5 MeV�.

FIG. 4—Fluence dependence of �T41 J for WWER-1000 weld metal �using T41 J-ADJ=
−55°C� �7�.
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which contain nickel content as a primary variable. However, the predictive
formula for WWER-1000 RPV materials does not include nickel content as a
variable.

Another very significant observation from this CRP regards the synergistic
effects of manganese. Data from various participants demonstrated that for a
given high level of nickel in the material, and all other factors being equal, high
manganese content leads to much greater embrittlement than low manganese
content �7�. In addition to the effect of manganese on the WWER-1000 steels,
results for steels with nickel content as high as 3.5 wt %, about two times
higher than the WWER-1000 weld metal used for this CRP, showed that a
super-clean steel with high nickel, but with only 0.02 wt % manganese and 0.03
wt % copper, demonstrated quite low radiation sensitivity �7,9�.

In addition to mechanical property results, various microstructural inves-
tigations of high nickel steels were conducted, and the results were included in
the CRP. The microstructural methods used were atom probe tomography
�APT�, positron annihilation, and small-angle neutron scattering. Examples of
APT results for a high nickel WWER-1000 weld metal and a high nickel PWR
steel are shown in Fig. 6�a� and 6�b�, respectively �7�. Note that the WWER-1000
microstructure shown is from a specimen at a relatively low fluence of 2.4
�1023 n ·m−2 ��0.5 MeV�.

From this and other such results, the role of nickel appears to be synergis-
tic with copper in producing copper-enriched precipitates that evolve first as
non-random fluctuations to embryos to clusters and then to precipitates. How-

FIG. 5—Fluence dependencies of �T41 J-ADJ for WWER-1000 base and weld metals
�using adjusted T41 J-ADJ values� �7�.
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ever, the situation is very complex, and there is also an important effect of Mn
�and possibly Si� coupled with Ni, even for low Cu steels. When there is very
little Mn, even for very high Ni content steels, the available data indicate that
very little embrittlement occurs. Thus, high Ni, when not combined with Cu
and moderate Mn, does not appear to be a serious embrittling agent.

The main conclusions from CRP-6 and described in IAEA-TECDOC-1441
�7� are as follows.

�1� The analyzed results are clear in showing the significantly higher radia-
tion sensitivity of the high nickel weld metal �1.7 wt %� compared with
the lower nickel base metal �1.2 wt %�. These results are supported by

FIG. 6—Atom maps from APT analysis of �a� WWER-1000 weld metal irradiated to
2.4�1023 nm−2 ��0.5 MeV� showing Mn, Ni, and Si in nanoclusters, and �b� high Cu
content A533B weld metal irradiated to �3�1023 nm−2 ��1 MeV� showing a high
number density of Cu-, Mn-, Ni-, Si-, and P-enriched nanoprecipitates �10�.
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other similar results in the literature for WWER-1000 RPV materials,
PWR-type materials, and model alloys.

�2� Regardless of the increased sensitivity of the CRP WWER-1000 high
nickel weld metal �1.7 wt %�, the transition temperature shifts at flu-
ences lower than the WWER-1000 RPV design fluence are still below
the predicted curve from the Russian Guide.

�3� Although manganese content was not incorporated directly in this CRP,
results from tests of national steels demonstrated that for a given high
level of nickel in the material and all other factors being equal, high
manganese content leads to much greater irradiation-induced em-
brittlement than low manganese content for both WWER-1000 and
PWR materials.

�4� Microstructural investigations have shown, for both WWER-1000 and
PWR materials, that nickel associates with copper in the irradiation-
induced copper-enriched precipitates and that manganese �and some-
times silicon� is similarly associated.

�5� Experimental results and microstructural investigations for a very high
nickel steel ��3.5 wt %� have indicated that when there is very little
manganese and low copper, the radiation sensitivity is very low even
for such a high nickel steel.

Following the conclusion of CRP-6 and publication of the final report �7�,
additional APT experiments of the WWER-1000 base and weld metals irradi-
ated at the higher fluences were conducted by Oak Ridge National Laboratory
in collaboration with researchers from RRC KI. That study observed high num-
ber densities of �2-nm-diameter Ni-, Si-, and Mn-enriched nanoclusters in
both materials, and no copper enrichment of the nanoclusters or copper-
enriched precipitates was observed. The number density of the nanoclusters
increased with increasing fluence, but the average size of the nanoclusters did
not change significantly. The nanoclusters were present following a post-
irradiation anneal of 2 h at 450°C, but not after 24 h at 450°C, indicating that
the nickel, silicon, and manganese had all dissolved into the matrix. Moreover,
phosphorus, nickel, silicon, and to a lesser extent manganese, were observed
segregated to dislocations �10�.

IAEA CRP-7, Prediction of Irradiation Embrittlement of Operating WWER-440
RPVs

The seventh CRP was focused on WWER-440 steels and the need for an im-
proved predictive embrittlement correlation. In this study, a group of eight
representatives from seven Member States developed new correlations for
WWER-440 RPVs that provide better predictive capabilities based on chemical
content and neutron exposure. These new correlations were developed in a
framework that better simulates the known embrittlement mechanisms for
these steels and was published in IAEA-TECDOC-1442 �11�. The CRP was ac-
complished through the completion of four tasks: �1� collection of WWER-440
surveillance and other relevant data and input into the IAEA International Da-
tabase on RPV Materials �IDRPVM�, �2� analysis of radiation embrittlement
data of WWER-440 RPV materials using the IDRPVM database, �3� evaluation
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of predictive formulae depending on material chemical composition, neutron
flux and fluence, and �4� guidelines for prediction of radiation embrittlement of
operating RPVs of WWER-440 including methodology for evaluation of surveil-
lance data of a specific operating unit.

The CRP reviewed and compared three different procedures for evaluation
of reactor surveillance data: �1� the Russian Code PNAE-86 �8�, �2� U.S. Nuclear
Regulatory Guide 1.99, Revision 2 �12�, and �3� the VERLIFE procedure �13�
developed within the European Union Fifth Framework program. All three pro-
cedures for predictions of RPV irradiation embrittlement are based on Charpy
impact tests. However, only the VERLIFE procedure also allows the use of
direct fracture toughness measurements to determine the properties of the
aged RPV materials. In that regard, the Master Curve method specified in
ASTM E1921-02 or the method developed by Prometey Institute in St. Peters-
burg, Russia, are cited �14�.

For the irradiation embrittlement modeling part of the CRP activity, a rela-
tively large Charpy impact surveillance data set for WWER-440 pressure vessel
materials was collected. For fracture toughness data, however, only a limited
number of data were collected; thus, the developed trend curve fitting per-
formed in the CRP was based only on the Charpy impact data �also limited to
data obtained with the ISO 2 mm radius striker�. The weld data set consisted of
a total of 121 data points, with 34 from low flux and 87 from high flux irradia-
tions. The base metal data set consisted of 100 data points, with 24 from low
flux and 76 from high flux irradiations. For the fitting investigations, three
basic functions were used: �1� power law, �2� exponential, and �3� hyperbolic
tangent �tanh�. The data sets used for the fitting were characterized by the
phosphorus and copper contents, neutron fluence, and neutron flux, where the
neutron parameters are for E�0.5 MeV. Five types of trial functions were
used in fitting, one of which had the same form as the Russian Code formula
for weld metal, and one was a function where a MD term was added to the form
of the Russian Code formula.

Figure 7 shows all the experimental data plotted with the predicted �Tk
versus the measured �Tk, showing very good agreement between the predicted
shifts and the measured shifts. However, because a phosphorus threshold term
equal to 0.015 mass % was considered rather high and not validated by inde-
pendent methods, the CRP proposed, for practical purposes, a Russian Code
type function in revised form. The formulae are given in Table 1.

The CRP-7 also evaluated WWER-440 fracture toughness data with the
Master Curve. The evaluations demonstrated the applicability of the Master
Curve shape for the WWER-440 RPV materials in both the unirradiated and
irradiated conditions. Both the Charpy and fracture toughness results were
used to develop guidelines for assessment of irradiation embrittlement of fer-
ritic materials for operating WWER-440 RPVs. These guidelines incorporate
two cases, one in which there are sufficient surveillance data and the other in
which there are insufficient data. For the former case, the shift in brittle frac-
ture transition temperature is determined with the equations shown in Table 1.
If there are insufficient fracture toughness data available, then the Master
Curve reference temperature T0 of base and weld metals for the applicable
fluence �T0

operation� may be conservatively determined as

16 JAI • STP 1513 ON EFFECTS OF RADIATION

 



T0
operation = T0

initial + 1.1�TF, �2�

where:
�TF=determined Charpy impact 41 J temperature shift and
T0

initial=initial non-irradiated value of T0.
In all cases, a margin term based on the determined standard deviation for

each case is applied to the calculated shift.

IAEA CRP-8, Master Curve Approach to Monitor the Fracture Toughness of
Reactor Pressure Vessels in Nuclear Power Plants

CRP-8 is an extension of CRP-5 to address some of the outstanding issues
associated with use of the Master Curve fracture toughness methodology. Fif-
teen organizations from 11 Member States have been involved in this CRP. The
overall objectives of CRP-8 include �1� better quantification of fracture tough-
ness issues relative to testing surveillance specimens for application to RPV

FIG. 7—Comparison of all experimental data from CRP-7 with predictions �11�.

TABLE 1—Proposed formulae for WWER-440 steels for engineering use, valid for neutron
fluences ��� in the range of 1022���4�1024 n ·m−2 �E�0.5 MeV�.

Metal Formula
Standard Deviation

�°C�
Weld metal �T= �884�P+51.3�Cu��0.29 22.6

=800� �1.11�P+0.064�Cu��0.29

Base metal �T=8.37��0.43 21.7
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integrity assessment and �2� development of approaches for addressing MC
technical issues in integrity evaluation of operating RPVs. Since the Master
Curve approach is applicable to all nuclear power plant ferritic steel compo-
nents, including the RPV, the scope of materials addressed includes both RPV
and non-RPV materials. The three topic areas investigated are described next;
more detailed descriptions of the topic areas are available in Refs 15–17.

Test Specimen Bias, Constraint, and Geometry–A key consideration for RPV
integrity is the understanding of constraint and bias between the sample speci-
men�s� being tested �generally of one geometry� and the flaw assumed to exist
in the RPV. CRP-5 showed that lower values of unirradiated T0 are obtained
using PCC specimens as compared to results from 1T-CT specimens. For IAEA
CRP-5, more than 300 PCC and 1T-CT specimens of A533B-1 steel �heat JRQ�
were tested by different organizations; the T0 based on the PCC specimens was
12°C lower than from the 1T-CT specimens. Moreover, many other RPV steels
were tested and showed differences from 12 to 45°C �average of 22°C�, with
the three-point bend specimens giving the lower T0 value in every case. There
are many other examples in the literature that show similar results. Tests of one
specific plate of A533 Grade B Class 1 steel showed the PCC specimens gave a
T0 value 37°C lower than that from 1T-CT specimens �i.e., bias of −37°C� �18�.
The Wasiluk, Petti, and Dodds constraint correction �19� reduced the bias to
−13°C for that material �18�. A more fundamental stress-strain analysis, which
is dependent on the use of a finite element analysis of the specimen geometry,
was also used to perform a constraint adjustment of the PCC results for Plate
13B and resulted in a bias of about −11°C. Thus, this more complicated pro-
cedure results in a bias for the PCC specimens of Plate 13B similar to the
Wasiluk, Petti, and Dodds result of −13°C. Figure 8 shows a plot comparing T0
results from PCC specimens and various sizes of CT specimens for the IAEA
reference steel JRQ; all data shown were supplied by CRP-8 participants. Ex-
cept for an apparent outlier indicated by the circle, this material shows an
average bias of −11°C, similar to the result from testing of JRQ steel during
CRP-5.

This bias in test results is very important when considering use of PCC
specimens in evaluating RPV integrity. Questions regarding constraint limits
for the MC method in general and the PCC specimen in particular, especially as
a consequence of irradiation, must be resolved. The potential use of even
smaller specimens highlights the significance of this issue, as evaluation of
specimen size effects are needed to fully understand limits of applicability and
associated uncertainties. A series of finite element round robin exercises was
conducted to better quantify the differences in fracture toughness specimens
relative to the RPV and their significance. For part one of the round robin, it
was found that the ANSYS code produced systematically higher forces, but
remaining differences for the other finite element codes were less than 3 %. The
second part of the round robin was used to evaluate the loss of constraint of
each specimen and to compare the shallow and deep crack configuration. It
was found that shallow crack specimens are more sensitive to loss of constraint
than those with deep cracks for a given specimen size. The difference in terms
of reference temperature was evaluated to be about 40°C, with the shallow
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crack case giving the lower T0. For deep crack specimens, loss of constraint was
identified to appear at M values around 200 �15�. These results are consistent
with others reported in the literature.

Effect of Loading Rate–ASTM Standard Test Method E1921-02 was the basis
for the fracture toughness testing and determination of T0 for the surveillance
test samples in CRP-5. Test results from different loading rates showed a dif-
ference in the measured T0 values even within the allowable range in ASTM
E1921-02, which was stated as the time to reach the elastic load PM in the range
from 0.1 and 10 min. These results were reported to the appropriate ASTM
Committee for consideration in tightening the ASTM E1921 loading rate re-
quirements, and ASTM E1921-05 has revised loading rate requirements for
quasi-static loading to be within the range of stress intensity rates from 0.1 to
2 MPa ·m1/2/s.

In follow-up to these findings from CRP-5, CRP-8 further investigated the
issue of loading rate effects. The effect of loading rate within the loading rate
range specified in ASTM E1921-05 for quasi-static loading and the effect of
loading rate for higher loading rates including impact conditions using PCC
specimens tested with an instrumented pendulum were examined. A major
focus was on dynamic instrumented impact loading, which includes a round
robin exercise using the JRQ steel. Figure 9 shows the results from all the
participants, with the Master Curve and tolerance bounds included. The T0
determined from this data set is −4.2°C. The three data points from Laboratory
7 �plotted at �20 and −10°C above the 95 % curve� were considered to be
outliers and a reanalysis of the data without those data resulted in a T0 of
−0.8°C. Similarly, a reanalysis of all the raw data by one laboratory resulted in

FIG. 8—Results from CRP-8 showing bias in T0 between PCC and CT specimens of
IAEA reference steel JRQ.
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a T0 of −2.3°C. This latter value of −2.3°C indicates a temperature shift of
69.1°C from the quasi-static value for JRQ steel from the same laboratory.
Except for one laboratory �which appeared to have force calibration problems�,
the results supplied by the participants are very consistent and show reasonable
scatter. Based on the results from this round robin exercise, the Master Curve
approach has proven to be fully applicable to impact fracture toughness mea-
surements obtained in the ductile-to-brittle transition region, but it is clear that
the quality of impact fracture toughness measurements strongly depends on
the quality of instrumented force values. Hence, a reliable calibration of the
instrumented striker is of primary importance.

Additionally, supplemental investigations were performed to evaluate the
effects of the type of loading �partial unloading vs. monotonic�, side-grooving
�with and without�, and strain rate effect on irradiation-induced �T0. The re-
sults from these studies will be summarized in an IAEA TECDOC to be pub-
lished in 2009.

Changes in Master Curve Shape–The third topic addressed possible changes
in the Master Curve shape for highly irradiated materials and/or materials
showing an intergranular fracture �IGF� mode. This task is crucial since the
general shape of the Master Curve is considered to be invariant for most real-
istic irradiation conditions. For properly heat-treated, as-received ferritic struc-
tural steels, the standard Master Curve approach can normally be applied with-
out consideration of validity constraints, provided the testing requirements
specified in ASTM E1921 are fulfilled. A deviation from the standard KJc versus
temperature dependence �which defines the Master Curve shape� is anticipated
if IGF due to thermal aging or irradiation begins to dominate or significantly
affects the fracture behavior �20�. The existence of fracture modes other than
pure cleavage usually, but not necessarily, means that one of the basic premises

FIG. 9—Overall Master Curve analysis of the PCC impact round-robin data set �with
5–95 % tolerance bounds and margin-adjusted 5 % tolerance bound�. Black symbols
represent invalid �censored� data.
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for applicability of the Master Curve methodology is not fulfilled. If the Master
Curve does change shape, the conditions and extent of deviation need to be
defined.

Therefore, the overall scope of this topic area was to �1� assess limits of
applicability for Master Curve application at the upper range of the transition
region in the standard Master Curve form, �2� determine the effects of hetero-
geneity �material and environment conditions�, and �3� evaluate the importance
of fracture mode change on the Master Curve shape �i.e., upper shelf ductile
fracture or IGF modes�. One major conclusion from this task is that irradiation
may slightly lower the fracture toughness in the upper transition region in
relation to that predicted by the standard curve shape, but the effect after T0
shift values up to about 100°C seems to be negligible. One example leading to
this conclusion is shown in Fig. 10, indicating that a large body of data from
two high-copper welds, unirradiated and irradiated �21�, follows the Master
Curve shape both in the unirradiated condition and after irradiation with shifts
up to about 100°C �22�. Based on these observations and others discussed in
�17�, the CRP recommended that very brittle materials �with T0 above �100°C�

FIG. 10—Effect of irradiation on the temperature dependence of parameter K0 �scale
factor of the Weibull distribution� for welds 72 W and 73 W �19,20�.
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should be analyzed case-specifically, using a procedure to evaluate data for
heterogeneity, e.g., the SINTAP procedure �23�, for conservatively addressing
the true fracture toughness.

IAEA CRP-9, Review and Benchmark of Calculation Methods for Structural In-
tegrity Assessment of Reactor Pressure Vessels during PTS

CRP-9 was implemented by ten organizations from ten Member States to de-
velop a critical review of and benchmark calculation methods for structural
integrity assessment of RPVs during pressurized thermal shock �PTS� events.
The overall objective was to perform various deterministic PTS benchmark
calculations in order to identify the effects of individual parameters on RPV
integrity. The final product will be an IAEA TECDOC to be published in 2009,
which will have recommendations for best practices to be used in PTS evalua-
tions.

A series of deterministic benchmark vessel integrity calculations for a typi-
cal PTS regime was performed by varying critical parameters in order to quan-
tify their effects on RPV integrity during PTS. Both WWER and PWR three-
loop vessels were investigated. Based on the sensitivity of the outcome of the
vessel integrity assessments to the various parameters studied, an IAEA techni-
cal report will be written to provide a “Good Practice Handbook for RPV De-
terministic Integrity Evaluations During PTS.” This handbook will substan-
tially contribute to better technical support of operational safety and life
management. The deterministic calculations will have broader application even
for probabilistic evaluations of RPV failure frequency through characterization
of the fracture mechanics sub-routine.

Another phase for CRP-9 is underway and is devoted to preparation of an
IAEA TRS report on Review of Pressurized Thermal Shock. The resulting TRS
report will present a broad international survey of the PTS issue. A substantial
enhancement will result from incorporating the recommended good practices
and integrity criteria of the Good Practice Handbook into the draft TRS on
PTS.

Summary

From 1971 until the present time, the IAEA has contributed significantly to the
dissemination of knowledge regarding issues related to the structural integrity
of nuclear RPVs. Through the establishment of nine CRPs that have brought
together experts from a variety of organizations in many of the world’s nuclear
power producing countries, advances in the engineering materials field have
been evaluated and published in the forms of special CRP IAEA TECDOC re-
ports, Technical Reports Series, and technical journal papers. With the ad-
vancements in materials science and engineering over the past 36 years, the
IAEA CRPs have taken advantage of those advancements by incorporating
them in the evaluations of the specific issues and objectives of each particular
CRP, for example, �1� advances in elastic-plastic fracture mechanics that allow
for determination of fracture toughness of RPV steels with a relatively few
number of relatively small specimens �i.e., the Master Curve�, �2� the assembly
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of larger databases of surveillance data from various types of reactors that
allow for reductions in the uncertainties associated with development of pre-
dictive embrittlement correlations/models, �3� tremendous advances in the
tools, such as APT, for examination of the steel microstructure following irra-
diation that allow for greater understanding of radiation damage mechanisms,
and �4� significant advances in the computational sciences that provide the
ability to rapidly perform modeling studies such as molecular dynamics. Such
a combination of experimental, modeling, and microstructural studies leads to
advances in predictive capability, and the IAEA CRPs have adapted these con-
cepts in the pursuit of application to safety in operating RPVs.
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ABSTRACT: The “classical” regulatory approach to the analysis of surveil-
lance capsules in nuclear power plants entails an indirect estimate of the
fracture toughness of the beltline materials, by inferring rather than measur-
ing their toughness properties. Indeed, the irradiation-induced shift of the
fracture toughness curve is assumed to be equal to the shift of the Charpy
absorbed energy transition curve at a predefined level �41 J�. An alternative
surveillance approach, primarily based on direct fracture toughness mea-
surements in the ductile-to-brittle transition region using the Master Curve
procedure, has been applied to surveillance materials from several Belgian
nuclear power plants in the past 15 years. This has led to the establishment
of a significant database, consisting of 292 fracture toughness data points for
23 material conditions �unirradiated materials and surveillance capsules�. In
this study, different temperature normalization approaches are applied to the
available data. The analyses show that data clearly follow the Master Curve
formalism. Moreover, it is confirmed that both the static �KIc� and the dynamic
�KIR� curves of the ASME Code Section XI provide an effective lower bound
to the measured results, although more conservatism is evident when using
RTNDT as the normalization parameter. Both the conventional �ASTM E1921-
08, ‘‘Standard Test Method for Determination of Reference Temperature, T0,
for Ferritic Steels in the Transition Range’’� and advanced �Multi-Modal� Mas-
ter Curve analyses of the database clearly demonstrate that normalizing data
by �T�RTT0� provides the best rationalization of the available information
and the most effective representation of the experimental scatter.
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Introduction

Nuclear reactor pressure vessels are subjected to intense neutron irradiation in
the core region, causing embrittlement of base and weld materials. Such em-
brittlement is quantified by post-irradiation mechanical examinations of speci-
mens contained in surveillance capsules periodically retrieved from the reactor.

Surveillance specimens are mostly of Charpy-V type and are used within
the classical regulatory framework to indirectly estimate the fracture toughness
of the irradiated materials. Toughness properties are inferred rather than mea-
sured, since:

• fracture toughness is represented by lower bound curves, obtained by
conservatively fitting arrest/dynamic �KIR� or initiation �KIc� experimen-
tal results;

• the irradiation-induced shift of these lower bound curves is defined
equal to the shift of the Charpy absorbed energy transition curve at a
predefined level �41 J�.

This approach entails several weaknesses and does not allow an accurate
prediction of the evolution of the actual material properties with neutron irra-
diation, often leading to over conservatism and in few cases to nonconserva-
tism.

An advanced surveillance approach, primarily based on direct fracture
toughness measurements in the ductile-to-brittle transition region using the
Master Curve procedure, has been applied to the surveillance materials from
several Belgian nuclear power plants in the past 15 years. This has led to the
establishment of a significant fracture toughness database, which currently
consists of 292 data points for 23 material conditions �unirradiated materials
and surveillance capsules�. For the irradiated materials, the large majority of
test results were obtained on precracked Charpy �PCC� specimens, obtained by
reconstitution from previously tested surveillance impact specimens. Previous
investigations �1� have demonstrated that, due to the limited size of the plastic
zone when testing in the ductile-to-brittle transition region, specimen reconsti-
tution does not affect Master Curve fracture toughness test results, even when
relatively short inserts �10–12 mm length� are used.

In this study, different temperature normalization approaches have been
applied to the available data, namely using �T−T0�, �T−RTNDT�, and �T
−RTT0�, where:

• T is the test temperature;
• T0 is the Master Curve reference temperature, corresponding to a me-

dian toughness of 100 MPa�m for compact specimens with a thickness
of 1 in.=25.4 mm;

• RTNDT is the reference temperature, calculated according to the U.S.
legislation �ASME Section III� from a combination of drop weight and
Charpy test results;

• RTT0 is an alternative definition of the reference temperature, based on
T0 and included in two recent ASME Code Cases �N-629 and N-631�.
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One of the aims of this study is to identify which one of the normalization
approaches can provide a better rationalization of the existing database and a
more effective representation of the experimental scatter.

The existing information has also been analyzed using the advanced Multi-
Modal Master Curve �MMMC� extension �2�, which has been recently proposed
for the analysis of datasets consisting of multiple populations, each character-
ized by a random variable T0 that is assumed to follow a Gaussian distribution.

Normalized Master Curve Representation of the Data Base

As previously mentioned, the current Belgian surveillance fracture toughness
database consists, as far as the ductile-to-brittle transition region is concerned,
of 292 data points and 23 Master Curve datasets �3�.

According to the Master Curve approach, KJc data are normalized to the
reference thickness �1 in.�. In order to represent data points from different
material conditions on the same Master Curve plot, it is customary to normal-
ize the abscissae by using the difference between each test temperature and the
corresponding T0. This representation allows assessing the general applicability
of the Master Curve methodology to a population constituted by several indi-
vidual datasets, each one characterized by its own reference temperature T0.
Moreover, it allows plotting results from different specimen configurations �i.e.,
C�T� versus bend samples� on the same diagram, since the use of �T−T0� takes
care of possible T0 bias.

For the Belgian surveillance database, this normalized Master Curve repre-
sentation is shown in Fig. 1. The valid test temperature range according to
ASTM E1921-08 is given by T0±50°C.

FIG. 1—Normalized Master Curve representation of the Belgian surveillance fracture
toughness database. Different materials are indicated by different symbols and black
symbols represent invalid data �above the censoring limit�.
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The results of an overall Master Curve �MC� analysis performed on the
normalized database are given in Table 1; as expected, T0=0°C is obtained. In
the table, N is the number of data points, r the number of valid tests, K0 the
Weibull fitting parameter �a scale parameter located at the 63.2 % cumulative
failure probability level�, KJc�med� the median KJc value for the dataset corre-
sponding to 50 % failure probability, �ni the sum of the specimen weighting
factors �T0 is valid if �ni�1� and �T0 the standard deviation of the reference
temperature calculated according to Annex X4 of ASTM E1921-08.

In Table 2, we report the percentage of data points falling below the Master
Curves corresponding to various levels of failure probability �1, 5, 50, 95, and
99 %�, in order to assess the capability of the method to effectively model the
materials’ variability.

We note that the actual percentages are slightly higher than the nominal
values for low and median failure probabilities and slightly lower for high fail-
ure probabilities. However, in general the Belgian surveillance database follows
quite satisfactorily the Master Curve formalism.

Nevertheless, an analysis according to the Multi-Modal Master Curve ap-
proach was also performed. More details about this method are given in the
following section.

Multi-Modal Master Curve �MMMC�

Based on the maximum likelihood �MML� principle, this method was devel-
oped for the analysis of datasets consisting of multiple populations, each char-
acterized by a random variable T0 that is assumed to follow a Gaussian distri-
bution �2�. It is especially suited to datasets including several heats of a single
material or inherently macroscopically inhomogeneous materials. The required
minimum size of the dataset for a reliable analysis is around 20.

A simple criterion to judge the likelihood that the data represent an inho-
mogeneous material is given by the parameter MLNH �Measure of the Likeli-
hood of a dataset to be Non Homogeneous�:

MLNH =
�T0,MMMC

�T0,E1921−08
� 2 �1�

i.e., the steel is likely to be inhomogeneous if the standard deviation from the
MML estimate ��T0,MMMC� is larger than twice the theoretical uncertainty for a
homogeneous steel ��T0,E1921-08�.

TABLE 2—Number and percentage of data points falling below various MC failure
probabilities.

MC Failure
Probability

Number of Data
Points

% Data
Points

1 % 6 2
5 % 20 7
50 % 158 54
95 % 272 93
99 % 282 97
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The results of the MMMC analysis of the database normalized by �T−T0�,
see Fig. 2, deliver a reference temperature of 2.4°C �very close to the value of
the standardized analysis� with a standard deviation �T0,MMMC=11.7°C. The
MLNH parameter has a value of 2.8, therefore the dataset is suspected to be
inhomogeneous. This circumstance is believed to be related to the intrinsic
heterogeneity of several Belgian surveillance materials, particularly weld met-
als and materials from older power plants �3�.

Test Temperature Normalization Using RTNDT

RTNDT is a reference temperature which is defined in the ASME Code, Para-
graph NB-2300 �4� and is used to index both the static �KIc� and dynamic �KIR�
lower bound fracture toughness curves according to 10 CFR Pt. 50, Appendix
G. These lower bound curves are used in Appendix G of ASME Code Section XI
for calculating pressure-temperature �P -T� limit curves which control the
heatup and cooldown processes for an operating nuclear power plant.

In the unirradiated condition, RTNDT is defined as the highest between:
• the nil-ductility transition temperature NDT measured by drop weight

�Pellini� tests;
• the index temperatures from Charpy impact tests corresponding to 68 J

absorbed energy �T68J� and 0.89 mm lateral expansion �T0.89mm�.
Upon irradiation, RTNDT is increased by an amount which corresponds to

the shift of the Charpy energy curve at the 41 J level ��T41J�.
The entire Belgian surveillance database has been normalized using the

difference between individual test temperatures and RTNDT for the relevant
material condition. The comparison with the static and dynamic lower bound
curves is shown in Fig. 3. Note that toughness values have not been normalized,

FIG. 2—Normalized Belgian surveillance database analyzed using the MMMC
approach.
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since the ASME curves were obtained by fitting a lower bound to an existing
database collected from specimen of different sizes �5�.

It is observed that both ASME curves appropriately bound the whole data-
base, thus confirming their definition of lower bound curves, although a few
data points are lying on top or very close to the KIc curve �which has been
assessed to be an approximate 2� lower bound to initiation data available in
the early 70s �6��.

Test Temperature Normalization Using RTT0

An alternative definition of RTNDT, RTT0
, has been implemented into two recent

ASME Code Cases, N-629 and N-631 �7,8�. This avoids the use of Charpy-based
information and relies on direct fracture toughness measurements of the refer-
ence temperature T0, either in the unirradiated or irradiated condition:

RTT0 = T0 + 19.4 ° C �2�

RTT0
has been used for an alternative temperature normalization of the Belgian

surveillance database, as shown in Fig. 4, where data are again compared to the
ASME static and dynamic lower bound fracture toughness curves KIc and KIR.

We again remark that both ASME curves represent an effective lower
bound to the database; a single data point, corresponding to a pop-in event
which was recorded on a 0.5 T Compact specimen, lies below the KIc curve but
is bounded by the KIR curve. Qualitatively, the comparison between Figs. 3 and
4 shows that the data population lies closer to the ASME curves in the horizon-
tal direction �i.e., temperature-wise� when RTT0

is used for normalization, thus
indicating that the use of RTNDT generally introduces additional conservatism.

FIG. 3—Comparison between Belgian surveillance database, normalized using �T
−RTNDT�, and ASME KIc and KIR lower bound curves.
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Master Curve Analyses on the Normalized Databases

Conventional �E1921-08� and Multi-Modal Master Curve analyses have been
performed on the database, after normalization of test temperatures using
RTNDT and RTT0

. The aim of this exercise was to assess which of the two nor-
malizing approaches provides a better rationalization of the available informa-
tion and a more effective representation of the experimental scatter.

Results of the conventional MC analyses in accordance with ASTM
E1921-08 are provided in Table 3, Fig. 5 �RTNDT� and Fig. 6 �RTT0

�. In both
figures, invalid �censored� data, which correspond to results exceeding the
specimen measurement capacity KJc�limit� and are replaced in the analysis by
the corresponding limit values, are highlighted in red. Note also that, when
RTT0

is used, T0=−19.5°C is obtained, which corresponds approximately to the
value of the constant in Eq 2.

It is clear that the data represented as a function of �T−RTNDT� in Fig. 5 do
not really follow the Master Curve approach. This can be easily explained if one
considers that:

• in the unirradiated condition, RTNDT has no direct relationship with the
actual fracture toughness of the material;

• in the irradiated condition, a weak relationship exists since RTNDT is
obtained by coupling the unirradiated value �see above� to the increase
of the Charpy T41J temperature, which has been shown to be roughly
equivalent to �T0 �9�.

On the other hand, data normalized by �T−RTT0
� are effectively repre-

sented by the Master Curve formalism �Fig. 6�. Six data points �corresponding
to 2 % of the population� fall below the 1 % failure probability curve.

After applying the MMMC approach, the results shown in Table 4 and Figs.
7 and 8 have been obtained.

FIG. 4—Comparison between Belgian surveillance database, normalized using �T
−RTT0

�, and ASME KIc and KIR lower bound curves.
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FIG. 5—Conventional Master Curve analysis of the database after normalization by
�T−RTNDT�.

FIG. 6—Conventional Master Curve analysis of the database after normalization by
�T−RTT0

�.
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Although in both cases the MMMC analysis identifies the database as
“likely not homogeneous,” the standard deviation of the reference temperature
for the RTNDT normalization is four times larger than when using RTT0

. More-
over, for the latter normalization the difference between reference tempera-
tures calculated by the conventional and the Multi-Modal MC approaches is
only 2.5°C.

FIG. 7—Multi-Modal Master Curve analysis of the Belgian surveillance database after
normalization by T−RTNDT.

FIG. 8—Multi-Modal Master Curve analysis of the Belgian surveillance database after
normalization by T−RTT0.
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Conclusions

�a� An overall Master Curve analysis of the Belgian surveillance materials’
database, normalized by �T−T0�, shows that it follows the MC trend,
as confirmed by the fact that the percentage of data points falling
below various failure probability limits are within a few % of the
nominal figures.

�b� When data are normalized by �T−RTNDT� or �T−RTT0
�, both ASME

lower bound curves �static KIc and dynamic KIR� provide an effective
lower bound to the database; however, an additional margin of conser-
vatism can be observed when the Charpy-based RTNDT is used.

�b� Both the conventional �E1921-08� and Multi-Modal Master Curve
�MMMC� analyses of the normalized databases show that the normal-
ization using RTT0

provides a better rationalization of the available
results and a more effective representation of the experimental scatter.
In particular, the MMMC analysis returns a much larger standard de-
viation for RTNDT �45.2°C� than for RTT0

�11.7°C�, and for the latter
normalization also yields a value of T0 which is almost identical to the
conventional approach.
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ABSTRACT: Pre-irradiated original reactor pressure vessel �RPV� materials
covering all four German pressurized water reactors �PWR� construction
lines were tested in the Crack Initiation and Arrest of Irradiated Steel Mate-
rials program to create a database of fracture toughness and arrest values
for neutron fluences beyond the end of life range. The new database com-
prises data from both unirradiated and irradiated RPV base and weld mate-
rials generated by tensile, Charpy-V impact, fracture toughness KJc, and
crack arrest KIa tests. The test matrix consists of materials with optimized
chemical composition and with high Copper or high Nickel content, respec-
tively. Based on the generated and already existing data the RTNDT and the
RTT0 �Master Curve� concepts are applied with specific view on reference
temperatures, transition temperature shifts, and on possible correlations be-
tween the criteria used in both concepts. In this context the consequences of
some influencing factors like type and chemical composition of the RPV
steel, its manufacturing conditions, and the specimen type and size on the
reference temperatures are discussed. Moreover, the test results are as-
sessed with respect to the American Society of Mechanical Engineers
�ASME� code and German Nuclear Safety Standards Commission safety
standards. The crack arrest characteristics for these typical RPV materials
are also determined in a twofold way by testing Compact Crack Arrest speci-
mens and by evaluation of instrumented Charpy-V impact test data. The
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available results made a good point that crack arrest is a reliable phenom-
enon that doubtless exists. It is also shown that the obtained KIa data can be
enveloped by applying the ASME KIc lower bound curve indexed by different
reference temperatures. Finally, the results show that the used RPV materi-
als are well designed in terms of material behavior under irradiated condi-
tions and that optimized manufacture specifications are of great benefit par-
ticularly after long operation times.

KEYWORDS: reactor pressure vessel steel, neutron irradiation, irra-
diation embrittlement, fracture toughness, crack arrest, master curve,
RTNDT, RTT0

Introduction

The proof of a sufficient safety margin against brittle fracture of the reactor
pressure vessel �RPV� is an essential part of the safety of a nuclear power plant.
In Germany the procedure usually applied for the safety assessment of the RPV
is based on the RTNDT concept according to the current set of rules of the
German Nuclear Safety Standards Commission �KTA�. In this procedure a
lower bound fracture toughness—temperature curve that was determined de-
terministically by measured data—is adjusted for the concerned material by the
specific adjusted reference nil-ductility temperature RTNDT�j� for the brittle frac-
ture transition.

At present the new RTT0
procedure for the RPV safety assessment, which is

based on the Master Curve concept, is under development world wide. Unlike
the RTNDT concept, fracture toughness data are used by statistical assessment
in the Master Curve concept instead of Charpy impact and drop-weight test
data. An essential advantage of the RTT0

procedure is the direct determination
of the reference temperature RTT0

for the brittle fracture transition and there-
fore a more realistic application to the behavior of the component concerned.

In this context there is a strong interest to assess the consequences by using
the Master Curve based RTT0

procedure compared to the RTNDT concept that
requires a careful comparison of both methods by using representative RPV
materials. Obviously, such an assessment can be succeeded only if appropriate
data can be made available, which cover both unirradiated and irradiated ma-
terial conditions. Apart from the crack initiation issue crack arrest can be used
as a further approach in RPV safety assessment if the arrest of a global or local
unstable crack can be proven. The verification of crack arrest curves defined in
ASME code and the KTA standard by experimental results of representative
materials is therefore another point of interest.

The project Crack Initiation and Arrest of Irradiated Steel Materials �CAR-
ISMA� gave an unique chance to create a representative database by extensive
testing of unirradiated and irradiated specimens manufactured from original
RPV base and weld materials being representative for all four German PWR
construction lines and to assess the new data by the two most common proce-
dures. In this way the project contributes to the further update and improve-
ment of the RPV safety assessment in particular for German plants.
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Objectives

The main objective of the CARISMA project �1–3� is to create an experimental
database for unirradiated and irradiated specimens made of original RPV base
and weld materials being representative for all four German PWR construction
lines by tensile, Charpy-V impact, fracture toughness KJc, and crack arrest KIa
testing, and to assess these data with the aim to determine reference tempera-
tures for the ductile brittle transition region.

The project allows
�a� to determine fracture toughness properties for both crack initiation

and arrest,
�b� to compare the safety assessment by the RTNDT concept and the Mas-

ter Curve concept in the context with the present status in the German
KTA safety standard,

�c� to determine material and manufacture specific influences on fracture
toughness properties,

�d� to clarify some open issues like the identification of appropriate speci-
men shapes and sizes, and the proof of suitability of pre-fatigued
Cv-specimens for T0 determination, and

�e� to assess the feasibility of getting crack arrest values for irradiated
materials and how to integrate the crack arrest into the new safety
concept.

The nuclear power plants of the concerned PWR generations built by
former Siemens/KWU Company in Germany are Obrigheim, Stade �first gen-
eration, both shut down�, Biblis A, Biblis B, Unterweser, Neckarwestheim 1
�second generation�, Grafenrheinfeld, Grohnde, Phillipsburg 2, Brokdorf �third
generation�, and Emsland, Isar 2, Neckarwestheim 2 �fourth generation�.

Materials and Specimens

Three base materials �BM� of forgings and four weld metals �WM� were selected
from the materials available at AREVA NP GmbH laboratories in Erlangen for
the examinations in the CARISMA project. The selected seven materials are
characterized by following project names and material specifications:

�a� P7 BM: 22 NiMoCr 3-7 �similar to ASME SA-508 Grade 2 Class 1,
manufactured by Klöckner� covering first and second generations,

�b� P147 BM: 22 NiMoCr 3-7 �similar to ASME SA-508 Grade 2 Class 1,
manufactured by JSW� covering third and fourth generations,

�c� P141 BM: 20 MnMoNi 5-5 �similar to ASME SA-508 Grade 3 Class 1,
manufactured by JSW� covering fourth generation,

�d� P141 WM: S3NiMo1/OP41 TT UP, 1 % Ni �manufactured by GHH
Company� covering fourth generation,

�e� P16 WM: S3NiMo3/OP41 TT UP, 1.7 % Ni �manufactured by Ud-
dcomb� covering third generation,

�f� KS05 WM: NiCrMo1 UP/LW320 �manufactured by GHH� covering
from second to fourth generations, and

�g� P370 WM: NiCrMo1 UP �modified�/LW320, LW340 �manufactured by
Klöckner� covering first generation.
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The specimen materials were taken from original RPV materials and welds,
respectively, and are representative for all four German PWR generations. Ten-
sile specimens, Charpy-V specimens, Wedge Opening Load X �WOL-X�, Pre-
Cracked-Charpy-V �PCCV, manufactured from Charpy-V specimens�, Single-
Edge notched Bend SE�B�, and Compact Crack Arrest �CCA� specimens were
tested both in the unirradiated and irradiated states.

The chemical composition of the specimen materials in terms of the most
important chemical elements is described in Table 1.

Irradiation of the Specimen Materials

All CARISMA materials except the KS05 WM were irradiated in the German
test reactor VAK �Versuchsatomkraftwerk Kahl� in the 1980s. The specimen
materials P16 WM, P141 WM, P141 BM, and P7 BM were irradiated in the
frame of a dedicated research program for ensuring the RPV integrity consid-
ering possible changes in future concept designs and plant life extension mea-
sures. In the frame of this research program six large irradiation capsules have
been irradiated in the VAK reactor in the years 1983 and 1985.

The VAK reactor �Fig. 1�, an experimental boiling water reactor �BWR� with
an electrical output of about 15 MW, was in operation until 1985 and was used
between 1975 and 1985 by the former Siemens/KWU Company as additional
irradiation facility for various research and RPV irradiation surveillance pro-
grams. The neutron spectrum of the VAK was similar to the neutron spectrum
of other Siemens/KWU PWR, and the neutron flux density at the capsule posi-
tions was approximately 2�1012 n/cm2/s �E�1 MeV�, which was higher
than at the surveillance position in the RPV of power reactors. The irradiation
temperature in all VAK irradiation programs was in a range between 265 and
316°C.

Originally the VAK RPV had 12 mounting positions for the irradiation cap-
sules, which were extended later by three inner irradiation positions at 90°,
180°, and 270° �Fig. 2�.

TABLE 1—Chemical composition of the specimen materials.

PWR Generation Material Project Type
Cu

�wt %�
P

�wt %�
Ni

�wt %�
4 �Konvoi� 20 MnMoNi 5-5 JSW P141 BM 0.05 0.007 0.79
1–2 22 NiMoCr 3-7 Klöckner P7 BM 0.12 0.015 0.97
3 22 NiMoCr 3-7 JSW P147 BM 0.05 0.006 0.84

4 �Konvoi�
S3NiMo1/OP 41 TT UP,

GHH P141 WM 0.03 0.019 1,01

3
S3NiMo3/OP 41 TT UP,

Uddcomb P16 WM 0.08 0.012 1.69

2–4
NiCrMo1 UP/LW320,

GHH KS05 WM 0.05 0.009 0.91

1
NiCrMo1 UP

�modified�/LW320, LW340 P370 WM 0.22 0.015 1.11
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These additional irradiations positions made it possible to irradiate also
large capsules with a length of 965 mm and a cross section of 100
�146.5 mm2 �Fig. 3�. The six large capsules were equipped with 39 WOL-
100X, 60 drop weight, 48 tensile, and 765 Charpy-V specimens and have been
irradiated to neutron fluences between 6�1018 and 5�1019 n/cm2 �E
�1 MeV�.

The specimen materials P147 WM and P370 WM were also irradiated in the
VAK reactor but in other capsules.

The specimen material KS05 was irradiated in the GKSS FRG-2 reactor in
the frame of the FKS-Program �4�. The WOL-25X specimens of the material
P16 SG and the Charpy-V compound specimens of the P370 WM were part of
RPV irradiation surveillance programs.

After the irradiation the capsules and specimens were transported to the

FIG. 1—The VAK reactor.
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hot cell laboratory of AREVA NP GmbH in Erlangen, Germany, where they
were stored until the test program started.

Irradiation Temperatures and Neutron Fluences

In order to make the specimens and temperature monitors and neutron detec-
tors available for testing, inspection and measurements the VAK irradiation

FIG. 2—VAK irradiation positions.

FIG. 3—Large VAK irradiation capsule of 100�146.5�965 mm3 size.
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capsules RT2, RT3, KWO 01, KA1, KA2, KA3, and KA6 were opened in the hot
cells laboratory of AREVA NP GmbH in Erlangen.

Figure 4 shows a VAK capsule after opening and dismantling the capsule
walls.

The evaluation of the temperature monitors led to maximum temperatures
during the irradiation in the ranges of 284–288°C for the VAK capsules KWO
01, 277–281°C for the capsule KA1, and 282–286°C for the remaining VAK
capsules. For the capsules K7 and K8 irradiated in a PWR, maximum tempera-
tures of 288–289°C were determined.

The averaged irradiation temperature of the specimens in the capsule
CK100-6 amounted to 290±5°C, whereas the fracture mechanics specimens of
the specimen material P16 WM were irradiated in a PWR at a irradiation tem-
perature between 300 and 302°C.

Table 2 contains a summary of the irradiation facilities and the irradiation

FIG. 4—Dismantled VAK capsule.

TABLE 2—Irradiation temperatures of the specimen materials.

Material Project Type
Irradiation

Facility Capsule

Irradiation
Temperature

�°C�
20 MnMoNi 5-5 JSW P141 BM VAK KA3 282–286
22 NiMoCr 3-7, Klöckner P7 BM VAK KA6 282–286
22 NiMoCr 3-7, JSW P147 BM VAK RT2 282–286

RT3 280–286
S3NiMo1/OP 41 TT, SAW,
GHH P141 WM VAK KA2 282–286
S3NiMo3/OP 41 TT, SAW,
Uddcomb P16 WM VAK KA1 277–281

PWR RPV capsule 300–302
NiCrMo1 UP/LW320, GHH KS05 WM GKSS CK100-6 285–295
NiCrMo1 UP
�modified�/LW320, LW340 P370 WM VAK KWO 01 284–288

PWR K7, K8 288–289
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temperatures of the specimen materials tested within the project.
The precise and reliable determination of the neutron fluences accumu-

lated by the specimen sets during the irradiation is of high importance for the
assessment of the results from the material testing.

The neutron fluences applied by the specimens irradiated in the capsules
RT2, KA1, KA2, KA3, and KA6 were calculated by well established neutron
transport codes such as the three-dimensional transport code TORT �5� and by
using the cross section library BUGLE 96 �6�. The neutron fluences for the
specimens irradiated in the capsules RT3, KWO 01, K7, K8, and CK100-6 were
taken from existing calculations already performed. The neutron fluences ac-
cumulated by the irradiated material specimen sets are given in Table 3.

Experimental Test Program

The experimental test program includes comprehensive material tests both on
unirradiated and irradiated specimens in order to determine the material be-
havior in terms of strength and toughness by a two step approach:

Step 1. Basic characterization of the specimen materials by application of
the RTNDT and Master Curve concepts and determination of the most im-
portant quantities such as ultimate tensile and yield strength, Charpy
V-notch energy transition temperatures �41 J�, adjusted reference tempera-
ture RTNDT�j�, TFa=4 kN �from instrumented Charpy test�, fracture toughness
KJc, and reference temperature RTT0

. In this first step a basic characteriza-
tion of the materials concerned is carried out by regular tensile and Charpy
impact tests and by fracture mechanics test according to Ref. 7. The frac-
ture mechanics tests are also used for the determination of a reference
temperature RTT0

according to Ref. 8. Besides the changes in mechanical
strength this step allows conclusions to the lower bound curve for crack
initiation in the brittle to ductile regime.
Step 2. Crack arrest behavior of the specimen materials and determination
of the most important quantities such as crack arrest toughness KIa and
reference temperature TKIa

.
In the second step the crack arrest behavior of the material after brittle

initiation is investigated. The crack arrest acts as a further barrier in the integ-
rity assessment against brittle failure. One of the main objectives to perform
the crack arrest tests is to confirm the lower bound curves given in the ASME
and KTA standards for irradiated materials being representative for RPV steels.
For this purpose CCA specimens are tested according to the ASTM E1221 stan-
dard �9�. In Fig. 5 a schematic view of the crack arrest test procedure is shown.
The CCA specimens are loaded cyclically by the wedge and split-pin assembly
to certain crack mouth opening displacements until crack initiation occurs.

Depending on the amount of available material compact specimens and
reconstituted �compound� specimens using original material inserts �taken
from WOL-X specimens or broken Charpy-V halves� and dummy material for
the studs have been used for testing, as shown in Fig. 6.

Table 4 shows the test matrix for all the specimen materials concerned. It
can be seen that some test data could be taken from previous examinations, but
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most of the specimen materials had to be tested within the project. The fracture
mechanics tests have been performed for both unirradiated and irradiated con-
ditions mainly with three-point-bending �3PB� specimens.

Concerning the database generated by the experimental test program, the
application of reference temperatures �RTNDT�j� versus RTT0 and TKIa

versus
TFa=4 kN� is common in both steps for the assessment of the material behavior.

TABLE 3—Neutron fluences of the material specimen sets.

Project Type
Cu

�wt %�
P

�wt %�
Ni

�wt %�
Specimen

Type
Neutron Fluence

�E�1 MeV� �n/cm2�
P141 BM 0.06 0.008 0.8 Tensile 6.81�1018

Charpy-V 1.05�1019

PCCV 7.59�1018

CCA 6.87�1018

P7 BM 0.12 0.015 0.98 Tensile 3.81�1019

Charpy-V 4.11�1019

PCCV 4.45�1019

CCA 3.89�1019

P147 BM 0.06 0.007 0.9 Tensile 1.09�1019

Charpy-V 1.03�1019

SE�B�a 1.06�1019

SE�B�24�50 a 7.78�1018

CCA 1.17�1019

P141 WM 0.03 0.019 1 Tensile 8.84�1018

Charpy-V 1.35�1019

PCCV 9.79�1018

CCA 8.39�1018

P16 WM 0.08 0.012 1.7 Tensile 7.27�1018

Charpy-V 4.14�1018/1.16�1018

PCCV 8.36�1018

WOL-25X 6.21�1018

CCA 7.25�1018

KS05 WM 0.05 0.009 0.91 Tensile 2.10�1019/5.32�1019

Charpy-V 2.18�1019/4.96�1019

SE�B� 2.54�1019

CCA 5.25�1019

P370 WM 0.22 0.015 1.11 Tensile 2.16�1019

Charpy-V/a 2.25�1019/2.22�1019

PCCV 2.25�1019

WOL 100X 2.25�1019

aCompound specimens.
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Results and Discussion

Tensile Tests

For each of the irradiated specimen materials P141 BM, P7 BM, and P141 WM
indicated in Table 4, three specimens were tested at temperatures of �50,
�100, and 25°C. The three specimens of the P16 WM were tested at tempera-
tures of 23, 150, and 275°C. The chosen test temperatures are representative
for the temperature range required for the subsequent determination of the
transition temperature T0 according to ASTM E1921.

FIG. 5—Schematic view of the crack arrest test procedure.

FIG. 6—Manufacturing of reconstituted specimens.
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The tensile testing was performed according to the DIN EN 10002 Standard
for Metallic Materials, Tensile Testing, Part 1: Method of Test at Ambient Tem-
perature; Part 5: Method of Test at Elevated Temperature. The testing was also
according to the international standard ISO 15579: 2000, “Metallic Materials–
Tensile Testing at Low Temperature.” The obtained yield and ultimate tensile
strength values for each specimen material are summarized in Tables 5 and 6
for base and WMs and for both unirradiated and irradiated conditions, respec-
tively.

The well known hardening effect due to irradiation is obviously shown at
high neutron fluences and more emphasized for the specimen materials with
higher Cu �P370 WM� and Ni �P16 WM� contents.

Charpy-V Impact Tests

The Charpy-V impact tests have been performed according to the DIN EN
10045-1 standard Charpy Impact Test on Metallic Materials. Charpy-V speci-
mens were used with a cross section of 10�10 mm2, 55 mm length, and a 2
mm deep 45° V-notch. A testing machine of PW 300 type �Wolpert Company�
was operated in the hot cells laboratory to perform the tests at temperatures in
the range between �50 and 275°C.

The testing machine was equipped with a digital monitor for the energy
absorbed during fracture. The 300 J striker was operated with a semiconductor
strain-gauge instrumentation in order to record the force-time diagrams during
the fracture process according to DIN EN ISO 14556 Steel—Charpy V-notch
Pendulum Impact Test—Instrumented Test Method.

The most essential Charpy-V test results including the reference tempera-
tures RTNDT�j� for both the unirradiated and irradiated state are summarized in
Table 7, and the T41 transition temperature shifts are shown in Fig. 7.

With respect to the irradiation induced material behavior two trends can be
observed. The first one indicates low or moderate �T41 values over the neutron
fluence within usual scattering for the main part of the irradiated specimen
materials. The second trend is related to the two WMs, P370 WM �0.22 % Cu�

TABLE 4—Experimental test matrix.

Project Type Tensile Charpy-V Irradiated 3PB WOL-X
Crack
Arrest Unirradiated 3PB

P141 BM T Cv PCCV ¯ CCA SE�B�
P7 BM T Cv PCCV ¯ CCA SE�B�

P147 BM Existing Existing
SE�B�a,

SE�B� 24�50 a
¯ CCA SE�B�

P141 WM T Cv PCCV ¯ CCA SE�B�
P16 WM T Cv PCCV 25X CCA Existing �CT �1T��

KS05 WM Existing Existing
SE�B�

�from WOL-00X� ¯ CCA Existing �WOL-X�
P370 WM Existing Existing PCCV 100X ¯ SE�B�
aCompound specimens.
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and P16 WM �1.7 %Ni�, which show a strong increase in �T41 over the fluence
range concerned. This confirms the well known effect of high contents of cop-
per and nickel, respectively, on the irradiation embrittlement of ferritic RPV
steels.

Fracture Mechanical Tests

As indicated in Table 4 fracture mechanical tests have been performed for both
unirradiated and irradiated conditions mainly with 3PB specimens of PCCV
�manufactured from Charpy-V specimens� and of SE�B� type of dimension 10
�10�55 mm3. Some testing was also performed with SE�B� specimens of
dimension 24�50�225 mm3 and with WOL-100X and WOL-25X specimens.

The pre-fatigued specimens provided with side notches were tested accord-
ing to ASTM E1921 standard �7� as well as the verification of the validity crite-
ria, the test analysis, and the calculation of the characteristic values. According
to the applied standard all test results were recalculated to the specimen thick-
ness 1 T�=25.4 mm� in order to facilitate an evaluation, which is independent
on the specimen thickness. Besides the suitability of WOL and conventional
SE�B� specimens, the use of PCCV specimens for the fracture mechanics tests
delivered good results.

TABLE 5—Yield and ultimate tensile strength for BMs.

��1 MeV
�n/cm2�

Specimen
Orientation

T
�°C�

Yield
�MPa�

Ultimate
�MPa�

P141 BM
0 T RT 434 583

�50 489 670
�100 564 732

6.81�1018 T RT 471 602
�50 541 664

�100 620 731
P7 BM
0 T RT 450 610

�50 501 687
�100 593 762

3.81�1019 T RT 598 718
�50 670 782

�100 730 845
P147 BM
0 L 275 417 594

RT 488 626
�100 626 760

1.09�1019 L 275 457 625
RT 543 660

�80 626 761
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In Fig. 8 a typical fracture toughness test evaluation in a KJc−T diagram
with Master Curve application is shown where the fracture toughness is mea-
sured with PCCV specimens for the irradiated BM P7 BM. The diagram con-
tains the 1, 5, 95, and 99 % percentiles, the Master Curve �50 % median� and the
T0±50 K intervals. The T0 transition temperature at 100 MPa·m0.5 is used for
the determination of the reference temperature RTT0

=T0+19.4 K according to
Ref. 8 in order to compare the reference temperatures RTT0

and RTNDT�j� with
each other.

In Fig. 9 the reference temperatures RTT0
are given for all specimen mate-

TABLE 6—Yield and ultimate strength for WMs.

��1 MeV
�n/cm2�

Specimen
Orientation

T
�°C�

Yield
�MPa�

Ultimate
�MPa�

P141 SG
0

T

RT 516 604
�50 552 648

�100 619 706
8.84�1018

T

RT 577 643
�50 642 705

�100 718 765
P16 WM
0

T

200 476 550
100 527 583
RT 555 632

7.27�1018

T

275 535 633
150 571 622
RT 659 713

KS05 WM
0 T 275 527 612

80 597 679
RT 612 704

2.1�1019 T 275 564 634
80 619 687
RT 654 719

5.32�1019 T 275 605 669
80 672 729
RT 684 749

P370 WM
0 T 280 534 616

150 546 623
RT 604 696

2.16�1019 T 275 669 757
75 772 823
RT 821 860
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TABLE 7—Charpy-V test results.

Project Type
Specimen

Orientation
��1 MeV

�n/cm2�
T41

�°C�
�T41

�K�
T68

�°C�
T0.9

�°C�
TNDT

�°C�
RTNDT�j�

�°C�
P141 BM T-L 0 �18 0 �4 �14 �17 �17
P141 BM T-L 1.05�1019 �9 9 5 �2 ¯ �8
P7 BM T-L 0 �7 0 13 2 �5 �5
P7 BM T-L 4.11�1019 25 32 59 41 ¯ 27
P147 BM T-L 0 �51 0 �36 �38 �17 �17
P147 BM T-L 1.03�1019 �42 9 �24 �29 �7 �8
P147 BM T-L 4.22�1019 a �28 23 �9 �17 ¯ 6
P141 WM T-L 0 �7 0 4 �3 �27 �12
P141 WM T-L 1.36�1019 �7 0 8 �1 ¯ �12
P141 WM T-L 4.97�1019 31 38 44 49 ¯ 26
P16 WM T-L 0 �55 0 �37 �47 �60 �58
P16 WM T-L 4.14�1018 �15 40 10 10 ¯ �18
P16 WM T-L 1.16�1019 12 67 42 61 ¯ 9
P16 WM T-L 5.22�1019 a 123 178 183 225 ¯ 120
KS05 WM T-L 0 �28 0 �7 �8 �35 �18
KS05 WM T-L 2.18�1019 �5 23 22 20 �5 5
KS05 WM T-L 4.96�1019 26 54 46 35 5 36
P370 WM T-L 0 �12 0 �1 �10 �35 �28
P370 WM T-L 2.22�1019 99 111 142 122 ¯ 83
P370 WM T-L 2.25�1019 107 119 124 124 80 91
aData from another project.

FIG. 7—T41 transition temperature shifts.
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rials investigated. In order to confirm the apparent trends of increasing RTT0
values with increasing neutron fluences some additional data from other re-
search programs are also shown. Beside the obvious effect of high fluences �P7
BM� the well known effect of high copper �P370 WM� and high nickel �P16 WM�

FIG. 8—Measured KJc�1 T� values and Master Curve for T0 determination for P7 BM
��=4.45�1019 n/cm2, E�1 MeV�.

FIG. 9—Measured reference temperatures RTT0
.
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content and the impact of the manufacturing conditions �P7 BM versus P147
BM� for the 22 NiMoCr 3-7 on the reference temperature shift is clearly seen.

In Table 8 the values for the T0 temperature at 100 MPa ·m0.5, its shift, and
the reference temperature RTT0

=T0+19.4 K according to Ref. 8 are summa-
rized for all specimen materials investigated.

The measured RTT0
values indicate some influence of the specimen type

and size on the reference temperature. For the P147 BM testing of the large
SE�B� 24�50 mm2 specimens resulted in a somewhat higher RTT0

compared
to the smaller SE�B� 10�10 mm2 specimens irradiated to 1.06�1019 n/cm2

in spite of the fact that the irradiation was lower �7.78�1018 n/cm2� and the
orientation L-S for the large SE�B� specimens. However, the impact of the re-
sidual stresses caused by the manufacturing weld is unclear and still under
investigation.

Unfortunately the few WOL-X data allowed no valid determination of T0
according to the ASTM E1921 standard. Thus, the results of the irradiated P16
WM seem to confirm the known trend that testing PCCV specimens gives lower
RTT0

values than testing of WOL specimens however the T0 based on only a few
WOL-25X data is invalid. On the other hand the P370 WM data show almost no
effect of specimen size, but the T0 based on WOL-100X testing is not valid.

Another point of interest is whether the measured fracture toughness data

TABLE 8—Fracture mechanics test results.

Project Type Specimen Type
Specimen

Orientation
��1 MeV

�n/cm2�
T0

�°C�
�T0

�K�
RTT0
�°C�

P141 BM SE�B� 10�10 T-L 0 �75 0 �56
P141 BM PCCV T-L 7.59�1018 �54 21 �35
P7 BM SE�B� 10�10 T-L 0 �88 0 �69
P7 BM PCCV T-L 4.45�1019 �22 66 �3
P147 BM SE�B� 10�10 L-S/T-L 0 �112 0 �93
P147 BM SE�B� 24�50 a L-S 7.78�1018 �90 22 �71
P147 BM SE�B� 10�10 a T-L 1.06�1019 �95 17 �76
P147 BM PCCV T-L 4.00�1019 b �78 34 �59
P141 WM SE�B� 10�10 T-L 0 �27 0 �8
P141 WM PCCV T-L 9.79�1018 �26 1 �7
P16 WM CT�1T� T-L 0 �86 0 �67
P16 WM WOL-25X T-L 6.21�1018 c �10 16 9
P16 WM PCCV T-L 8.36�1018 �36 50 �17
KS05 WM WOL-25/50/100X T-L 0c �20 0 �1
KS05 WM SE�B� 10�10 T-L 2.54�1019 5 25 24
P370 WM SE�B� 10�10 T-L 0 �38 0 �19
P370 WM WOL-100X T-L 2.12�1019 c 103 141 122
P370 WM PCCV T-L 2.25�1019 102 140 121
aCompound specimens.
bData from other project.
cInvalid.
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are enveloped by the lower bound curve of the ASME Boiler and Pressure
Vessel Code �10� representing conservative values based on measured static
initiation KI values. The measured fracture toughness data for static initiation
are shown in Figs. 10 and 11 together with the ASME KIc lower bound curve.
The data measured at test temperature T are normalized with T−RTNDT�j� and
T−RTT0

, respectively. Obviously, the measured data are enveloped by the ASME
lower bound curve for both unirradiated and irradiated conditions and for both

FIG. 10—Fracture mechanics test results normalized by �T−RTNDT�j��.

FIG. 11—Fracture mechanics test results normalized by �T−RTT0
�.
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reference temperatures RTNDT�j� and RTT0
with the exception of one and two

data points, respectively, lying on or slightly below the lower bound curve.
These exceptions originate from testing the unirradiated P147 BM with a very
low T0=−112°C at very low temperatures at �130 and −115°C. Besides pos-
sible inhomogeneous material areas the scattering of testing small SE�B� speci-
mens and the missing of any significant plasticization at such low test tempera-
tures might be an explanation for these few exceptions.

For the irradiated condition the data confirm the conservative layout of the
ASME KIc lower bound curve and thus indicate that the toughness properties of
the tested specimen materials are representative for RPV steels. Moreover, the
validity of the RTT0

concept for German RPV steels as reported in Ref. 11 can
be confirmed with the obtained test results.

With regard to the comparison between both concepts RTNDT and RTT0
�Master Curve�, the existence of any correlations between �T0 versus �T41 and
RTNDT�j� versus RTT0

is also of importance.
In Fig. 12 the measured �T0 data are plotted against the measured �T41

data. The correlation between �T0 and �T41 is relatively good and apparently
linear for both base and weld materials.

In Fig. 13 the measured RTNDT�j� values �fluence adjusted� versus the mea-
sured RTT0

values �valid T0 data for irradiated condition� are shown. The mea-
sured data indicate a general trend of RTNDT�j��RTT0

for BMs. For the WMs
RTNDT�j� is in some cases lower than RTT0

.
A possible explanation might for this different behavior be the condition of

the acceptance drop-weight tests for the WMs and the manufacturing process
itself at that time. This may result in T-NDT data for WMs from the acceptance
tests being not always such conservative as for the BMs. Thus, the trend for the

FIG. 12—Measured �T0 versus �T41 adjusted to fluence.

HEIN ET AL., doi:10.1520/JAI101962 57

 



BMs with RTNDT�j�, which is significantly higher than RTT0
, is apparently origi-

nated from the very conservative determination of RTNDT in the unirradiated
condition where the T-NDT is the leading temperature, whereas for the WMs
the TAV�68 J� from Charpy-V testing is the leading temperature. Moreover, the
acceptance drop-weight tests were performed for very tough unirradiated ma-
terials. In this context base and WMs seem to deliver different results in that
test. For WMs it seems to be a crack initiation test. Therefore, the correlation
with RTT0

is very well. But for base metals the test seems to be more like a
crack arrest test, which leads to higher RTNDT�j� values compared to RTT0

.
In the German Safety Standard KTA 3203 �12�, a so-called RTlimit curve was

introduced, which defines an upper bound for the reference temperature as a
function of the neutron fluence �E�1 MeV�. The RTlimit curve is based on
measured German RPV surveillance data and is valid for all German pressure
vessel materials of PWRs and BWRs, forgings and plates, 22 NiMoCr 3-7 and 20
MnMoNi 5-5 BMs, and weld materials with Cu�0.15 % and Ni�1.1 %. This
RTlimit curve was also confirmed by U.S. and French irradiation surveillance
results of appropriate materials under comparable irradiation conditions �13�.

Both measured RTNDT�j� and RTT0
values indicate a comparatively low ir-

radiation embrittlement and are enveloped with a comfortable safety margin
by the upper bound curve RTlimit of KTA 3203 for all specimen materials where
the Cu and Ni contents are in the valid range �maximum of 0.15 % Cu and 1.1
% Ni� according to the standard as shown in Fig. 14. Even the reference tem-
peratures of the specimen materials with higher contents of Cu and Ni �P370
WM and P16 WM, respectively� are still below the RTlimit curve for fluences of
around 1�1019 n/cm2 �E�1 MeV�, and the safe operation of the RPVs con-
cerned was ensured in the past according to the safety standards.

FIG. 13—Measured RTT0
versus RTNDT�j� adjusted to fluence.
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Crack Arrest Tests

The crack arrest tests have been performed according to ASTM E1221 �9� using
CCA specimens. The irradiated specimens were manufactured from irradiated
WOL-100X specimens using the compound technique. In the CCA specimens a
brittle weld seam was produced in the starter notch by electron beam welding
without any filler metal. Knife edges, starter hole, starter notch, and side
grooves were produced by wire-electro discharge machining.

In Fig. 15 the KIa values measured for the BMs are plotted against T
−RTNDT�j� at which the RTNDT�j� was interpolated to the neutron fluence of the
fracture mechanic specimens. The results confirm the lower bound KIa curve
according to ASME �10� and the real existence of the crack arrest phenomenon
for irradiated RPV steels.

For the WMs that exhibit mainly a higher irradiation embrittlement, the
manufacturing of CCA specimens from irradiated material is pretty difficult.
The reason is related to annealing effects caused by the manufacturing process.
The welding procedure needed to create a brittle zone at the tip of the starter
notch in the CCA specimen leads to annealing effects in the irradiated material.
These annealing effects cause a recovery process at the crack tip and lead to a
crack arrest in the HAZ without further instable crack growth. Moreover, WMs
have a lower carbon content, which makes it more difficult to achieve the re-
quired hardening in the tip of the starter notch.

Figure 16 shows the broken crack surfaces of two irradiated CCA specimen
materials, the P7 BM and the P16 WM.

For the irradiated P7 BM the first crack arrest occurs in the HAZ �pop in�
without any influence on the determined crack arrest value because the crack
did arrest finally in the middle of the specimen. A completely different behavior

FIG. 14—Measured RTT0
and RTNDT�j� data with Cu�0.15 % and Ni�1.1 % versus

RTlimit.
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was observed for the irradiated P16 WM where the crack did arrest in the HAZ
�pop in�, but then no further unstable crack initiation occurred.

As a remedy action for this problem so-called Duplex specimens with a
pre-hardened specimen part are to be used instead of CCA specimens. The
qualification tests for the Duplex specimens are still ongoing.

FIG. 15—Crack arrest test results normalized by �T−RTNDT�j�� for BMs.

FIG. 16—Broken surfaces of CCA specimens P7 BM and P16 WM.
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In order to adjust the KIa lower bound curve for the specimen materials
tested two types of reference temperatures have been applied, a reference tem-
perature TKIa

defined by the Master Curve concept at KIa=100 MPa�m from
CCA tests and a reference temperature TFa4 kN defined at a crack arrest load of
Fa=4 kN received from the load-displacement curves of instrumented
Charpy-V tests.

Taking into account the different neutron fluences accumulated by the CCA
and the Charpy-V specimens, the data obtained indicate a linear correlation in
the form TKIa

=TFa4 kN+�T as described by other studies reported in Ref. 14,
where �T was given as 12 K. This is an encouraging result, although the few
data obtained allow only a general trend.

It is pointed out that the use of TKIa
instead of RTNDT�j� for normalizing the

KIa data in Fig. 15 would result in an even increased safety margin to the ASME
KIa lower bound curve since the TKIa

values in Table 9 are essentially higher
than the RTNDT�j� values in Table 7 for the specimen materials concerned.

Summary and Conclusions

The CARISMA program has produced a new database to characterize the frac-
ture toughness of pre-irradiated original RPV materials being representative for
all four German PWR construction lines. For this purpose tensile, Charpy-V
impact, fracture toughness, and crack arrest tests have been performed for
neutron fluences beyond the end of life range. RPV steels with optimized
chemical composition and with high copper or high nickel contents were ex-
amined in this study. Both the RTNDT and the Master Curve concepts were
applied to the assessment of the generated data in order to compare both ap-
proaches. The most essential results of the project are the following.

�1� The ASME KIc lower bound curve was confirmed by the measured frac-
ture toughness data for the irradiated condition with only a very few
exceptions for the unirradiated condition.

�2� The measured data indicate a good correlation between �T0 and �T41.
�3� A general trend of RTNDT�j��RTT0

was found for the tested BMs but not
for the tested WMs. This behavior is apparently originated from the too
conservative determination of RTNDT for the BM in the unirradiated
condition.

�4� The measured RTNDT�j� and RTT0
values are both enveloped with a com-

fortable safety margin by the upper bound curve RTlimit of the German
safety standard KTA 3203 for all specimen materials where the Cu and

TABLE 9—Reference temperature TKIa
and TFa4 kN for BMs.

Project Type
TKIa
�°C�

TFa4 kN

�°C�
P141 BM 14 �6.87�1018 cm−2� 14 �1.05�1019 cm−2�
P7 BM 62 �3.89�1019 cm−2� 51 �4.11�1019 cm−2�
P147 BM 18 �1.17�1019 cm−2� 17 �1.03�1019 cm−2�
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Ni contents are in the valid range �max. 0.15 % Cu and 1.1 % Ni�
underpinning that both concepts are applicable.

�5� The already known effects of high contents of Cu and Ni on irradiation
embrittlement could be confirmed.

�6� Some indications were found for the influence of specimen type and
size and manufacture on the reference temperature.

�7� The measured crack arrest toughness data for irradiated BMs are en-
veloped by the ASME KIa lower bound curve.

�8� A still limited suitability of irradiated CCA specimens manufactured
from irradiated specimens was found for WMs. Therefore, so-called
Duplex specimens with a pre-hardened specimen part are intended to
be used instead of the CCA specimens. The qualification tests for the
Duplex specimens are still ongoing.

�9� As a trend a reasonable correlation was found between TFa4 kN
�Charpy-V� and TKIa

�Master Curve� for the BMs.
The available results made a good point that crack arrest is a reliable phe-

nomenon that exists with no doubt for irradiated RPV steels; however some
issues such as the manufacturing of suitable crack arrest specimens are still
remaining.

Furthermore, the results show that optimized manufacture specifications
are of big benefit even after long operation times compared to less designed
material with lower fracture toughness.

In the future the generated database will be extended by additional speci-
men materials irradiated to higher neutron fluences. Therefore, a follow up
project was already launched with a specific focus on long term effects. In this
context the so far available results from microstructural examinations for some
of the CARISMA materials �15� are intended to complement by additional stud-
ies using small angle neutron scattering, atom probe tomography, and other
techniques.
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ABSTRACT: A new embrittlement correlation method developed for the
Japanese reactor pressure vessel �RPV� steels is presented. The Central
Research Institute of Electric Power Industry and the Japanese electric utili-
ties conducted a project to develop a new embrittlement correlation method
for the Japanese RPV steels based on the understandings on the mecha-
nisms of the RPV embrittlement. In addition to the information from the lit-
eratures, we generated new information by characterizing the microstructural
changes in the surveillance materials of the Japanese commercial reactors.
We found that in low Cu materials, solute atom clusters containing little or no
Cu atoms are formed at relatively low fluence of 3�1019 n/cm2, E�1 MeV.
The volume fraction of the solute atom clusters has a good correlation with
the Charpy transition temperature shift regardless of the Cu content. We also
found that the microstructure of the boiling water reactor surveillance mate-
rial is different from that of the archive material irradiated in material testing
reactor. The understandings on the RPV embrittlement mechanisms were
formulated using a set of rate equations, and the coefficients of the equa-
tions were optimized using the ∆RTNDT values of the Japanese surveillance
database. This method considers the effect of neutron flux. Only one set of
coefficients was developed, and they are independent of the product form.
Predictions of the new embrittlement correlation method were compared with

Manuscript received September 19, 2008; accepted for publication January 2, 2010; pub-
lished online February 2010.
1 Central Research Institute of Electric Power Industry, 2-11-1 Iwado-kita, Komae, Tokyo
201-8511, Japan �Corresponding author�, e-mail: soneda@criepi.denken.or.jp
2 Central Research Institute of Electric Power Industry, 2-11-1 Iwado-kita, Komae, Tokyo
201-8511, Japan.
3 Professor Emeritus, Univ. of Tokyo, 13-4 Iwado-minami 3-chome, Komae-shi, Tokyo
201-0005, Japan.

Cite as: Soneda, N., Dohi, K., Nomoto, A., Nishida, K. and Ishino, S., ‘‘Embrittlement
Correlation Method for the Japanese Reactor Pressure Vessel Materials,’’ J. ASTM Intl.,
Vol. 7, No. 3. doi:10.1520/JAI102127.

Reprinted from JAI, Vol. 7, No. 3
doi:10.1520/JAI102127

Available online at www.astm.org/JAI

Copyright © 2010 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West
Conshohocken, PA 19428-2959.

64

 



those of the recent U.S. correlation method as well as the U.S. surveillance
data. The comparison shows the characteristics of the present method.

KEYWORDS: reactor pressure vessel, neutron irradiation embrittle-
ment, microstructural characterization, embrittlement correlation,
surveillance data

Introduction

The accurate understanding and prediction of the neutron irradiation em-
brittlement of reactor pressure vessel �RPV� materials are very important to
ensure the structural integrity of nuclear power plants. The embrittlement of
Japanese RPV materials of commercial reactors is monitored following the
embrittlement surveillance program specified in the Japan Electric Association
Code, JEAC4201-2004 �1�, and the amount of embrittlement during the plant
life is predicted using the embrittlement correlation equation that is also speci-
fied in JEAC4201-2004. The embrittlement correlation equation of JEAC4201-
2004 was developed and issued in 1991 based on the understanding of em-
brittlement in the 1980s using surveillance data available at that time together
with surveillance data from the United States and test reactor irradiation data.
Since then, a large amount of surveillance data has been compiled, enabling us
to develop a new embrittlement correlation method primarily based on domes-
tic surveillance data.

On the other hand, activities to develop a new embrittlement correlation
method have been conducted worldwide. The U.S. Nuclear Regulatory Commi-
sion �NRC� developed a new embrittlement equation in 1996 �2�, and ASTM
issued a modified version of the embrittlement equation in ASTM E900-02 in
2002 �3�. More recently, another embrittlement correlation equation was devel-
oped by Oak Ridge National Laboratory �ORNL� under the sponsorship of U.S.
NRC �4�. A very important characteristic of these approaches is that they have
been developed on the basis of the understanding of embrittlement mecha-
nisms, and thus the equations are called “mechanism-guided” embrittlement
correlations.

Under these circumstances, the Central Research Institute of Electric
Power Industry �CRIEPI� and the Japanese electric power companies have de-
cided to develop a new embrittlement correlation method for RPV materials in
Japan. The first version of the embrittlement correlation method was developed
in 2004. The method adopted a new approach to predict the microstructural
changes in materials during irradiation using a set of rate equations, and the
predicted microstructural changes were correlated with the embrittlement, i.e.,
transition temperature shifts. Since this first development, a new project to
perform detailed microstructural analyses of various Japanese surveillance ma-
terials has been conducted to verify and improve the correlation method. Some
new findings have been obtained through this project, especially on the em-
brittlement mechanism of low-copper materials and the effect of flux on the
microstructural evolution and embrittlement.

In this paper, the development of a new revised embrittlement correlation
method for Japanese RPV materials is described. The microstructural charac-
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teristics of some of the Japanese RPV materials are summarized focusing on
the effect of the solute atoms and the flux effect. The correlation between the
microstructures and the mechanical properties of the materials is also pre-
sented. We then describe a new embrittlement correlation method that consists
of a set of rate equations to model the microstructural changes and the result-
ing changes in mechanical properties. The application of the new method to
Japanese surveillance data is demonstrated, followed by the comparison with
the U.S. surveillance data.

Microstructural Changes in RPV Materials during Irradiation

General Consensus on Embrittlement Mechanisms

Extensive efforts through experiments and theoretical simulations have led to a
general consensus on the embrittlement mechanisms �5�. The three-
dimensional atom probe �3DAP� technique, positron annihilation �PA� measure-
ment, small angle neutron scattering, and field-emission gun–scanning trans-
mission electron microscopy �TEM� combined with mechanical tests have been
used as powerful techniques in experiments in the 1990s and 2000s, while mo-
lecular dynamics and kinetic Monte Carlo simulation techniques have played
an important role in simulations. Embrittlement is primarily caused by the
formation of copper-enriched clusters �CEC�/copper-rich precipitates �CRP� and
by �stable� matrix damage �S�MD. CECs, or CRPs, are solute atom clusters in
which the content of impurity copper atoms is greatly enriched. For example,
the bulk copper content in high copper material is 0.2 wt %, while the copper
content in a cluster can be more than 10 wt %. The clusters also contain other
solute atoms such as nickel, manganese, silicon, and sometimes phosphorus
�6–8�. Bulk copper content is the most important parameter in describing the
contribution of CEC to embrittlement, but the synergetic effect of nickel with
copper is also well known �9�. The mean diameter of such clusters is typically
2–3 nm, and such nanoscale clusters act as obstacles to dislocation motion
leading to the hardening of the material and thus embrittlement. MD is another
type of hardening center that causes hardening and embrittlement. Point defect
clusters such as dislocation loops and vacancy clusters and point defect–solute
atom complexes are the candidates for the nature of MD. MD is the main
contributor to embrittlement in low-copper materials, while both MD and
CECs contribute to the embrittlement of copper-containing materials. The
simple sum of the contributions of CEC and MD is the total amount of em-
brittlement �2,3�.

An important concern is the effect of neutron flux. The contribution of CEC
to embrittlement reaches a plateau, showing saturation of the contribution, but
the time �or neutron fluence� required to reach the plateau is affected by the
neutron flux �dose rate�. In the flux levels of commercial reactors and their
surveillance program conditions, lower flux irradiation of copper-containing
materials, with Cu content�0.1 wt %, results in larger embrittlement �10�,
while no flux effect has been identified in low-copper materials.

The other important concern is the so-called “late-blooming phase,” which
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consists of nickel and manganese �and silicon�, without copper �11,12�. This
phase is expected to occur primarily in high-nickel RPV materials irradiated to
high fluences.

Most of the above observations are for materials irradiated in test reactors,
and limited information is available for surveillance materials irradiated in
commercial reactors. Furthermore, the copper content of Japanese RPV steels
is in general very low, and the microstructural information on such relatively
low-copper material is also limited. Thus, we decided to investigate some of the
Japanese RPV surveillance materials to see if the above general consensus is
still valid for RPV materials irradiated in commercial reactors.

Summary of the Microstructural Analyses of Surveillance Materials

Materials from Pressurized Water Reactors

Summary of the Microstructures Microstructural analyses of several surveil-
lance materials irradiated in the Japanese commercial pressurized water reac-
tor �PWR� plants were performed. Materials having from medium Cu content
to very low Cu content were investigated using such techniques as 3DAP analy-
sis, PA spectroscopy of both lifetime and coincidence Doppler broadening mea-
surements, TEM, and Vickers hardness tests. Of course, Charpy impact test
results have already been obtained for these materials in the surveillance pro-
grams. The details of the microstructural analyses as well as the experimental
details can be found elsewhere �13�, and here we just describe the summary of
the experimental results.

Table 1 shows the summary of the results obtained from the four surveil-
lance materials. The highest copper content among the materials investigated is
0.12 wt %, which is relatively high for Japanese RPV materials. The lowest
copper content is 0.03 wt %. The neutron fluence of the materials ranges from
3�1019 to 6�1019 n/cm2, E�1 MeV. Characteristics of the solute atom clus-
ters such as number density, size, and volume fraction are obtained by 3DAP
measurement. The cluster size is the Guinier diameter, which is defined as the
radius of gyration multiplied by 2� �5/2�1/2, and the cluster volume fraction
was calculated as the cluster number density multiplied by the average cluster
volume divided by the total volume analyzed.

In material A, clusters contain nickel, manganese, and silicon atoms in ad-
dition to copper atoms. The average copper content in the clusters is relatively
high compared with the other materials from B to D. The cluster number den-
sity is also the largest, although the neutron fluence is not necessarily the larg-
est. These characteristics of the clusters in the material A are very consistent
with the general consensus on CECs. Material B is a low-copper content mate-
rial with 0.07 wt % copper irradiated to high fluence. In recent U.S. studies on
embrittlement correlation �2,3�, it is obtained from the analysis of surveillance
data that there is no contribution of CEC �CRP� to the embrittlement in mate-
rials with copper content of less than 0.072 wt %. Our observation shows that
even in such low-copper materials as material B, the well-developed solute
atom clusters are formed with relatively high number density. As shown in
Table 1, the average cluster diameter of the material B is as large as 3.5 nm,
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resulting in the mean volume of the clusters in material B being 30 % larger
than that of material A. In spite of the low bulk copper content, most of the
solute atom clusters in the material B include copper atoms. The average cop-
per content of 1.8 at. % is much lower than that of the material A as expected.
It is interesting to see that the chemical composition of the solute atom clusters
in the material B is similar to that of the material A except for the copper
content. It should be noted that some of the clusters were found to include no
copper atoms, particularly when the clusters are relatively small in the material
B.

Solute atom cluster formation was also observed even in the material C,
which has a very low-copper content of 0.03 wt %. Although the number den-
sity is less than half of the material B, the important point regarding the ma-
terial C is that solute atom clusters containing no copper atoms are clearly and
uniformly formed. The average cluster diameter is 3.1 nm, which is almost the
same size as those of other materials. The clusters basically consist of nickel,
silicon, and manganese atoms. It is interesting to see that the silicon content is
large. Material D has a similar copper content to the material C but irradiated
to a lower fluence than that of the material C. In this material, solute atom
clusters with no copper atom were again observed. The cluster number density
is less than half of that of the material C, and this may due to the fact that the
fluence of material C is almost half of the material D. In spite of the very low
number density, the cluster size of 3.1 nm is comparable with those of the other
materials. The cluster composition of the material D is very similar to that of
the material C. The formation of the solute atom clusters with less or no copper
atom has already been reported elsewhere �14–16� for low-copper materials
irradiated at high flux. However, the results of materials C and D show that
such solute atom cluster formation occurs even in low-copper materials irradi-
ated at low flux of the commercial reactors.

TEM observations were performed on materials A and C, and the formation
of dislocation loops was observed. Most of the dislocation loops have a Burgers
vector of a0�100� in both materials. The mean diameters of the loops of mate-
rials A and C are 2.6 and 2.3 nm, respectively, and the loop number densities
are 1.8�1022 and 1.9�1022 m−3, respectively. The number density of disloca-
tion loops in material A is almost one-tenth of that of solute atom clusters,
suggesting that the contribution of dislocation loops to embrittlement is very
small in this material. On the other hand, in material C, the number density of
dislocation loops is one-third of that of solute atom clusters. Thus, in this ma-
terial, the dislocation loops should have some contribution to the embrittle-
ment.

Correlation with the Mechanical Property Changes The above observations are
not necessarily consistent with the general consensus on the embrittlement
mechanism summarized in the General Consensus on Embrittlement Mecha-
nismssection of this chapter. In the conventional understanding, solute atom
clusters are CECs that are basically formed by the clustering of copper impurity
atoms beyond the solubility limit. This mechanism is consistent with the mi-
crostructure of material A, which has a relatively high copper content of 0.12
wt %. On the other hand, in the other materials having lower copper contents,
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it is clear that a mechanism other than the clustering of supersaturated copper
atoms causes the formation of solute atom clusters because the clusters contain
very little copper atoms. However it is interesting to see that the copper content
of the solute atom clusters in these low-copper materials still depends on the
bulk copper content, and the cluster number density of material B is larger
than that of material C, which has a lower copper content than material B but
a similar nickel content and neutron fluence to material B. This suggests that
the copper atoms do not form CECs in low-copper materials, but they are still
effective in the nucleation of solute atom clusters.

Since such elements as nickel, silicon, and manganese are alloying elements
in RPV steels, it is highly probable that the formation of solute atom clusters
with these elements without copper may not be explained only by a thermody-
namics point of view. In the atom probe analyses of these materials, it is fre-
quently observed that these elements are enriched at dislocations and grain
boundaries, both of which are sinks of point defects. Therefore, one possible
mechanism of such solute atom cluster formation is the heterogeneous nucle-
ation by the segregation of such elements to point defects and the induction of
their clusters by irradiation.

These considerations suggest a slightly different mechanism of embrittle-
ment for the formation of solute atom clusters and MD. The formation of solute
atom clusters is accelerated in the copper-containing materials due to the en-
hanced clustering of supersaturated copper atoms under irradiation �i.e.,
irradiation-enhanced clustering�, but it is also caused by heterogeneous nucle-
ation by the segregation of solute atoms to irradiation-induced point defects
�i.e., irradiation-induced clustering�. A small amount of Cu atoms help the
irradiation-induced clustering process. The MD consists of interstitial disloca-
tion loops, but the number density of the dislocation loops may not be very
large to be a major contributor to the embrittlement in medium copper
materials.

The correlation between the microstructural changes and the transition tem-
perature shifts is the key to the development of the embrittlement correlation
method. In Fig. 1, we plot the transition temperature shift at 41 J against the
square root of the volume fraction of the solute atom clusters measured in the
surveillance materials. The data of all the surveillance materials investigated in
this project, including that for the boiling water reactor �BWR� material dis-
cussed in the next section, are shown. One can see that there is a linear corre-
lation between the two parameters. This observation is very interesting from
the following two points of view. First, the cluster volume fraction describes the
embrittlement as a first-order approximation, and the contribution of the MD
looks small even in the materials having small cluster volume fraction. Second,
the correlation does not depend on the chemical composition of the clusters. In
other words, the volume of a cluster determines the obstacle strength. Of
course there is some scatter in the plot of Fig. 1, and the above discussions may
need to be revised, but it works very well considering its simplicity.

Materials from Boiling Water Reactors—The second group of materials in-
vestigated includes high copper surveillance materials of Japanese BWR RPVs.
The details are again reported elsewhere �13�, and here we just summarize the
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results. It is known that a flux �dose rate� effect exists in copper-containing RPV
materials. During the EPRI-CRIEPI workshop on the dose rate effect, a con-
sensus was reached among the participants that embrittlement is accelerated
and appears at lower fluences in copper-containing materials irradiated at low
fluxes �10�. This has also been seen in Japanese surveillance materials. RPV
materials with a high copper content irradiated in a surveillance capsule lo-
cated on the inner wall of a pressure vessel �hereafter, wall capsule� where the
neutron flux, �, is as low as �109 n/cm2 ·s, E�1 MeV, show greater em-
brittlement than the same materials irradiated in an accelerated irradiation
capsule �accelerated capsule� located at a higher-flux position with �
�1010 n/cm2 ·s �17�. In order to further clarify the flux effect, a new irradia-
tion program was designed, in which the archive material of the commercial
RPV was irradiated at a much higher flux in a material testing reactor �MTR�
than that of the wall capsule to compare the mechanical property changes as
well as the microstructural changes due to different irradiation conditions.

The archive RPV material was irradiated in a MTR at an irradiation tem-
perature of 276°C and was compared with the material irradiated in the wall
capsule in a Japanese commercial BWR. The material is SA302B modified plate
with copper and nickel contents of 0.24 and 0.6 wt %, respectively. The irradia-
tion was performed in the LVR-15 reactor of the Nuclear Research Institute,
Rez, in the Czech Republic. The irradiation temperature was controlled at
276±10°C, and the neutron flux was 7�1011 n/cm2 ·s, E�1 MeV. A com-
parison of the transition temperature shifts caused by irradiation under differ-
ent conditions is shown in Fig. 2. The transition temperature shift of the ma-
terial irradiated in the test reactor is similar in magnitude to that irradiated in
the accelerated capsule with a flux of �1011 n/cm2 ·s, and both of these are

FIG. 1—Correlation between the Charpy transition temperature shift, �RTNDT, and
cluster volume fraction, Vf.
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lower than those of the material irradiated in the wall capsule.
In order to understand the reason for the difference in the transition tem-

perature shift, we performed microstructural analyses of the materials irradi-
ated in the wall capsule to a fluence of 9�1017 n/cm2, E�1 MeV �SP1�, and
in the MTR to fluences of 1.3�1018 and 2.5�1018 n/cm2, E�1 MeV �SPT1
and SPT2�. The results are summarized in Table 2. In both materials, CECs are
formed in spite of the very low fluences. The mean cluster diameter of the SP1
material is 2.6 nm, which is about 30 % larger than that of the SPT1 material
�2.0 nm�. The cluster number density of 4.3�1023 m−3 in the SP1 material is
also larger than that of 2.9�1023 m−3 in the SPT1 material by about 30 % in
spite of the lower neutron fluence of the SP1 material. These differences result
in the cluster volume fraction of the SP1 material being three times larger than
that of SPT1 material. It is highly probable that this large difference in the
cluster volume fraction is the reason for the difference in the transition tem-
perature shift. It is interesting to note that in the SPT2 material, the cluster
number density is almost double that of the SPT1 material, showing a good
correspondence with the difference of the neutron fluence, while the cluster
mean diameters in SPT1 and SPT2 materials are almost the same. It is also
interesting to note that the cluster chemical compositions do not change
among SP1, SPT1, and SPT2 in spite of the large difference in the mean volume
�diameter� of the clusters.

Flux has been thought to affect embrittlement through changing the
amount of diffusion of impurity copper atoms �18,19�. Kinetic Monte Carlo
simulation �20� shows that in a high-flux region, which we will refer to here as
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region I, the intercascade pair recombination of point defects becomes domi-
nant, resulting in the reduction of the number of vacancy jumps, which can be
a measure of the diffusivity of copper atoms, and a suppression of the copper
clustering. If the flux is sufficiently low, region II, point defects may diffuse to
sinks such as dislocations or grain boundaries before they find other point
defects produced in other cascades. In other words, displacement cascades are
isolated from each other below a certain flux level, and thus no flux effect will
exist. In such a situation, a change in flux simply results in a change in the
average vacancy concentration in the matrix. If we further decrease the flux,
region III, the average vacancy concentration becomes comparable to the ther-
mal equilibrium vacancy concentration at the temperature, and another type of
flux effect, i.e., the contribution of thermal vacancies, will become effective.

In this context, the flux levels of the accelerated capsule and the MTR cap-
sule are in region II, where the flux effect is weak, and the flux level of the wall
capsule is in region III, where a relatively strong effect of thermal vacancies is
expected. The above experimental results may be interpreted to mean that ther-
mal vacancies may not have a strong effect on the nucleation of copper clusters
in region III, but they have a strong effect on the cluster growth. As we saw in
Fig. 1, the volume fraction of the clusters plays a very important role in deter-
mining the transition temperature shift, and the effect of very low-flux irradia-
tion on accelerating the embrittlement in copper-containing materials works
primarily through the increase in the number density of the clusters as well as
an increase in their volume.

Development of an Embrittlement Correlation Method

Modeling of Microstructural Changes during Irradiation

The general consensus on the embrittlement mechanism may be modified con-
sidering the observations and discussion in the previous chapter as follows. In
the RPV materials irradiated by fast neutrons, solute atom clusters are formed
regardless of the amount of copper impurity, and this is the primary mecha-
nism of embrittlement in Japanese RPV materials. In copper-containing RPV
materials, copper atoms are highly enriched in the clusters with the agglom-
eration of other elements such as nickel, silicon, and manganese. The number
of copper atoms in the clusters decreases with decreasing bulk copper content,
but even in relatively low-copper materials of less than 0.072 wt %, clusters
contain some copper atoms according to the bulk copper content, and this
affects the number density of the clusters. In the materials with very low-
copper content, no copper atoms can be found in the solute atom clusters
formed in the matrix, and they consist of nickel, silicon, and manganese. Under
a low-flux condition such as BWR irradiation, a change in flux alters the rela-
tive contributions of irradiation-produced and thermally induced vacancies to
the diffusion of impurity copper atoms in copper-containing materials. The
volume fraction of solute atom clusters becomes very large in a low-flux region
due to this mechanism, and this enhances embrittlement. As a very simple
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model, the amount of embrittlement has a very good linear correlation with the
square root of the volume fraction of the solute atom clusters.

Based on the above new interpretation of the embrittlement mechanism,
we modified our embrittlement correlation method that was developed in 2004
�21�. In this method, the microstructural changes due to irradiation are mod-
eled by a set of rate equations, and then the microstructural characteristics are
used to determine the total embrittlement.

The rate equations used to describe the microstructural changes are as
follows:

�CSC

�t
=

�CSC
ind

�t
+

�CSC
enh

�t
= �3 · ��CCu

mat + �1� · DCu + �2� · CMD + �8 · �CCu
avail · DCu · �1

+ �7 · CNi
0 ��2 �1�

�CMD

�t
= �4 · Ft

2 · ��5 + �6 · CNi
0 �2 · � −

�CSC
ind

�t
�2�

�CCu
mat

�t
= − vSC ·

�CSC

�t
− vSC� · CSC �3�

vSC = �2 · �CCu
avail · DCu�2 · tr �4�

vSC� = �1 · CCu
avail · DCu �5�

CCu
avail = �0 CCu

mat � CCu
sol

CCu
mat − CCu

sol CCu
mat � CCu

sol	 �6�

DCu = DCu
thermal + DCu

irrad = DCu
thermal + � · �	 �7�

Equation 1 is to describe the time evolution of the number density of the solute
atom clusters, CSC. CSC further consists of CSC

ind and CSC
enh, which correspond

to the number densities of irradiation-induced and irradiation-enhanced solute
atom clusters, respectively. CCu

mat is the matrix copper content, which is the
number of copper atoms in solid solution, CCu

avail is an amount of copper in
supersolution, whose definition can be found in Eq 6, CNi

0 is the bulk nickel
content, and DCu is a parameter used to model the diffusivity of Cu atoms but
does not precisely correspond to the actual diffusion coefficient. The
irradiation-induced solute atom clusters are those formed regardless of impu-
rity copper atoms, but their number density increases with bulk copper con-
tent. Since the physical process of irradiation-induced clustering is segregation,
we assume that this can be written as a product of the diffusivity and the
nucleation sites, which are MD features, CMD, as modeled in Eq 2. It should be
noted that this term does not become zero even if the copper content is zero.
This is the modeling of the experimental observations of solute atom clusters
with little or no copper atoms in low-copper surveillance materials.
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The irradiation-enhanced solute atom clusters are CECs or CRPs formed by
a thermodynamic precipitation mechanism enhanced by irradiation vacancies.
Therefore, it is described as the square of the product of the concentration of
copper atoms in supersolution and the diffusivity. Since the synergetic effect
between copper and nickel is well known �9�, the effect of nickel is also taken
into consideration in irradiation-enhanced clustering term.

Equation 2 is used to describe the time evolution of the number density of
MD features, CMD. Ft is the Jones and Williams’ temperature term, which has
the form Ft=1.869–4.57�10−3T �°C� �22�, and � is the neutron flux. It is
known that the hardness of a Fe–Ni alloy irradiated by neutrons increases with
nickel content, and this is due to the increase in the number density of dislo-
cation loops �19�. Although the effect of nickel in not included in the U.S. model
�2,3�, a recent correlation method proposed in Europe �23� also considers the
effect of nickel on MD. The second term in Eq 2 describes the amount of MD
consumed as nuclei of irradiation-induced solute atom clusters. It should be
noted that nickel has an effect on the formation of irradiation-induced solute
atom clusters through its effect on the formation of MD features.

The matrix copper content decreases with the formation of copper-
containing solute atom clusters. This process is described in Eq 3. This de-
crease may be due to �1� the formation of new clusters and �2� the growth of
existing clusters, and the two terms in the right-hand side of Eq 3 correspond to
these processes. Equations 4 and 5 describe the amount of copper atoms re-
moved from the solid solution by these mechanisms. The formation of new
copper clusters is basically due to clustering by the irradiation-enhanced clus-
tering mechanism, and thus it is assumed that the amount of copper atoms
removed is proportional to the square of the product of diffusivity and copper
concentration, while the cluster growth due to segregation is proportional to
the product of diffusivity and copper concentration. For the growth of
irradiation-induced clustering, a time available for cluster formation is consid-
ered, and tr, which we call “relaxation time,” is multiplied. We assume that this
is approximately proportional to 1/�.

The parameter used to describe the diffusivity of copper atoms, DCu, is
determined by Eq 7. We assume that the average vacancy concentration is
determined by those of the irradiation-produced vacancies and thermal vacan-
cies. As we discussed, since the diffusivity decreases at very high fluxes due to
intercascade interaction, we assume that the contribution of the irradiation-
induced vacancies is an exponent function of flux with an exponent of less than
unity. On the other hand, the concentration of thermal vacancies is not affected
by flux and is set to be a constant value.

Modeling of Transition Temperature Shift

The correlation between the microstructures and the Charpy transition tem-
perature shifts at 41 J is modeled using the following equations:

�TSC = �16 · 
Vf = �16 · 
�15 · f�CCu
mat,CSC� · g�CNi

0 � + h��t� · 
CSC �8�
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f�CCu
mat,CSC� = �11 ·

CCu
0 − CCu

mat

CSC
+ �12 �9�

g�CNi
0 � = �1 + �13 · �CNi

0 ��14�2 �10�

h��t� = �9 · �1 + �10 · DSC� · �t, DSC � DCu �11�

�TMD = �17 · 
CMD �12�

�T = 
��TSC�2 + ��TMD�2 �13�

The contribution of the solute atom clusters to the embrittlement is calculated
as the square root of the cluster volume fraction, Vf, which is modeled as the
cluster number density CSC multiplied by the average volume of clusters. CSC
can be obtained as the time-integrated value of Eq 1. The average volume of
clusters is modeled using three functions f, g, and h, as shown in Eqs 9–11,
respectively. Function f is the average amount of copper in a cluster, which can
be calculated as the total amount of copper atoms in clusters divided by the
cluster number density. Function f is multiplied by function g to consider the
synergy effect between copper and nickel. Function h is used to describe cluster
growth during irradiation. This is based on the microstructural analysis results
of RPV materials irradiated in a material test reactor to high fluences of up to
�1020 n/cm2, showing that the average number of copper atoms in a cluster
does not change at fluences beyond 3�1019 n/cm2, E�1 MeV, while the av-
erage cluster volume keeps increasing due to the continuous agglomeration of
nickel, silicon, and manganese atoms at high fluences �16�. The increase in the
volume fraction of clusters results in greater embrittlement at high fluences in
the experiments. In order to take this effect into consideration, function h,
which increases with fluence, is added to model the volume fraction of clusters.
The effect of diffusivity is also considered in function h. It should be noted that
the above observations, particularly no change in the average number of copper
atoms in a cluster at high fluences, are from the results of material test reactor
irradiation, and thus there may be an effect of high flux. Further verification is
necessary by examining the high fluence surveillance materials that will come
out in the near future.

The contribution of MD to the embrittlement is considered to be propor-
tional to the square root of the number density of clusters. This is a conven-
tional way to model the contribution of MD.

Once the contributions to the embrittlement of solute atom clusters, �TSC,
and MD, �TMD, are obtained, the total amount of embrittlement is calculated
using Eq 13. In the other embrittlement correlation models, the total tempera-
ture shift is a simple sum of the CEC and MD contributions. In general, how-
ever, the square root of the sum of the squares of the contributors is a more
generic approximation. The linear-sum method can be a good approximation
when the obstacle strengths of the two kinds of particle are very different and
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the population of stronger particles is much less than that of the weaker par-
ticles. Equation 13 has the characteristic that the stronger contributor domi-
nates the total shift.

Determination of Coefficients

The coefficients of Eqs 1–13 are determined using the Japanese surveillance
data available as of the end of December 2006. In the surveillance database, the
Charpy transition temperature shifts of base metals and weld metals in the
heat-affected zone �HAZ� are included together with the data of standard refer-
ence materials irradiated in PWR plants. Note that HAZ data were not used to
determine the coefficients. In addition, some base metals and weld metals irra-
diated in the Halden Reactor as part of the Plant Life Management Project of
Japan Power Engineering and Inspection Corporation �24� in Japan are also
used to optimize the coefficients at high fluences and high fluxes.

Our policies in the optimization of the coefficients are threefold: �1� Mini-
mize the difference between the measured and predicted values, �2� reproduce
the embrittlement “trend” for materials having more than two surveillance data
points, and �3� check the consistency between the measured and predicted mi-
crostructural characteristics for those materials whose microstructures were
investigated in this study. The consideration of the second and third points is
very important for our approach because our model has many fitting param-
eters, which may be easily overfitted to the surveillance data without satisfying
constraint conditions �2� and �3�.

In the conventional correlation methods �1�, it has been standard practice
to determine different sets of parameters for different product forms such as
plate, forging, and weld metals. However, no clear difference has been recog-
nized in the microstructural changes due to irradiation among these product
forms, and there is no mechanistic basis that implies the necessity of using a
different set of coefficients depending on the product form. Therefore, in this
project, we tried to find only one set of coefficients that can be commonly used
for plate, forging, and weld metals. The final set of coefficients together with
the computer code used to integrate the rate equations can be found elsewhere
�13� as well as in the Appendix of this paper.

Plant Specific Offset Adjustment

In the application of the JEAC4201-2004 code, the so-called plant-specific ad-
justment may be used to adjust the embrittlement correlation predictions ac-
cording to the actual measured values. The adjustment is done by optimizing
the chemical factor of the prediction equation. This kind of adjustment is not
applicable to the new embrittlement correlation method described here, and
thus we have proposed another type of adjustment method called offset adjust-
ment �25�. As is well known, the data from the Charpy impact test, especially
the transition temperature at 41 J, have inherent scatter due to the scatter of
measurements in the transition temperature region. Our estimation of the stan-
dard deviation of the scatter is about 5°C for the modern SA533B Cl.1 plate
material. If we have this amount of scatter in the determination of the initial
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transition temperature, the scatter can be added to all the successive surveil-
lance data as an offset value. The idea of the offset adjustment method is to
calculate this offset value for each of the materials as the mean value of the
difference between the surveillance values and predicted values when more
than two values of surveillance data are available for the material.

Predictions of the New Embrittlement Correlation Method

A comparison of the predictions of the new embrittlement correlation method,
hereafter called CRIEPI model, with all the Japanese surveillance data for the
base metals and weld metals of both PWRs and BWRs is shown in Fig. 3. The
vertical axis shows the predicted values and the horizontal axis shows the mea-
sured values. The 1:1 line with ±20°C lines is shown in the figure. Open sym-
bols represent the predictions without offset adjustment, and solid symbols
represent those with offset adjustment. The standard error of the predictions of
the new embrittlement correlation is 9.4°C �less than 10°C�, which is superior
to the predictions with other correlation methods for this database. The aver-
age value of the prediction errors is 0.1°C, and a no bias of prediction toward
a conservative or non-conservative side is observed. Note that only one set of
coefficients is used in the CRIEPI model, while different sets of coefficients or
different forms of correlation equations are used in the other predictions. If we
apply the offset adjustment, the standard error of the predictions is further
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FIG. 3—Comparison of the predictions by new correlation method with the measure-
ments of the surveillance program.
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improved to 5.5°C with an average prediction error of 0.05°C. The high accu-
racy of the adjusted predictions suggests that the new embrittlement correla-
tion method captures the embrittlement trend of the materials, which have
more than two surveillance data points, and this is an important characteristic
for the predictive capability of the correlation method.

Predictions for a typical range of chemical compositions of RPV steels
under typical irradiation conditions of a PWR surveillance capsule are shown
in Fig. 4�a�–4�c�. An irradiation temperature of 288°C and neutron flux of 1
�1011 n/cm2 ·s, E�1 MeV, are assumed. Predictions by U.S. NRC-ORNL
model �4�, hereafter called Eason-Odette-Nanstad-Yamamoto �EONY� model,
are also plotted. The CRIEPI model gives slightly larger shifts than the EONY
model for plates, while it gives much larger shifts for forgings. For weld metals
with relatively high-nickel content, the predictions are similar for high copper
materials but are larger for low-copper materials. More details of these CRIEPI
model predictions will be studied in the next section. The effect of neutron flux
is shown in Fig. 5, where predictions at three different fluxes of 109, 1010, and
1011 n/cm2 ·s, E�1 MeV, are compared for a material with relatively high
copper content. An irradiation temperature of 276°C is assumed. In the blue
line showing the result for the lowest flux, the embrittlement at low fluences is
enhanced due to the accelerated clustering of impurity copper atoms, but this
slows down at higher fluences because of the shortage of available copper for
clustering. Predictions of the CRIEPI model and the EONY model are similar
for the flux levels of 1010 and 1011 n/cm2 ·s, E�1 MeV, but the trends are
different at very low flux of 109 n/cm2 ·s, E�1 MeV.

Comparison with the U.S. Surveillance Data

The coefficients of the CRIEPI model were optimized for the latest Japanese
surveillance database. Appling this method to such a database that was not
used for the parameter optimization is very useful to understand the character-
istics of the new correlation method. Therefore, in this section, we will com-
pare the predictions of the CRIEPI model with the U.S. surveillance database.
The sources of the U.S. surveillance database are the one used for the develop-
ment of the EONY model �4�, and the integrated surveillance program database
�26� developed in EPRI BWR vessel and Internals Project. Since the range of
the chemical composition of the U.S. database and the Japanese database is
very different, we used the U.S. data points that meet the following conditions:

Cu � 0.25 wt %

0.5 wt % � Ni � 1.1 wt %

P � 0.025 wt % �14�

In the recent U.S. embrittlement correlation equations �2–4�, different coeffi-
cients are given for plates, forgings, and weld metals. Therefore we will also
make comparisons here on a product form basis. The first comparison is given
in Fig. 6, where the prediction errors defined as the prediction values sub-
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FIG. 4—Predictions of the CRIEPI model compared with the predictions of EONY TTS
model under PWR conditions. �a� Predictions for non-CE plates with 0.60 wt % nickel,
1.3 wt % Mn, and 0.008 wt % P. �b� Predictions for forgings with 0.75 wt % nickel, 1.3
wt % Mn, and 0.008 wt % P. �c� Predictions for weld metals with 0.90 wt % nickel, 1.3
wt % Mn, and 0.008 wt % P.
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tracted by the measured values in the surveillance program are plotted as a
function of fluence. The minus value of prediction means under-prediction. The
data points that have Cu content greater than or equal to 0.19 wt % are plotted
as solid symbols, and the other data points are plotted as open symbols. Fur-
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thermore, since the recent U.S. equations �3,4� give different values to the co-
efficients for the CRP term of the combustion engineering �CE�-fabricated
plates and other plates. We also use different colors: Red for CE and blue for
non-CE fabricated plates.

The predictions by the CRIEPI model agree well with the measurements of
the non-CE plates in blue. This is a reasonable result because the Japanese RPV
plates are in general non-CE plates. On the other hand, however, the predic-
tions of the CE plates have a tendency of under-prediction, and this is more
enhanced for the high Cu CE plates. In the U.S. surveillance database, it is
recognized that the embrittlement of CE plates is in general larger than that of
non-CE plates, and this fabricator-effect is included in the recent correlation
equations �3,4� by making the coefficient of the CRP term for the CE plate
larger than that for the non-CE by about 30 %. In this sense, the under-
prediction tendency of the CRIEPI model for the CE plates is rational because
no CE effect is taken into consideration because of the nature of the Japanese
surveillance database. The CRIEPI model is consistent with the understandings
of the U.S. correlations. It should be noted that the reason why CE plates give
larger shifts has not been understood yet.

Figure 7 shows the prediction error for the weld metals as a function of
fluence. Materials with Cu content greater than 0.19 wt % are shown in solid
symbols, and the others are shown in open symbols. In addition, materials with
Ni content of less than 1.0 wt % are shown in circles, and the others are shown
in diamond symbols. A very large under-prediction tendency can be recognized
for the Linde 80 weld metals. Four data points from Linde 1092 weld metals are
also under-predicted by more than 25°C, but they are the data points for the
same material at different fluences. Other welds are well predicted in general.
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For more detailed analysis, the prediction errors of weld metals are plotted
against the upper shelf energy values in Fig. 8. It is clear that most of the
materials that are largely under-predicted are the materials having low upper
shelf energies, and the upper shelf energies of the Linde 80 weld metals are
particularly low as expected.

Figure 9 would be a good example to illustrate the effect of upper shelf
energy on RTNDT value. Four hyperbolic tangent curves simulating the tem-
perature effect on the Charpy absorption energy are plotted in Fig. 9. These
curves have common lower shelf energy �LSE� of 0 J and different upper shelf
energies of 50, 100, 200, and 300 J. The temperature, T0, at which the energy
reaches the half of the upper shelf energy is the same among the four curves to
be 0°C, indicating that the physical ductile-to-brittle transition temperatures
are the same. However, the RTNDT, defined as the temperature at which the
absorption energy becomes 41 J, is affected very much by the values of the
upper shelf energies. Figure 9 clearly demonstrates that the RTNDT values be-
come higher as the upper shelf energy becomes lower. This means that the shift
in RTNDT, �RTNDT, consists of a physical transition temperature shift, i.e., for
example shift in T0, and an apparent transition temperature shift caused by the
decrease in upper shelf energy. One can also see in Fig. 9 that this effect is
stronger for the materials with low upper shelf energies. The difference in
RTNDT values of the curves with upper shelf energies of 50 and 100 J is larger
than those of 100 and 200 J, and 200 and 300 J.

The apparent transition temperature shift, �Tapparent, can be estimated
using the upper shelf toughness energies, USEu and USEi, before and after
irradiations, respectively, as follows:
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�Tapparent = �tanh−1
 82

USEi
− 1� − tanh−1
 82

USEu
− 1�� � C �15�

where:
C=parameter determined by the fit of hyperbolic tangent curve of the fol-

lowing form to the experimental data:

Cv = LSE + �USE − LSE� � 
0.5 + 0.5 · tanh
T − T0

C
�� �16�

where:
LSE=lower shelf energy.
The number 82 in Eq 15 comes from the 41 J divided by 0.5. The mean

value for C is found to be 44.8°C for the RPV steels investigated. The predic-
tions of CRIEPI model for the Linde 80 materials adjusted using the apparent
transition temperatures calculated from the Eq 15 are plotted in Fig. 10 in solid
symbols together with the as-predicted values in open circles. The under-
prediction tendency of the as-predicted values for the Linde 80 weld metals is
improved.

The embrittlement model that we are applying in the CRIEPI model is
based on the hardening mechanism of the materials, and it has been pointed
out by McElroy et al. that such model has some difficulty to be applied to such
materials like Linde 80 welds, in which hardening and �RTNDT do not have
necessarily good linear correlation �27�. Some modification of the prediction
method would be necessary for the accurate predictions of the �RTNDT values
of the low upper shelf toughness materials, though this is not a major concern
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for the Japanese RPV steels at the present time. Making the coefficient of the
Cu-related term for weld metals larger, as has been done in the U.S. exercises,
will be a useful way.

Finally, the comparison of the CRIEPI model predictions with the mea-
sured values of forgings is shown in Fig. 11. Unlike the previous plots, the
vertical axis is the prediction, and the horizontal axis is the measured value.
As-predicted values are the data points shown in open circles, while the predic-
tions applied the offset adjustments are shown in solid circles. Offset adjust-
ment was applied only when the plant has more than two surveillance data
points for the same heat of material. As shown in Fig. 11, as-predicted values
tend to be larger than the measurement in the case of forgings, but adjusted
predictions agree well with the measurements, suggesting that the CRIEPI
model well reproduces the embrittlement trend of the surveillance data.

In order to look at this situation on a plant-by-plant basis, two typical cases
are shown in Figs. 12 and 13. Figure 12 shows the surveillance data of LT and
TL directions, defined in ASTM E399-09 �28�, of the material from CB1 plant
together with the CRIEPI model predictions with and without offset adjust-
ments as well as the ASTM E900-02 prediction. ASTM E900-02 has a good
prediction for the TL data, but the prediction for the LT data is not sufficient.
The negative shift of LT data of the first capsule cannot be explained. On the
other hand, predicted values of the CRIEPI model predictions are larger than
both of the LT and TL data. However, if we apply the offset adjustment to the
CRIEPI model predictions by shifting the curve in the vertical direction, the
curve just runs on the LT and TL data points. The CRIEPI model reproduces
the embrittlement trend of LT and TL data sets and also explains that the
negative shift data of the LT data at the first capsule are very meaningful in the
sense of the embrittlement trend. In the case of SQ1 in Fig. 13, the embrittle-
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ment of the forging material with 0.13 wt % Cu and 0.76 wt % Ni is well pre-
dicted by the CRIEPI model for both TL and LT directions, and ASTM E900-02
correlation gives smaller values. We found that offset values for the forging
materials tend to be negative, while offset values have in general normal distri-
bution with mean value of nearly zero for plates and weld metals. It may be
worth investigating the initial mechanical properties of forgings.

Conclusion

Microstructural analyses of Japanese surveillance materials were conducted
using state-of-the-art experimental techniques to enhance our understanding of
the embrittlement mechanisms. We found that �1� solute atom clusters with
little or no copper are formed in medium nickel materials at low to medium
fluences, �2� the effect of low-flux irradiation on copper-containing materials is
to enhance the growth of copper-enriched solute atom clusters as well as to
increase the number density, and �3� the square root of the volume fraction of
the solute atom clusters has good correlation with the transition temperature
shift.

A new embrittlement correlation method was developed on the basis of the
understanding of the embrittlement mechanisms. Microstructural changes dur-
ing irradiation are modeled using rate equations, and the predicted microstruc-
tural changes are correlated with the transition temperature shift using a
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simple equation. The coefficients of the equations are optimized using the most
recent Japanese surveillance data. A new concept of offset adjustment was pro-
posed to adjust the predictions to the surveillance data. This adjustment was
found to work very well for the Japanese surveillance data.

Some comparisons were made between the predictions of the new correla-
tion and the U.S. new correlation and surveillance database. It was found that,
in general, the present correlation works well for the U.S. surveillance data with
two exceptions of CE plates and Linde 80 welds. The prediction of U.S. forging
data was discussed in the light of offset adjustment concept, and the necessity
to investigate the start-of-life properties of forgings was suggested.

The new embrittlement correlation method was adopted in the new revi-
sion of the JEAC4201-2004 and now is referred to as JEAC4201-2007 �29�.
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TABLE 3—Coefficients for the embrittlement correlation method. Since different time inte-
gration methods result in different predicted values, these coefficients must be used together
with the source code in Fig. 14.

Coefficient Value
�1 7.8389�10−06

�2 2.6450�10−04

�3 3.4068�10−01

�4 7.1620�10−01

�5 7.6028�10+00

�6 7.6159�10−01

�7 3.3033�10+00

�8 2.7840�10+02

�9 2.9500�10−25

�10 2.4093�10−02

�11 6.6826�10−01

�12 6.0732�10−05

�13 7.3670�10−01

�14 2.4264�10+00

�15 7.3319�10−01

�16 2.3457�10+02

�17 1.7241�10+00
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Mrs. Bob Carter and Stan Rosinski of EPRI, and Mr. Bill Server of ATI Con-
sulting and Dr. Randy Lott of Westinghouse for their fruitful discussions and
suggestions through the development of the new correlation method.

Appendix: Calculation of Transition Temperature Shift

The final set of coefficients together with the computer code used to integrate
the rate equations can be found in Table 3 and Fig. 14.
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Magnox Steel Reactor Pressure Vessel
Monitoring Schemes—An Overview

ABSTRACT: The steel pressure vessel Magnox reactors were designed in
the 1950s and were made from C–Mn plate steel and forgings welded to-
gether using a mixture of submerged-arc and manual metal arc weld metals.
Each reactor contained surveillance capsules with specimens of plate steel,
forgings, and the different weld metals to monitor the effects of irradiation on
the Charpy impact and tensile properties. Canisters were withdrawn over the
operating life and measurements were taken. During the lifetime of the fleet,
there were developments in testing, observed changes in properties, and
understanding of the radiation damage process that challenged the safety
cases to support the operation of the stations. At the time the reactors were
designed, the concept of fracture toughness was only beginning to be inves-
tigated, yet during the lifetime of the stations, fracture toughness testing was
successfully adopted as standard practice as an input to fracture mechanics
based assessment of the steel vessels. Both hardening and non-hardening
embrittlements, the latter due to impurity phosphorus segregation in weld
metal, were successfully addressed. At a relatively late stage the contribution
of “thermal neutrons” to embrittlement was identified as being significant and
was successfully incorporated into the assessment process. This led to the
adoption of sophisticated statistical techniques to assess changes in proper-
ties of the most critical construction material—submerged-arc weld metal. A
large scale sampling and testing programme of submerged-arc weld metal
from a decommissioned reactor validated the assessment process. As a
result of successfully addressing these and other challenges when the last
two steel pressure vessel stations closed in December 2006, they had
achieved lifetimes of nearly 40 years.
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Introduction

In the period between 1962 and 1966, the Central Electricity Generation Board
�CEGB� commissioned six Magnox nuclear power stations in the United King-
dom each with two steel reactor pressure vessels �RPVs�. Commissioning and
cessation of generation dates for these power stations are presented in Table 1.

With the exception of Berkeley, all of the stations had spherical RPVs ap-
proximately 20 m in diameter �Fig. 1� and fabricated from 75 to 100 mm thick
plain carbon-manganese steel plates and forgings joined together by a mixture
of manual metal arc and semi-automatic submerged-arc weld metals. This
spherical shell contained carbon dioxide coolant gas and operated typically at
pressures of between 10 and 20 bars depending on the design with core gas
inlet and outlet temperatures of approximately 190 and 360°C, respectively.
The design of the two reactors at Berkeley was based on those of the earlier
stations at Calder Hall and Chapelcross and had cylindrical pressure vessels of
approximately 11 m in diameter and material of 50 mm thickness. The pressure
of carbon dioxide in the reactor circuit was only 7 bars, while the core inlet and
outlet temperatures �150 and 350°C� were similar to the later stations �see
Table 1�.

As with any structure of this type, it is the welds that are judged to be the
areas of the vessel most likely to contain any potential defects, albeit they are
designed to be tolerant of defects. At the time of their construction, there was
no specific nuclear code available, and the vessels were designed, constructed,
inspected, and tested to the conventional non-nuclear code BS1500 Class 1.
Thus, the original safety case assessments were based on the fact that they had
been built to an established code of practice with particular attention given to
quality control, fabrication, and inspection techniques.

All of these stations were designed in the 1950s when little was known
about the effects of neutron irradiation on ferritic steel beyond the fact that
steels would become hardened and embrittled when exposed to increasing
amounts of neutron irradiation �1,2�. In addition, this also predated the adop-
tion of fracture mechanics approaches to integrity assessment. In order to
avoid the possibility of brittle fracture of the pressure vessel, it was stipulated
�2� that the vessels should be never be pressurized at any temperature at which

TABLE 1—Ex-CEGB Magnox power stations with steel RPVs.

Station Year Commissioned Year Closed
Berkeley 1962 1989
Bradwell 1962 2002
Dungeness A 1965 2006
Hinkley point A 1965 1999
Trawsfynydd 1965 1991
Sizewell A 1966 2006
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a brittle crack could propagate. The critical temperature for the start-of-life
condition of the structural materials was determined by Robertson crack arrest
tests �3�, but it was recognized that it would be impossible to carry out tests of
this nature on irradiated material. For this reason steel pressure vessel moni-
toring schemes, consisting of steel canisters containing test specimens made
from the various RPV structural steels, were included in the reactors at all of
these Magnox stations. The positions of the canisters generally meant that they
had accrued similar neutron doses to the adjacent vessel, but there were a few
locations where the vessel had a higher dose than the appropriate surveillance
canister locations by a factor of about two. The intention was to periodically
remove these canisters over the life of each reactor and add the increase in the
Charpy ductile to brittle transition temperature ��T40 J� to the initial crack
arrest temperature to allow for the effects irradiation and ageing effects �2�. No
design life was ever specified for these stations, but predictions of the combined

FIG. 1—Schematic Magnox steel RPV.
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affects of ageing and neutron irradiation �2� indicate that 20 years was consid-
ered as achievable.

Safety arguments were revised in the early 1980s using fracture mechanics
methodology. Monitoring of properties continued, the arguments became more
sophisticated, and further modifications had to be made to vessel operating
procedures.

A deterministic assessment method was developed to replace the original
assessment based on the Robertson crack arrest temperature. Briefly, this was a
fracture mechanics approach based on the R6 �4� two criteria failure avoidance
procedure. The main inputs to the fracture mechanics assessment were depth,
shape, and position of a potential defect, materials properties, loading condi-
tions, and the geometry and dimensions of the plant component. The proce-
dure was used to determine the minimum failure pressure as a function of
vessel temperature, defined as the pressure limit line, for different locations on
the vessel. By comparing this failure line with the pressure and temperature
limits set by the operating rules for a reactor, it was possible to derive tempera-
ture margins and pressure reserve factors for the plant. Since the temperature
and neutron flux were not uniform over the pressure vessel, these assessments
had to be undertaken at bounding and key locations.

As noted above material property data was one of the key input parameters
into the deterministic fracture mechanics assessment of defects in the steel
RPVs. This included start-of-life properties including yield stress, ultimate ten-
sile stress, and fracture toughness. Before entering service, tensile properties
had been measured at ambient temperature, and Charpy impact energies had
been measured at only −10°C. Being able to predict changes in a material’s
tensile and fracture toughness properties after exposure to the service environ-
ment was an essential contribution to the overall structural integrity assess-
ment. The fact that temperature and neutron dose were not uniform over the
pressure vessels meant that generic methods had to be developed for predicting
changes in tensile and fracture toughness properties. Although this information
was required for all structural materials, the understanding of the variation in
the properties of submerged-arc weld metal would rapidly become of prime
importance in the assessment process. The data obtained from testing speci-
mens contained in the various RPV surveillance canisters was invaluable in the
development of means for predicting the properties of neutron irradiated RPV
structural materials.

During the lifetime of the stations, trends in the data from the surveillance
programmes and the advent of new assessment techniques based on fracture
mechanics concepts all presented significant challenges to the continued opera-
tion of the Magnox fleet. At the same time, improved understanding of the
effects of neutron irradiation on the properties of steels helped in the interpre-
tation of these trends in behavior. As a consequence, it was possible to success-
fully address these challenges to the extent that when the last steel pressure
vessel stations were closed in December 2006, lifetimes of up to 40 years had
been achieved �Table 1�.
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Design of the Monitoring Schemes

The Magnox RPVs �Fig. 1� were made of plain carbon-manganese plate steels
and forgings and welded by a mixture of manual metal arc and semi-automatic
submerged-arc weld metals. Typical compositions of these materials are sum-
marized in Table 2.

The steels in the Magnox RPVs experienced a wide range of dose and ther-
mal conditions, and the RPV surveillance schemes were designed to cover this
range of conditions �Table 3�. In the long term this was to prove an advantage
as it led to a good understanding of the effects of each variable on the response
of steels to neutron irradiation. However, the design also meant that there were
problems in assessing all of the required RPV locations and there were gaps in
the data where interpolation and others where some extrapolation of properties
were needed. Nevertheless, the understanding of the science behind the behav-
ior of the materials gave confidence in the predictions.

A typical original surveillance scheme canister is shown in Fig. 2. These
contained a mixture of Charpy and tensile specimens. At the time the schemes
were designed, testing of Charpy impact specimens was the only realistic
method for following the embrittlement of steel. The concept of fracture me-
chanics and fracture toughness testing was not developed until the mid to late
1960s.

Each surveillance canister contained nickel and cobalt activation flux
monitors. The measured fluxes were compared with the predictions from the
three-dimensional computer model MCBEND �5�, and there was generally very
good agreement between measured and predicted values. Hence, there was
validation of the model as applied to the RPVs.

In the late 1970s and early 1980s, the original schemes were augmented by
some additional surveillance canisters containing tensile specimens together
with Charpy geometry and some compact tension fracture toughness speci-
mens all made from station specific plate and submerged-arc weld materials.

TABLE 3—Range of RPV surveillance conditions.

Canister Location
Irradiation Temp.

�°C�
Dose Rate

�dpa ·s−1�1013�
Above core 330–360 3.2–4.9
Beside core 198–355 7.3–26
Below core 165–223 0.94–49

TABLE 2—Typical chemical compositions �wt %�.

Material C Mn Si S P Cu
Plate 0.09–0.17 1.04–1.32 0.10–0.60 0.02–0.04 0.01–0.04 0.03–0.15
Forgings 0.18 1.30 0.36 0.024 0.024 0.10
Manual metal
arc weld 0.086 0.91 0.42 0.022 0.025 0.08
Submerged-arc weld 0.088 1.49 0.52 0.037 0.031 0.23
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Scheme Challenges and Solutions

Challenges

It had initially been estimated �2� that the combined effect of neutron irradia-
tion and in-service ageing would give a total shift in the crack arrest tempera-
ture of 100°. As more data became available, this was reduced to 40° �6�. The
development of embrittlement following each periodic withdrawal of appropri-
ate surveillance scheme specimens was checked by reference to changes in the
Charpy impact energy ductile to brittle transition temperature ��T40 J�. By the
late 1970s/early 1980s, data from the surveillance schemes revealed the follow-
ing:

• Submerged-arc weld metal samples from the lead station, in terms of
dose, were showing values of �T40 J greater than 40°C, i.e., the shift
allowance �6� had been exceeded �7,8�;

• The rates of hardening and embrittlement for all materials as a function
of dose expressed in n ·cm−2 were greater for below reactor core speci-
mens than for those irradiated in side-core locations at the same irra-
diation temperature;

• Submerged-arc weld metal was showing much greater hardening and
embrittlement with radiation dose than plate, forged steel, and manual
metal arc weld metal irradiated under the same conditions; and

• Submerged-arc weld metal surveillance specimens exposed in the high
temperature surveillance locations ��360°C� in the reactors at one sta-
tion were also showing high rates of embrittlement accompanied by
small amounts of hardening.

At the same time that the above issues were becoming apparent, an addi-
tional complicating factor arose in that the change to integrity assessments
based on fracture mechanics was required. The CEGB had developed and
adopted the R6 procedure �4�, and fracture toughness was an essential input
into this. The adoption of fracture toughness for integrity assessment purposes
had led to the declaration by the CEGB and the regulator �the Nuclear Instal-
lations Inspectorate �NII�� that during operation, the RPVs would at all times be
operating on the fracture toughness upper shelf. This was in essence a restate-
ment of the early Operating Rule that the RPVs should never be pressurized at
temperature where potentially a brittle crack could propagate �2�. In the early
days of using R6, the CEGB had no direct measurements of the fracture tough-

FIG. 2—Typical Magnox RPV steels surveillance canister.
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ness for irradiated material, although fracture toughness values for unirradi-
ated materials were obtained from testing archive welds, plates, and forgings.
Values of upper shelf toughness for irradiated material were predicted using
correlations based on upper shelf Charpy energy and yield stress �7�. It became
clear that continued use of these correlations would soon cause the upper shelf
operating margins in key locations to be eroded with the associated threat of
plant closures �8�.

Solutions

Exceeding Shift Allowance—As noted above �2�, the original way of assess-
ing the integrity of key locations in the RPVs had been to add values of �T40 J
to the Robertson crack arrest temperatures for the appropriate steels and moni-
tor these changes against an estimated shift to end of life. Using this approach,
the finding from the surveillance programme had very serious consequences for
the continued operation of the plant. Fortunately, developments in the way the
resistance of material to brittle fracture were measured had moved on from the
Robertson crack arrest test with the development of the concept of fracture
toughness. The parallel development of the R6 procedure �4� for assessing in-
tegrity, in which fracture toughness was an essential input, helped to amelio-
rate the consequences of the unexpectedly high changes in the Charpy ductile
to brittle transition temperature being found in the surveillance scheme and
restored operating margins.

A critical part of this whole process was being able to predict the fracture
toughness of the RPV materials after irradiation. The CEGB developed its own
in-house methodology CUSURV �7�, but this required the ability to predict irra-
diation induced changes in the ductile to brittle transition toughness tempera-
ture ��T100 MPa�m�. Attempts to do this by direct measurement were unsuccess-
ful, and consequently this was done indirectly by assuming that the value of
�T100 MPa�m for a given set of irradiation conditions was the same as the change
in the Charpy ductile to brittle transition temperature �T40 J. However it was
necessary to be able to predict this for any combination of irradiation dose and
temperature and thereby each assessment location. This resulted in the devel-
opment of dose damage relationships �DDRs� or trend lines that related �T40 J
and changes in yield stress to accrued radiation dose and temperature for dif-
ferent materials. The data used to develop these DDRs came largely from the
RPV surveillance programme. At a stroke, the purpose of the surveillance
schemes changed from simply monitoring the condition of the vessels at cer-
tain locations to providing experimental data that could be used to predict the
state of any location in any plant. The development and maintenance of these
relationships became a vital part of the continued operation of the Magnox
steel pressure vessel fleet.

Differences in Hardening and Embrittlement in Sub- and Side-Core
Locations—The difference in behavior between specimens after irradiation in
sub- and side-core locations was a complicating problem, albeit one that did
not necessarily threaten the life of the reactor fleet. The main effect arising
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from this difference in behavior was that it was not possible to produce generic
DDRs for each material and as the result was a series material and location
specific relationships. The need for these DDRs was removed when it was es-
tablished �9,10� that the reason for the different behavior between specimens
irradiated in sub- and side-core locations lay in the differences between the
neutron spectra in these areas. It was found that the neutron spectra at any
location depended on the thickness of the graphite moderator and the presence
of various in-vessel structural components. Measuring fluence in terms of dis-
placements per atom �dpa� of iron rather than n ·cm−2 enabled the due allow-
ance to be made for the differences in neutron spectra. Consequently it was
possible to combine Charpy and tensile data from different locations �7� to
produce generic DDRs. Unfortunately, changing from n ·cm−2 to dpa did not
remove the necessity for material specific relationships.

The change from n ·cm−2 to dpa as a measure of fluence initiated a large
programme of work to establish dpa doses for all assessment and surveillance
locations in all of the RPVs. These were estimated using the neutron transport
computer model MCBEND �9,10� and were subjected to periodic revision over
the remaining life of the stations. Neutron dose predictions were compared
with measurements from a wide range of sources, e.g., steel monitoring wires
wrapped around the RPV, individual surveillance specimens, drillings from
RPV components, debris, and multi-foil activation packs. In the overwhelming
majority of cases, there was very good agreement between measurements and
predictions.

Submerged-Arc Weld Metal Irradiated at Temperatures Less than 290°C
—The enhanced hardening and embrittlement of submerged-arc weld metal
were unexpected and would remain a problem throughout the life of these
Magnox power stations. It was finally discovered that this behavior was due to
radiation-enhanced nanoscale precipitation of copper-rich particles �11�, a pro-
cess that occurs very slowly in the absence of neutron dose under the thermal
conditions encountered in a Magnox RPV. A theoretical model describing the
process was developed, and this was validated using a range of microstructural
techniques �11–13�. Given the relatively high level of copper in the submerged-
arc weld metal �Table 2�, which arises from the copper coating of the welding
wire, it is obvious why radiation-enhanced copper precipitation became a ma-
jor problem in submerged-arc weld metal. However, the copper levels present
in other RPV materials �Table 2� meant that the contribution of radiation-
enhanced precipitation of copper to hardening and embrittlement could not be
neglected in the derivation of DDRs.

Irradiation of Submerged-Arc Weld Metal at Temperatures above 360°—The
response of submerged-arc weld metal after irradiation at temperatures of
�360°C and above presented a rather different problem to that at lower tem-
peratures. In this case while the material showed significant embrittlement,
this was accompanied by much smaller than expected changes in yield stress
�hardening� �8,14�. Under the same irradiation conditions, only small changes
in the values of T40 J were observed in manual metal arc weld metal with zero
values for plate steels. Indeed, neither of these materials showed significant
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irradiation hardening. It was therefore concluded that submerged-arc weld sur-
veillance specimens were experiencing non-hardening embrittlement. This was
confirmed when scanning electron microscopic examination of the fracture
surfaces of submerged-arc weld specimens tested on the lower shelf showed
that the embrittlement was associated with extensive intergranular failure
�IGF� rather than transgranular cleavage. Complementary Auger spectroscopic
studies showed that the IGF was associated with phosphorus segregation to the
grain boundaries �14�. Scoop sampling of submerged-arc and manual metal
welds �15,16� from the station’s RPVs showed that the bulk phosphorus con-
tents were similar to those found in the surveillance specimens. Detailed mi-
crostructural examination of the scoop samples also confirmed the presence of
significant amounts of IGF, and Auger spectroscopic analyses showed associ-
ated elevated levels of phosphorus on the grain boundaries. Similar examina-
tion of the scoop samples of manual metal arc welds revealed that both the
amount of IGF and level intergranular phosphorus were much less than for the
submerged-arc weld metal �16�.

Detailed modelling of the segregation processes over the temperature range
of interest �14� showed that phosphorus segregation was dominated by thermal
rather than irradiation processes. �The dominance of thermal over radiation
processes at this temperature was consistent with the behavior of the speci-
mens following the down rating of the station’s operating temperature in 1969
�8�.� In order to confirm the importance thermal over irradiation processes in
this temperature regime, submerged-arc Charpy specimens from a high tem-
perature surveillance canister from the station of interest were re-irradiated.
The irradiation dose to the specimens was increased by an order of magnitude
while keeping the irradiation temperature constant. The resulting Charpy re-
sults from the specimens before and after re-irradiation are shown in Fig. 3

FIG. 3—Data from Charpy submerged-arc weld specimens before and after re-
irradiation �high dose rate and same irradiation temperature�.
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where it can be seen that the ten-fold increase in dose caused only a small
increase in the Charpy impact energy temperature shift.

On the basis of the results of the above experiment and the understanding
of the processes involved, a DDR for these conditions was developed where
embrittlement was described as a function of time and temperature �14�. Addi-
tional surveillance canisters were removed from the high temperature surveil-
lance locations at this station over the remaining life of the plant to check for
any deviations from predicted behavior. None were ever found, and the plant
ceased generation after approximately 40 years of operation.

Upper Shelf Fracture Toughness—In the early 1980s a radiation shielded rig
for carrying out unloading compliance fracture toughness tests was commis-
sioned at the then Berkeley Nuclear Laboratories �17�. Test results showed that
the values of upper shelf fracture toughness predicted using the correlations
with upper shelf Charpy impact energy data and yield stress were overly con-
servative. DDRs for upper shelf fracture toughness for RPV materials based on
fracture toughness measurements made using this facility were developed.
These data was then incorporated into the fracture mechanics based assess-
ment process.

Dose Damage Relationships

DDRs are used to predict changes in radiation-induced changes in yield stress
�hardening� or embrittlement �Charpy impact energy transition temperature or
fracture toughness transition temperature� as a function of radiation dose and
temperature, and they were a critical input into the assessment process �8�. In
the 1980s the CEGB investigated several different types of DDR including em-
pirical relationships, e.g., U.S. Regulatory Guide 1.99 �18�. Two term relation-
ship based on an understanding of the mechanism whereby neutron irradiation
causes hardening and embrittlement of ferritic steels �11–13� was finally
adopted �8� to model both hardening ���� and embrittlement ��T40 J� and had
the form

��T40 J

or

��
� = �copper + �matrix �1�

In this relationship, �copper represents the contribution of nanoscale copper
precipitation to the property change, and �matrix represents the contribution
from matrix hardening arising from the production of point defects by neutron
irradiation. The advantage of this approach was that the derived relationships
could be used with confidence when limited extrapolation was required into
regions of neutron dose, dose rate, or irradiation temperatures that were not
specifically included in the surveillance database.

A key assumption in this relationship, which was supported up by model-
ling and microstructural studies �12,13�, was that under RPV conditions of
irradiation dose and temperature, the copper contribution ��copper� had peaked
�12�. Hence the contribution from nanoscale copper precipitation to the prop-
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erty change remained constant, assuming that there is no overageing of these
precipitates. On this basis pragmatic DDRs of the form

��T40 J

or

��
� = B + AFT

�D �2�

were adopted. In this equation B represents the material specific copper pre-
cipitate contribution to the property change with the matrix damage contribu-
tion being given by AFT

�D. In this term A is a material specific constant, D is
the dpa dose, and FT is the temperature dependence �8,19�. This was derived
from data contained in open literature and is given by

FT = 1.869 – 4.57 � 10−3 T �3�

where:
T=irradiation temperature in °C.
DDRs were derived for the different RPV materials �Table 1� over the years.

They were revised as and when new Charpy impact energy or tensile test data
became available or following revisions to the neutron doses accrued by the
surveillance specimens. However, the main effort was concentrated on develop-
ing and refining the embrittlement DDR for submerged-arc weld metal to ad-
dress new challenges as they arose.

Challenges to Dose Damage Relationships and Their Resolution

Intergranular Fracture

The two term DDRs worked well. The application of the embrittlement DDR for
submerged-arc weld metal to doses outside those in the surveillance database
had been justified by including data from accelerated irradiation programmes
in its derivation. However, there was increasing concern that the latter data was
not compatible with those emerging from the surveillance schemes. The deci-
sion was made to remove the accelerated data from the database used to derive
the DDR. This made it necessary to extend the application of the submerged-
arc weld metal DRR to doses beyond those available from the surveillance
programme. In order to validate this extrapolation, surveillance specimens
were re-irradiated to doses beyond those needed for assessment purposes.
These specimens showed unexpectedly high values of �T40 J. High resolution
fractography of test specimens showed significant amounts of IGF in the fine
grained regions of the weld metal, and the accompanying Auger spectroscopic
studies revealed high concentrations of phosphorus at the grain boundaries
�20�. Modelling of radiation-enhanced diffusion of phosphorus to grain bound-
aries indicated that there could be a breakaway to high rates of embrittlement
above a critical dose. In order to allow for this possibility, a three term em-
brittlement DDR was proposed �8�, which included a contribution from non-
hardening embrittlement ��IGF�, viz.
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�T40 J = �copper + �matrix + �IGF �4�

The development of this DDR was accompanied by an extensive programme of
work studying the development of IGF and the diffusion of phosphorus to grain
boundaries as a function of irradiation dose.

The three term DDR had a big drawback in that it implied that there could
be regions of the RPVs where there could be dramatic reductions in toughness.
Uncertainty about when such a contribution would intervene was a major
problem and contributed to the decision to close the lead irradiation dose
power station �Trawsfynydd� in 1991.

The importance of the possibility of non-hardening embrittlement meant
that fractographic and grain boundary composition studies on IGF, predomi-
nantly on submerged-arc weld surveillance specimens and to a lesser extent on
other RPV materials, continued following the closure of Trawsfynydd. As a
result of these studies, the following important conclusions were reached at
that time.

• IGF was found in fine grained regions of all submerged-arc weld metal
irrespective of irradiation dose. It was difficult to assess columnar re-
gions of the microstructure.

• Grain boundary phosphorus levels did not increase systematically with
neutron dose.

• Negligible amounts of IGF were found in other RPV materials.
These observations were all extremely important. The first conclusion

meant that the existence of IGF and its contribution to embrittlement could not
be ignored in any future submerged-arc weld metal DDR. The second implied
that any IGF existing under conditions covered by the RPV surveillance data
was unlikely to significantly increase with radiation dose, while the third indi-
cated a priori that IGF would be a much less serious problem for other RPV
steels. �To some degree these observations anticipated some of the findings of
the European Union Fifth Framework project Phosphorus Influence on Steels
Ageing �PISA� �21� and the work of Faulkner et al. �22�.�

The closure of Trawsfynydd in 1991 was an important decision since it had
been the intention to continue operation of this station based on the proposed
three term DDR. Since the projected doses to critical areas of the remaining
steel RPV stations lay within the range of doses in the surveillance database,
the closure of this station removed the need for accelerated radiation data.
Hence, a DDR could be derived that used surveillance data alone. However,
since IGF was always present in the surveillance specimens, this factor had to
be taken into account when deriving a surveillance only DDR. The surveillance
database was consequently subjected to rigorous analysis, and no separate IGF
term, as presented in Eq 4, was found. The surveillance-only submerged-arc
weld DDR therefore reverted to the original two term form �Eq 2�, and it was
accepted that the effects of IGF were contained within the constant for the
matrix damage contribution to the relationship. Since IGF had also been found
to some degree in all of the other RPV materials, albeit to a much lesser extent
than in submerged-arc weld metal, it was also accepted that the matrix damage
regression constant in the DDRs for these materials also subsumed any effects
of IGF.
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Dosimetry Challenge—“Thermal” Neutrons

When the change was made expressing neutron dose in dpa rather than n ·cm−2

�8–10�, the values of dpa were calculated for neutrons with energies E
�1 keV �so called “fast” neutrons�. It was acknowledged that thermalized neu-
trons with lower energies �thermal neutrons� could potentially contribute to the
damage process, but it was considered that this bounding energy provided an
adequate parameter for describing the properties in the Magnox RPV materials
surveillance database. However, on-going validated calculations using the
MCBEND computer model �8� showed that the percentage dpa contribution
from thermal neutrons was higher at RPV side-core locations �50–100 %� com-
pared to that at the top or bottom �sub-core locations� of the RPV �0.5–5 %�.
These observations suggested that thermal neutrons could make a significant
contribution to the irradiation damage. As a result, an ambitious irradiation
experiment was set up in the heavily thermalized reflector region of the heavy
water moderated Halden reactor in Norway �8,23� to assess the contribution of
thermal neutrons to the radiation damage process. It is noteworthy that the
neutron spectra in the Magnox stations did not contain a sufficiently high ther-
mal component for this experiment to be carried out in the Magnox fleet. The
materials in the programme included both unirradiated steels and pre-
irradiated specimens taken from the RPV surveillance programmes �24�.

The results from the Halden programme �23,24� confirmed that thermal
neutrons were indeed making a significant contribution to irradiation harden-
ing and embrittlement �8�. It was established that to allow for extra displace-
ments from low energy recoils �approximately 500 eV�, a thermal neutron ef-
fectiveness factor �k� needed to be introduced to modify the dose term in each
material DDR. This meant that the general form of the two term DDRs for both
embrittlement and hardening �Eq 2� became

��T

or

��
� = B + AFT

�Df + kDt �5�

In this equation, the definitions of B, A, and FT remained unchanged, but the
single dose term, D, was replaced by �Df+kDt�, where Df and Dt are the fast and
thermal dpa doses, respectively; the constant k is the thermal neutron effective-
ness factor for the material. The thermal neutron effectiveness factor was found
to be material dependent �23�, and separate values were estimated for the dif-
ferent RPV materials.

As a result of this experiment, estimates of thermal neutron dose had to be
made for all RPV surveillance canisters and assessment locations �25�, as a
consequence of which all the different DDRs had to be revised.

Thermal Neutrons and Submerged-Arc Weld Metal

Incorporating a contribution from thermal neutrons in the DDRs for manual
metal arc weld metal, plate steels, and forgings had little impact on the integrity
assessment of key locations since the properties of submerged-arc weld metal
in these areas remained life limiting. However, it soon became obvious that the
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inclusion of thermal neutrons into the submerged-arc weld metal DDR would
result in bounding upper shelf margins in certain key side-core locations being
seriously eroded. The reduction in these margins would immediately threaten
the continued operation of the fleet. In a review of the derivation of the
submerged-arc weld DDR �26�, it was recognized that lower bound properties
for the DDR were not calculated in a rigorous way and a more defensible pro-
cedure was possible. The submerged-arc weld database was re-analyzed using
the Burr function to describe the relationship between Charpy impact energy
and test temperature; statistical fitting was carried out in a Bayesian frame-
work using a technique based on Markov Chain Monte Carlo sampling �26–30�
to give the embrittlement form of Eq 5. It was argued that since the fracture
surfaces of the test specimens showed significant IGF, in fitting this equation
there was the underlying implication that the values of A, B, and FT might be
modified in comparison to those that would be obtained if only copper precipi-
tation and matrix damage occurred. As a result a submerged-arc weld metal
embrittlement, specific temperature dependence, FT�, was deduced

FT� = 1.200 − 1.06 � 10−3 T �6�

A major outcome from this revised analytical approach was that it justified
tighter uncertainty allowances for the DDR than had been possible with the
earlier derivations. The tighter uncertainty of the DDR when combined with
the scatter in start-of-life transition fracture toughness resulted in reduced scat-
ter in the fracture toughness of irradiated material. This maintained margins
for on upper shelf operation at critical RPV locations.

This radical approach was subjected to rigorous peer review, and its accep-
tance by the regulator �NII� was a major achievement.

Validation of the Prediction of the Fracture Toughness of Reactor
Pressure Vessel Submerged-Arc Weld Metal

In the early 1990s the question was asked as to how well the predicted fracture
toughness of submerged-arc weld metal, for a given neutron dose and irradia-
tion temperature, compared with measured values. The comparison with re-
sults from the submerged-arc weld metal samples in the RPV surveillance pro-
gramme gave a degree of confidence, but there were some areas of concern, viz.

• The welds adopted were reproduction welds specially made using simi-
lar consumables and welding parameters that had been used in con-
structing the various RPVs.

• Data from the surveillance scheme had been used in deriving the pre-
dictive method and as such could not be considered to provide unbiased
validation.

In other words, the procedure for predicting fracture toughness needed to
be validated against fracture toughness results obtained from service exposed
RPV submerged-arc weld metal. Sampling of RPV welds would also be useful
since it could be used to validate the assumed dose attenuation through the
vessel wall and give information on chemical composition and the quality of
the welds. It would also show how well the fracture toughness of the
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submerged-arc weld metal in the surveillance schemes compared with that of
structural RPV welds.

In planning of this particular programme, it was fortunate that the station
containing submerged-arc welds with the highest accrued radiation doses was
part of a pressure vessel that had been decommissioned at Trawsfynydd in
1991. �Results from submerged-arc weld metal specimens in the RPV pro-
gramme for this station also constituted a large proportion of the surveillance
scheme databases.� The highest dose submerged-arc welds in the Trawsfynydd
RPVs were in the side-core regions of the reactors, and the neutron spectra for
these regions contained a significant proportion of thermal neutrons in the
accrued dose. These two factors made these welds potentially extremely attrac-
tive for sampling. Unfortunately, the neutron dose to these welds showed large
variations over relatively short distances. This would have made interpretation
of fracture toughness test data extremely difficult, and these welds were not
sampled. Instead, attention was focused on the four submerged-arc welds in
the south pole of the RPVs where the doses were also high but sensibly constant
along the length of each weld �31,32� and the irradiation temperature was es-
sentially constant.

The removal of the weld samples was technically extremely challenging
�33� because of the hostile irradiation environment. This was compounded by
access being restricted, samples needed to be removed without heating them
above the irradiation temperature ��190°C� �achieved by using ultra high
pressure water jet cutting�, and it was necessary to restore vessel integrity after
the samples had been removed. In spite of these challenges, four through-wall
thickness trepans of about 150 mm diameter were successfully removed from
each weld. Two Charpy geometry specimens were made at each of four depths
through the wall. Additional samples were cut for chemical analysis, micro-
structural examination, and dose measurements �31,32�. The Charpy geometry
specimens were notched, side-grooved, pre-fatigued, and fracture toughness
tested in the unloading compliance mode �17�. After testing, the specimens
were heat tinted and fractured after cooling in liquid nitrogen. The fracture
faces were recorded for crack growth measurements and then removed from
the broken pieces. The halves of each specimen were then reconstituted using a
stud welding technique, re-machined, notched, side-grooved, pre-fatigued, and
re-tested at different temperatures �31,32�. These two temperatures were differ-
ent from the original specimen test temperature. In this way each original
Charpy geometry specimen could potentially generate three results, meaning
that in all, approximately 400 fracture toughness tests were carried out.

The resulting fracture toughness results were compared with the predicted
fracture toughness for the appropriate irradiation dose and temperature. Two
typical sets of results are shown in Figs. 4 and 5. There is clearly good agree-
ment between measured and predicted values �the solid line is the 50 percentile
predicted values, and the broken lines are the 5 and 95 percentile values�. By
normalizing all of the results to a standard irradiation condition, it is possible
to present the fracture toughness results from all of the welds on a single figure.
This is done in Fig. 6 and shows that there is good agreement between the
measured fracture toughness values and predictions made prior to data acqui-
sition.
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A similar normalizing process enabled the fracture toughness measure-
ments obtained from surveillance specimens to be compared with those for the
RPV welds, and this is shown in Fig. 7. There is again good agreement between
measured and predicted values, and this shows that the welds in the surveil-
lance scheme were representative of the RPV welds.

FIG. 4—Weld 4 level 1 fracture toughness results and predicted curves.

FIG. 5—Weld 4 level 4 fracture toughness results and predicted curves.
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Other information provided by the weld sampling programme validated
other aspects of the assessment process �31,32�. There was good agreement
between measured and predicted neutron doses, and comparison of the mea-
sured and predicted doses at the various depths within the welds confirmed the
predicted attenuation of dose through the thickness of the RPV wall modelled

FIG. 6—Fracture toughness data from submerged-arc welds from Trawsfynydd RPV.

FIG. 7—Fracture toughness data from Trawsfynydd RPV and surveillance submerged-
arc weld metal.
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by MCBEND. Etched sections of the welds confirmed that the welds were of
high quality and showed the expected microstructural features. In addition, the
chemical composition of the weld metal was remarkably uniform.

Microscopic examination and measurements of the fracture faces of the
tested specimens produced some interesting and also unexpected results. The
most surprising observation was that the fracture toughness for a given dose
was correlated with the amount of fine grained material in the crack front in
that the higher the percentage of fine grained material, the higher the fracture
toughness. This was despite the fact that, as expected, the fine grained regions
of the welds contained significant amounts of IGF irrespective of dose. This
explains why IGF is not as significant for these types of welds as was originally
thought when the phenomenon was first seen in submerged-arc weld metal �8�.

Concluding Remarks

The six Magnox stations with steel pressure vessels were designed and built
during the 1950s and 1960s from simple carbon-manganese steels and fabri-
cated using a mixture of manual metal arc and semi-automatic submerged-arc
weld metal. At that time, the understanding and study of the effect of prolonged
exposure of ferritic steels to neutron irradiation were in its infancy and pre-
dated fracture mechanics methods for assessing the integrity of such pressure
vessels. The foresight of the scientists and design engineers to include steel
pressure vessel monitoring schemes in the reactors was to prove invaluable.
These schemes provided warnings of effects such as the enhanced sensitivity of
submerged-arc weld metal to neutron irradiation and experimental data that
was vital to the development of the means to predict the state of plant as as-
sessment methodologies to demonstrate safe operation evolved. They also pro-
vided a source of specimens that were re-irradiated to provide hardening and
embrittlement information at irradiation somewhat beyond anticipated doses
to critical locations, thereby minimizing the amount of extrapolation required
for assessment purposes. Without these specimens, such experiments would
have been practical only if significantly enhanced dose rates had been used. The
surveillance schemes played a pivotal role in helping two of the steel pressure
vessel stations operate into the 21st century, with all of the stations operating
beyond their perceived design life with some extending to approximately 40
years.
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ABSTRACT: The investigation of reactor pressure vessel �RPV� materials
from decommissioned nuclear power plants �NPP� offers the unique oppor-
tunity to scrutinize the irradiation behavior under real conditions. The paper
describes the investigation of trepans taken from the decommissioned
WWER-440 RPVs of the Greifswald NPP. The key part of the testing is
aimed at the determination of the reference temperature T0 following the
ASTM Test Standard E1921 to determine the fracture toughness of the RPV
steel in different thickness locations. In a first step, the trepan taken from the
RPV Greifswald Unit 1 containing the multilayer welding seam located in the
beltline region was investigated. This welding seam represents the irradi-
ated, recovery annealed, and reirradiated condition. It is shown that the Mas-
ter Curve approach as adopted in ASTM E1921 is applicable to the investi-
gated original WWER-440 weld metal. The evaluated T0 varies through the
thickness of the welding seam. After an initial increase of T0 from 10°C at the
inner surface to 49°C at 22 mm distance from it, T0 decreases to �32°C at a
distance of 70 mm, finally increasing again to 61°C near the outer RPV wall.
The lowest T0 value was measured in the root region of the welding seam
representing a uniform fine grain ferritic structure. The highest T0 of the weld
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seam was not measured at the inner wall surface. This is important for the
assessment of ductile-to-brittle temperatures measured on subsize Charpy
specimens made of weld metal compact samples removed from the inner
RPV wall. Our findings imply that these samples do not represent the most
conservative condition. Nevertheless, the Charpy transition temperature,
TT41J, estimated with results of subsize specimens after the recovery anneal-
ing, was confirmed by the testing of standard Charpy V-notch specimens.

KEYWORDS: Russian WWER-type reactor, reactor pressure vessel
steel, beltline welding seam, weld metal, trepans, fracture toughness,
Master Curve, integrity assessment

Introduction

Nuclear plant operators must demonstrate that the structural integrity of a
nuclear reactor pressure vessel �RPV� is assured during routine operations or
under postulated accident conditions. The aging of the RPV steels is monitored
with surveillance program results or predicted by trend curves. Embrittlement
forecast with trend curves and surveillance specimens may not reflect the real-
ity. Accordingly, the most realistic evaluation of the toughness response of RPV
material to irradiation is done directly on RPV wall samples from decommis-
sioned nuclear power plants �NPP�. Such a unique opportunity is now offered
with material from the decommissioned Greifswald NPP �WWER-440/V-230�.
The four Greifswald NPP units representing the first generation of WWER-440/
V-230 reactors were shut down in 1990 after 11–17 years of operation �1,2�.
Table 1 presents the operation characteristics of the Units 1 to 4 and the ex-
pected neutron fluences. RPVs in three different conditions are available:

• Unit 1 is irradiated, annealed and reirradiated �IAI�.
• Units 2 and 3 are irradiated and annealed �IA�.
• Unit 4 is irradiated.
The well documented different irradiation/annealing states of the four de-

commissioned Greifswald RPVs �2� allows the validation of material properties

TABLE 1—Operation characteristics and expected maximum neutron fluences of Greif-
swald Units 1 to 4.

Unit

Operation Period

Effective
Days

Annealed
In

Azimuthal Maximum of NE�0.5 MeV in
Units of 1019 n/cm2

Date Cycles

Inner Wall
Axial

Maximum

Inner
Wall

Weld 4

Outer Wall
Axial

Maximum

Outer
Wall

Weld 4
1 1974–1988 13 4205.0 1988 5.53 3.93 1.4 0.96
1a 1988–1990 2 627.4 … 0.16 0.1 0.05 0.03
2 1975–1990 14 4067.4 1990 6.68 4.7 1.70 1.16
3 1978–1990 12 3581.8 1990 4.4 3.4 0.68 0.50
4 1979–1990 11 3207.9 not 4.0 3.1 0.62 0.45

aReirradiated.

Note: NE�0.5 MeV=neutron fluence, E�0.5 MeV.
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under long term, low flux irradiation, during industrial recovery annealing and
during subsequent reirradiation. Trepans were already extracted from Units 1,
2, and 4. This paper presents the results of the investigation of the first trepan
taken from the RPV welding seam in the beltline region of Greifswald Unit 1.

Material and Specimens

The material investigated was extracted from the circumferential beltline weld-
ing seam No. SN0.1.4 of Greifswald Unit 1 RPV �Fig. 1�. The so-called critical
temperature of brittleness of this welding seam was estimated by predicting
formulas for the initial condition, TK0, at 46°C, and after 13 campaigns of
operation at 186°C �TK� �2,3�. In this state, the RPV was subjected to a heat
treatment at 475°C for 152 hours in order to anneal the irradiation embrittle-
ment in 1988. The RPV was heat treated within a region of 0.7 m above and
below the circumferential beltline welding seam No. SN0.1.4. After the anneal-
ing, compact specimens were taken from the weld metal directly at the inner

FIG. 1—RPV VVER 440 Greifswald Unit 1 and locations of the sampled trepans.
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surface of vessel wall. Subsize Charpy specimens were machined and tested.
With these specimens a critical temperature of brittleness TK of +30°C was
measured �3�. After the annealing, the operation of Unit 1 was continued for
another two years �Table 1�. Unit 1 was shut down in 1990.

Trepans representing the IAI condition were extracted from the decommis-
sioned Unit 1 RPV in 2005. The custom-built trepanning device and the trepan-
ning procedure are described elsewhere �4�. Figure 1 shows the location of the
trepans taken from the RPV of Greifswald Unit 1. Trepans were taken from the
circumferential beltline welding seam No. SN0.1.4, and the base metal ring
0.3.1. The neutron flux through the RPV was calculated �1� with TRAMO �5�,
which is a multi-group Monte Carlo code for neutron and gamma transport
calculations.

At first, the trepan 1-1 representing the IAI condition of the beltline welding
seam was investigated. The WWER-440 RPV welding seams are X-butt
multilayer submerged arc welds. They consist of a welding root welded with an
unalloyed wire Sv-08A and the filler material welded with the alloyed wire Sv-
10KhMFT. Table 2 contains the chemical composition of the weld metal within
trepan 1-1 in different thickness locations and the specifications of the manu-
facturing protocol �2�. The chemical composition was measured by inductively
coupled plasma mass spectrometry on irradiated samples from three thickness
locations of the alloyed filler material. In principle the measured chemical com-
position agrees with the information in the manufacturing protocol. The cop-
per and phosphorus contents are within the range as specified in the manufac-
turing guidelines of the WWER-440/V-230 generation 1, but both are clearly
higher than in the specification of next generation �WWER-440/V-213� with
maximum allowed P and Cu contents of 0.01 % and 0.1 %, respectively �6,7�.
The composite material of the welding root was not analyzed.

Figure 2 shows the scheme with the location of the welding seam within
the trepan 1-1 and the picture of it. The location of the welding seam within
trepan 1-1 was metallographically examined and is depicted in Fig. 3 together
with the exemplified cutting scheme of the disk 1-1.1 �Table 3�. The welding
root is located within a distance of about 60 mm to 80 mm relative to the inner
RPV wall. The trepan 1-1 was cut in into disks each of a thickness of 10 mm
using a wire traveling electro-erosion discharging machine �EDM�. From one
disk ten Charpy size SE�B� specimens were machined.

The Charpy size SE�B� specimens were precracked �a /W=0.5� and 20 %
side-grooved. As shown in Fig. 3 the orientation of the SE�B� specimen is TS
�specimen axis axial and crack growth direction across the vessel wall� accord-
ing to ASTM E1823 �8�. The TS orientation is in correspondence with the sur-
veillance specimens in Russian WWER-440/V-213 second generation reactors.
From the broken halves of the tested SE�B� specimens Charpy V-notch speci-
mens according to DIN EN 10045-1 �1991� �9� were manufactured by the re-
constitution technique.

Testing and Evaluation

SE�B� specimens from eleven thickness locations �Table 3� were tested and
evaluated according to ASTM E1912-08 �10�. The precracked and side-grooved
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Charpy size SE�B� specimens were monotonically loaded until they failed by
cleavage instability. Standard Master Curve �MC� reference temperatures T0
were evaluated with the measured J integral based cleavage fracture toughness
values, KJc, applying the multitemperature procedure of ASTM E1921-08 �10�.
In addition, the modified MC analysis of the SINTAP procedure �11� was used
for the evaluation of the measured KJc values. The SINTAP lower tail analysis
contains three steps, and guides the user towards the most appropriate esti-
mate of the reference temperature, T0

SINTAP, describing the population having
the lower toughness �12,13�.

Instrumented Charpy V-notch impact tests on reconstituted specimens
were performed according to DIN EN 10045-1 �9� and EN ISO 14556 �14�. The
impact energy, lateral expansion, and fracture appearance temperature curves
were fitted by the hyperbolic tangent approach. Charpy-V parameters as tran-
sition temperatures and the upper shelf energy were evaluated on specimens
from five thickness locations.

FIG. 2—Scheme and picture of trepan 1-1 with the location of the welding seam.

FIG. 3—Metallographic section of the welding seam within trepan 1-1 and cutting
scheme of disk 1-1.1.
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Results and Discussion

Table 3 summarizes the MC and Charpy-V test results of the investigated disks
of trepan 1-1. The table also contains the location of the disks within the trepan
and the calculated neutron fluences in the center of the disks. The test results
comprise the reference temperatures, T0, evaluated according to ASTM
E1921-08 �10� and the SINTAP procedure �11–13�, T0

SINTAP, as well as the
Charpy-V parameters transition temperature related to a Charpy-V energy of
41J, TT41J, and upper shelf energy, USE, of five thickness locations. T0 data
presented in Table 3 and depicted in Fig. 4 vary through the thickness of the
trepan 1-1 and, thus, the welding seam. Through the wall thickness, T0 shows a
wavelike behavior. After an initial increase of T0 from 10.3°C at the inner
surface to 49.1°C at 22 mm distance from it, T0 decreases to −31.7°C at a
distance of 70 mm, finally increasing again to a maximum 61.4°C near the
outer RPV wall. The lowest T0 value was measured in the root region of the
welding seam representing a uniform fine grain ferritic structure. Beyond the
welding root T0 shows also a wavelike behavior with a span of about 50 K.

Figure 5 shows the KJc values versus the test temperature normalized to T0
of the individual thickness location. The KJc values generally follow the course
of the MC, though the scatter is large. Nevertheless, only two out of about 100
KJc values lie below the 2 % fracture probability line. Additionally, the MC
SINTAP procedure was applied to determine T0

SINTAP representing the brittle
fraction of the dataset. For some thickness locations there are remarkable dif-
ferences between T0 and T0

SINTAP �Table 3�. That strongly indicates that the
material is not fully homogeneous, which is not unusual for the investigated
multilayer weld metal.

TABLE 3—Location of the investigated disks within trepan 1-1, neutron fluences, MC test
results according to ASTM E1921-05 and SINTAP and Charpy-V parameters.

Code
Disk

Distance from
Inner Surface
�Center Disk�

mm

NE�0.5 MeV E1921-08
SINTAP
T0

SINTAP

°C

Charpy-V

Beforea

1019 n/cm2
Aftera

1019 n/cm2
T0

°C
�T0

K
TT41J

°C
USE

J
1–1.1 8 3.90 0.182 10.3 7.5 32.5 51.4 130.8
1–1.3 22 3.66 0.113 49.1 7.2 49.1 32.6 153.4
1–1.5 36 3.32 0.103 33.8 7.5 33.8 14.6 154.7
1–1.6 42 3.13 0.098 −4.8 7.5 −4.8
1–1.8 60 2.66 0.085 −4.5 7.2 5.0
1–1.9 70 2.40 0.077 −31.7 6.1 −16.4
1–1.11 84 2.07 0.068 −34.0 8.4 18.6
1–1.12 94 1.85 0.061 22.7 7.5 45.1 20.1 120.3
1–1.14 107 1.59 0.053 −32.6 8.5 −32.6 13.1 149.8
1–1.15 118 1.40 0.047 −8.7 7.5 −8.7
1–1.17 131 1.16 0.040 61.4 8.4 61.4
aAccumulated neutron fluence before and after the recovery annealing; the weld metal
investigated represents the IAI condition.
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FIG. 4—Course of the reference temperatures T0 through the welding seam SN0.1.4 of
Greifswald Unit 1.

FIG. 5—KJc values measured on Charpy size SE�B� specimens, adjusted to 1T
�25.4 mm� specimen size, versus the test temperature normalized to T0 of the individual
disks, and Master Curves for 2, 50, and 98 % fracture probability.
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As mentioned above, the beltline welding seam of Greifswald Unit 1 was
recovery annealed and re-irradiated to low fluences �Table 3�. Taking into ac-
count a TK of 186°C after 13 campaigns operation �2� the results presented
here and the results determined on subsize impact specimens �3� show that the
embrittlement was almost fully mitigated due to the recovery annealing. The
re-embrittlement during two campaign operations can be assumed to be low.
Hence, the variation of T0 measured through the thickness of the multilayer
welding seam No. SN0.1.4 results basically from differences in the structure of
the welding beads. Figures 6 and 7 depict the structure in the vicinity of the
crack tip of TS oriented SE�B� specimens at 22 mm and 70 mm depth, respec-
tively. Generally, TS oriented specimens have a uniform structure along the
fatigue crack front �plane LS�, thus the crack tip is located in varying welding
beads. Figure 6 shows the structure of a specimen from the thickness location
22 mm �disk 1-1.3, Table 3�. The crack tip is located in a coarse grain bainitic
structure whose grains are framed with proeutectoid ferrite. This coarse grain

FIG. 6—Metallographic sections of the TS oriented SE�B� specimen from the thickness
location 22 mm �T0=49.1°C, Table 3�, arrow at fatigue crack tip location.

FIG. 7—Metallographic sections of the SE�B� specimen �TS� from the welding root lo-
cation 70 mm �T0=−31.7°C, Table 3�, arrow marks the position of the fatigue crack tip.
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structure results in a T0 of 49.1°C. For comparison, Fig. 7 shows the structure
in the region of the welding root in a thickness location of 70 mm, where a T0
of −32°C was determined �Table 3�. There, the crack tip is located directly in a
fine grain structure of high ferrite content which was welded with the unalloyed
wire Sv-08A. This example shows the effect of the specimen orientation in a
multilayer welding seam. Unlike TS specimens, the structure of TL specimens
varies along the fatigue crack front �plane LS�, which is featured in the welding
root region depicted in Fig. 7. It means TS and TL specimens have a differen-
tiating and integrating behavior, respectively. Therefore, TS specimens are
more sensitive to variations in the structure of the multilayer weld metal. The
wide range of T0 values spanning about 50 K can be explained by the location
of the crack tip in the different structures of the welding beads. According to
the Russian regulatory guide PNAE-G-7-002-086 �15� the surveillance speci-
mens of weld metal of a WWER-440/V-213 RPV should come from thickness
locations beyond the welding root. Therefore, the KJc values of the Sv-
10KhMFT filling layers �disks 1-1.11, 1-1.12, 1-1.14, and 1-1.15, Table 3� were
evaluated separately. The overall T0 for those locations, according to ASTM
E1912-08 �10�, is −21.6°C �Fig. 8�, while T0

SINTAP evaluated with SINTAP Step 2
is −3.7°C and that for the more conservative Step 3 is 22.3°C. As shown in Fig.
8 the majority of the KJc values from thickness location 94 mm �disk 1-1.12� are
below the MC for 2 % fracture probability. The T0 of that layer is clearly higher
compared with the neighbor disks �Table 3, Fig. 4�. Hence, within the welding
seam are brittle zones. Due to the differentiating character of the precracked
TS specimen very small brittle zones can be detected. That implication is con-

FIG. 8—KJc values measured on Charpy size SE�B� specimens from the thickness loca-
tions beyond the welding root, adjusted to 1T �25.4 mm� specimen size, versus the test
temperature, Master Curves for 2, 50, and 98 % fracture probability and VERLIFE
lower bound curve.
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firmed by the metallographic section shown in Fig. 9, where it can be clearly
seen that the crack tip is directly located in a fusion zone between two welding
beads.

Table 3 also contains the Charpy-V parameters, ductile-to-brittle transition
temperatures TT41J, and upper shelf energies from the filling layers of the weld-
ing seam. The evaluated TT41J is 51.4°C at the location near the inner RPV wall
and, thus, close to the reported TK0 of 46°C �2,3�. The evaluated upper shelf
energy is on the level expected for WWER-440 weld metal. As mentioned before
a TK of 30°C was estimated with subsize impact specimens �type KLST accord-
ing to DIN EN 10045-1 �9��. This TK is based on a correlation between the TT1.9J
transition temperature determined with KLST specimens and the TT41J transi-
tion temperature of standard Charpy-V specimens �16�. The scatter of this cor-
relation ±35 K is rather high and therefore the uncertainty of the applied con-
version is also high. Taking into account the difference in the orientation of the
specimens and the reirradiation of two cycles the TT41J estimated with KLST
specimens after the recovery annealing is realistic. In this case the re-
irradiation causes an increase of TT41J by 21 K. The TT41J transition tempera-
tures of the other thickness locations are lower. A direct correlation between T0
and TT41J of the investigated weld metal is questionable due to the different
thickness location �S� of the crack tip and notch root in precracked SE�B� and
reconstituted Charpy-V specimens, respectively. In addition the notch root of
the reconstituted Charpy-V specimens is at a different axial position �T�. Hence,
the structures at the crack tip and notch root are different. This becomes ap-
parent for the thickness layer 94 mm �disk 1-1.12� where T0 agrees with TT41J.
Normally, T0 is expected to be about 40 K lower than TT41J.

Based on the results presented here a low re-embrittlement can be stated
for thickness locations close to the inner RPV wall. This is more obvious for the
Charpy-V results. The fracture toughness based T0 shows a higher inherent
scatter which is caused by the differentiating character of precracked TS speci-
mens.

FIG. 9—Metallographic sections of the SE�B� specimen �TS� from the thickness loca-
tion 94 mm �T0=22.7°C, Table 3�, arrow at fatigue crack tip location.
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The MC approach and the associated reference temperature, T0, as defined
in the test standard ASTM E1921, is rapidly moving from the research labora-
tories to application in integrity assessment of components and structures. For
WWER reactors the “Unified Procedure for Lifetime Assessment of Compo-
nents and Piping in WWER NPPs—VERLIFE” �17� defines a reference tempera-
ture, RT0, used in integrity assessment of WWER reactors as:

RT0 = T0 + � �1�

where
T0 reference temperature according to ASTM E1912-08 �10�
� is a margin �=��1

2+�TM
2

�� 1 standard deviation according to ASTM E1912-08 �10�
�TM considers the scatter in the materials; if this value is not available

the application of the following values is suggested
�TM=10°C for the base material,
�TM=16°C for weld metals.
The VERLIFE procedure �17� suggests the following RT0 indexed lower

bound curve for WWER base and weld metal:

KJc
5 %�T� = min�25.2 + 36.6 · e�0.019·�T−RT0��;200� in MPa�m �2�

Equation 2 agrees with the standard MC for 5 % fracture probability in
ASTM E1921-05 �10�.

The VERLIFE �17� lower bound curve indexed with the RT0 based on an
average standard deviation according to ASTM E1921-08 �10� is depicted in Fig.
5. It is comparable with the MC of 2 % fracture probability. The KJc values
adjusted to a specimen thickness of 1T are not completely enveloped by the
VERLIFE WWER lower bound fracture toughness curve. The application of
T0

SINTAP3 instead of T0 in Eq 1 ensures that all measured KJc values are now
enveloped by VERLIFE �17� lower bound fracture toughness curve. The same
conclusion can be drawn for the specimens from the surveillance specimen
locations in Fig. 8, whose KJc values are also enveloped by the VERLIFE lower
bound curve based on T0

SINTAP3.

Summary and Conclusions

This paper presents first results of the post mortem investigations performed
into the reactor pressure vessels �RPV� of the Russian WWER-440 type reac-
tors. Trepans were taken from the beltline weld and the base metal of the Unit
1 RPV. This RPV was annealed after 15 years of operation and operated for two
more years. At first the trepan of the beltline welding seam was investigated by
Master Curve �MC� and Charpy V-notch testing. Specimens with TS orientation
from eleven locations through the thickness of the welding seam were tested
and evaluated according to ASTM E1921-05/08 �10�. The reference temperature
T0 was calculated with the measured fracture toughness values, KJc, at brittle
failure of the specimen. Generally the KJc values measured on precracked and
side-grooved Charpy size SE�B� specimens of the investigated weld metal fol-
lows the course of the Master Curve. The KJc values show a remarkable scatter.
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T0 shows a wavelike behavior through the welding seam. It increases from
10.3°C at the inner surface to 49.1°C at 22 mm distance and again decreases
to −31.7°C at a distance of 70 mm, finally increasing again to a maximum
61°C toward the outer RPV wall. The lowest T0 value was measured in the root
region of the welding seam representing a uniform fine grain ferritic structure.
Beyond the welding root T0 shows a span of about 50 K. The differences in T0
through the beltline welding seam are not the result of the low reirradiation
but, rather caused by the nonhomogenous structure of the multilayer welding
seam. Due to the differentiating character of the precracked TS specimen very
small brittle zones can be detected. With the application of the MC modifica-
tion in the SINTAP procedure �11–13� a reference temperature T0

SINTAP can be
evaluated which is based on the brittle constituent of a dataset. There are re-
markable differences between T0 and T0

SINTAP indicating macroscopic inhomo-
geneous weld metal for some thickness locations.

Generally the effect of the recovery annealing was confirmed with the frac-
ture toughness and Charpy-V testing. The TT41J estimated with subsize KLST
impact specimens after the annealing was confirmed by the testing of standard
Charpy V-notch specimens.

The VERLIFE �17� procedure prepared for the integrity assessment of
WWER RPV was applied on the measured results. It enables the determination
of a reference temperature, RT0 to index a lower bound fracture toughness
curve. This curve agrees with the MC 5 % fractile as specified in ASTM
E1912-08 �10�. The measured KJc values are not enveloped by this lower bound
curve. However, the VERLIFE lower bound curve indexed with the SINTAP
reference temperature RT0

SINTAP envelops the KJc values. Therefore, for a con-
servative integrity assessment the fracture toughness curve indexed with a RT
representing the brittle fraction of a dataset of measured KJc values has to be
applied.
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ABSTRACT: Understanding the embrittlement of reactor pressure vessel
�RPV� steels at high fluence region is very important for the long term opera-
tion of nuclear power plants. In this study, extensive microstructural analyses
were performed on the RPV steels irradiated to very high fluences beyond
1020n/cm2, E�1 MeVat high fluxes under the Pressurized Thermal Shock
and Nuclear Power Plant Integrity Management projects in Japan. Three
dimensional atom probe analyses were performed to characterize the solute
atom cluster formation in these materials. The effects of fluence, flux, and
chemical compositions on the characteristics of clusters were analyzed. The
formation of dislocation loops was identified in the transmission electron mi-
croscopy analyses of high and low Cu steels, and the changes in loop size
and number density with fluence were studied. P segregation on grain
boundaries was also studied by surface analyses as well as grain boundary
chemical analyses. We found that nonhardening embrittlement due to grain
boundary fracture is not a major contributor to the embrittlement in these
materials and irradiation conditions. The correlation of the microstructural
changes and the Charpy transition temperature shifts was studied. The vol-
ume fraction of solute atom clusters has an excellent correlation with the
transition temperature shifts. The Orowan model calculations of the contribu-
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tions of dislocation loops to the transition temperature shifts show that in low
Cu materials, dislocation loops may be a major contributor, but in Cu con-
taining materials its contribution is weak. Root-sum-square of the contribu-
tions of solute atom clusters and dislocation loops seems to be a reasonable
model to describe the total ∆RTNDT.

KEYWORDS: reactor pressure vessel, neutron irradiation embrittle-
ment, high fluence, atom probe tomography, transmission electron
microscopy

Introduction

The safe operation of nuclear power plants requires the determination of the
appropriate operation conditions of reactor pressure vessels �RPVs� with con-
sideration of the neutron irradiation embrittlement of RPV steels. The accurate
prediction of embrittlement is thus very important for the long term operation
of the nuclear power plants. The embrittlement of RPV steels is normally pre-
dicted and monitored by the embrittlement correlation method as well as the
surveillance program where the mechanical property changes in the test speci-
mens irradiated in a capsule located inside the RPVs are measured. At present
time, the maximum neutron fluence of the irradiated specimens in the Japa-
nese surveillance program database is about 6�1019 n/cm2, E�1 MeV. How-
ever, the expected maximum neutron fluence after the long term operation of
60 years or more may be beyond 1�1020 n/cm2, E�1 MeV, for some plants,
and it is necessary to understand the mechanical property changes in RPV
materials at high neutron fluences. Since we need to wait for a long time until
the sufficient number of high fluence surveillance data is accumulated, an ac-
celerated irradiation of RPV steels utilizing materials testing reactors will be
the only way to obtain such mechanical property change database in a short
time period. However, the effect of high flux irradiation of test reactors is al-
ways the issue that we need to address very carefully, and thus not only obtain-
ing the information of mechanical property changes but also studying the
mechanism of embrittlement at very high flux and at very high fluences are very
important for the future development of accurate embrittlement correlation
methods.

With respect to the high fluence irradiation, we had two major projects in
Japan in the past, i.e., Pressurized Thermal Shock �PTS� and Nuclear Power
Plant Integrity Management �PLIM� technology projects. The PTS project was
conducted by Japan Power Engineering and Inspection Corporation in the late
1980s to study the transition temperature shifts in several RPV steels irradiated
in the Japan Materials Testing Reactor �JMTR�. The results of the PTS project
were used to develop a Japanese embrittlement correlation equation, Japan
Electric Association Code JEAC4201-1991 �1�. The PLIM project, on the other
hand, was conducted by Japan Nuclear Safety Organization �JNES� in the early
2000s to obtain the data to develop an embrittlement correlation equation for
the Charpy upper shelf energy changes. In the PLIM project, the irradiation of
the RPV materials of both plates and weld metals with systematically con-
trolled chemical composition was performed to obtain the mechanical property
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data. Although the objective of the PLIM project was focused on the upper shelf
energy, the full curves of Charpy impact tests were obtained for all the materi-
als, and thus the database is also suitable to study the transition temperature
shifts.

Under this situation, JNES started in 2005 a new project named Prediction
of Radiation Embrittlement �PRE� for High Fluence Range project to study the
mechanism of RPV embrittlement irradiated to high fluences using the mate-
rials irradiated in PTS and PLIM projects. Extensive microstructural analyses
utilizing three dimensional atom probe �3DAP� tomography, positron annihila-
tion �PA� spectroscopy, and transmission electron microscopy �TEM� are
planned in the PRE project to characterize the microstructural changes in the
materials in terms of solute atom behavior and point defect cluster formation
as a function of environmental and metallurgical variables. In this paper, the
first stage results of the PRE project on the microstructural analyses are pre-
sented.

Experiments

Materials and Irradiation Conditions

The chemical compositions and irradiation conditions of the steels of PLIM
and PTS projects are shown in Tables 1 and 2. In the PLIM project �2�, plates
and weld metals with the wide range of copper contents are irradiated. There

TABLE 1—Chemical composition of the PTS and PLIM materials.

ID Project Product Form

Chemical Composition �wt %�

C Si Mn P S Ni Cr Mo Cu
B1 PLIM Plate 0.24 0.17 1.55 0.009 0.018 0.63 0.14 0.52 0.21
B4 0.23 0.15 1.51 0.009 0.022 0.62 0.15 0.52 0.17
B5 0.24 0.14 1.52 0.009 0.020 0.59 0.13 0.51 0.10
B6 0.22 0.13 1.47 0.008 0.022 0.92 0.13 0.52 0.10
B7 0.24 0.14 1.53 0.017 0.024 0.63 0.13 0.51 0.10
B8 0.22 0.32 1.53 0.009 0.020 0.63 0.14 0.51 0.10
B9 0.19 0.22 1.50 0.003 0.006 0.62 0.11 0.51 0.04
S1 ¯ 0.26 ¯ 0.007 ¯ 0.62 ¯ ¯ 0.09
S2 ¯ 0.23 1.48 0.011 ¯ 0.64 ¯ ¯ 0.17
W1 Weld metal 0.046 0.30 1.19 0.016 0.021 0.88 0.02 0.52 0.20
W2 0.053 0.30 1.21 0.016 0.016 0.86 0.03 0.52 0.13
W3 0.064 0.27 1.19 0.016 0.006 0.88 0.02 0.49 0.10
W4 0.061 0.28 1.23 0.008 0.004 0.84 0.03 0.45 0.02
P1B PTS Plate 0.20 0.21 1.46 0.008 0.008 0.58 ¯ 0.46 0.06
P2B 0.18 0.21 1.43 0.007 0.005 0.59 ¯ 0.47 0.25
P3B 0.19 0.22 1.44 0.018 0.006 0.57 ¯ 0.47 0.06
P4B 0.20 0.24 1.44 0.009 �0.005 1.78 ¯ 0.48 0.06
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are two kinds of plate materials in the PLIM projects. The plates with IDs
starting with “B” are those newly produced for the PLIM project, while the two
plates with IDs starting with “S” are two standard reference materials used in
the surveillance programs in Japan. It should be noted that the B-series plates
except for the B9 plate are fabricated so that the upper shelf toughness is
relatively low because the primary objective of the PLIM project was to gener-
ate a database for the use of the development of the embrittlement correlation
method of upper shelf energy reduction. This was done by increasing the sulfur
content in these plates. Among the B-series plates, the chemical compositions
of B6, B7, and B8 are basically similar to B5 material, except for nickel, phos-
phorus, and silicon contents, respectively. The materials with IDs starting with
“W” are weld metals. All the plates and weld metals except for S1s materials
were irradiated in the Halden Reactor at the neutron flux of 5
�1012 n/cm2 ·s, E�1 MeV, up to the neutron fluence of �1�1020 n/cm2,
E�1 MeV. S1s material was irradiated in commercial reactors in Japan at the
neutron flux of �1�1011 n/cm2 ·s, E�1 MeV. The irradiation temperature of
the materials was controlled to be 290°C+ /−10°C.

Four materials were selected from those irradiated in the PTS projects �3�.
P1B material is the 1B material of the PTS project, which is a plate with rela-
tively low Cu content. P2B material is the 2B material of the PTS project, which
is a plate with high Cu content of 0.25 wt %. The chemical contents of P3B and
P4B materials, which are 3B and 4B materials of PTS project, respectively, are
basically the same as that of P1B materials except for the P and Ni contents.
The Ni content of P4B material is 1.78 wt %, which is far beyond the required
range for Ni content of A533B Cl.1 plate materials. These materials were irra-
diated in the JMTR at the neutron flux of 1�1013 n/cm2·s, E�1 MeV, up to
the neutron fluence of �1�1020 n/cm2, E�1 MeV. The irradiation tempera-
ture of the materials was also controlled to be 290°C+ /−10°C.

Microstructural Characterization

3DAP tomography, PA spectroscopy, and TEM were used to characterize the
features of nanometer size generated in the steels. For the 3DAP, LEAP 3000 X
of Imago Scientific Instruments, which is equipped with a local electrode and a
high frequency �200 kHz� voltage pulse as well as a laser pulse module, was
used �4�. For the 3DAP measurement, materials were cut into bars with size of
0.3�0.3�10 mm3, and then conventional electropolishing technique �5� was
used to sharpen the bars into needle-shaped specimens with tip diameter of
around 100 nm. Specimens were cooled down to 50 K at the measurement, and
only voltage pulse mode was used to collect ions. Cluster analysis was done
using the recursive search algorithm �6�. In our application of the algorithm, a
series of core atoms, i.e., Cu, Ni, Mn, and Si, which are within the separation of
0.5 nm, is searched first, and then, periphery atoms, which are again within the
separation of 0.5 nm from the core atoms, are searched. Finally, periphery
atoms that have less than three core atoms within a 0.5 nm distance are re-
moved. Cluster size is defined using a Guinier radius, which is a radius of
gyration multiplied by �5/3�1/2.
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PA experiments were done using the positron source of 22Na with the ra-
dioactive intensity of 1.7 MBq. A positron lifetime spectrum was obtained by
accumulating the time difference between the positron generation signal of
1275 keV �-ray and the PA signal of 511 keV �-ray using a BaF2 scintillator
coupled with a photomultiplier tube. The time resolution of the system used is
260 ps. Decomposition of the positron lifetime spectrum was performed using
the positron lifetime analysis software Resolution �7�. Since it is very difficult to
decompose the lifetime spectrum of commercial steels into more than two
components in addition to the component of polyimide film used to seal the
22Na solution in the commercial steels, we normally decompose the spectrum
into two lifetime components: one is for the average lifetime of radiation dam-
age and the other is for polyimide, which is fixed to be 350 ps in this study.

Analyses of very fine scale dislocation loops as well as the grain boundary
chemistry were performed using 200 keV field emission gun–transmission elec-
tron microscope equipped with the energy dispersive x-ray spectroscopy appa-
ratus. Dislocation loops were identified as white and black dots by performing
bright image and weak-beam dark image analyses using several different dif-
fraction vectors. The sample thickness was measured using the convergent
beam electron diffraction method to estimate the volume of the view, which is
used in the number density calculations. Chemical analyses of grain bound-
aries were done using electron beam of 1 nm �, and the target elements were
Fe, Ni, Si, P, Mn, and Cu.

Mechanical Property Data

As stated above, the materials from the PLIM project were fabricated to rein-
force a database for the correlation equation development of upper shelf tough-
ness reduction. The chemical composition, in particular S content, and manu-
facturing process of these materials were controlled so that the upper shelf
toughness becomes low to simulate the mechanical properties of RPVs of the
first generation. Here, we first summarize the mechanical property data of
PLIM and PTS projects to see the consistency among the data. Table 2 shows
the mechanical property data including Charpy temperature shift at 41 J, upper
shelf toughness, temperature shift at 50 % shear fracture surface, and the Vick-
ers hardness increase measured by 1 kgf weight.

Figure 1�a� and 1�b� shows the �RTNDT values of plates and weld metals,
respectively, plotted against the neutron fluence. In both plots, materials with
high Cu contents show larger shifts, which increase with increasing fluence,
indicating no saturation of embrittlement. When we compare the plates and
weld metals, weld metals show in general larger shifts than the plates with
similar Cu content. This can be due to the product form effect, but on the other
hand, this may be due to the effect of Ni content because weld metals have
higher Ni content, typically 0.88 wt %, than plates, typically 0.60 wt %, as
shown in Table 2. This Ni effect can also be seen in the comparison between B5
and B6 plates, where B6 plate with 0.92 wt % Ni shows larger shift than B5
plate with 0.59 wt % Ni, though the difference is small. The synergetic effect
between Cu and Ni has been well known and accepted �8�, and thus above
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observations can be due to this synergetic effect. When we compare the results
of P1B and P4B, the P4B plate, which has very high Ni content of 1.78 wt %,
shows much larger shift than P1B with 0.58 wt % Ni, though the Cu content of
these plates are as low as 0.06 wt %. This comparison suggests that Ni alone
can cause embrittlement in addition to the synergetic effect with Cu. The effect
of P can be observed in the comparisons between B5 and B7 and between P1B
and P3B. The P effect looks small in the comparison of B5 and B7, both of
which have medium Cu content of 0.1 wt %, while there is some difference
between P1B and P3B, both of which have low Cu content of 0.06 wt %. The
P3B plate with higher P content shows larger shift than the P1B plate.

With respect to the upper shelf energy, one can see in Table 2 that the plates
from B1 to B8 of the PLIM project have low initial values of upper shelf energy

FIG. 1—Effect of neutron fluence on the transition temperature shifts in terms of
�RTNDT for various materials.
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below 100 J, and the values decreases with irradiation. Since the �RTNDT index
is defined as the temperature shift of the Charpy energy at 41 J, the �RTNDT
value is affected by the decrease in upper shelf energy, in particular in low
upper shelf energy materials. Therefore, we discuss here another index of em-
brittlement, �FATT �fracture appearance transition temperature�, which is de-
fined as the temperature shift at 50 % shear fracture surface. Figure 2�a� and
2�b� shows the �FATT values as a function of fluence. The same tendency that
was found in Fig. 1 can also be observed in Fig. 2. Figure 3 is a comparison
between �RTNDT and �FATT. In general, �RTNDT values are larger than those
of �FATT at larger shift region. This tendency is more evident in plates having
lower upper shelf energy than in weld metals having higher upper shelf energy.
Note that the differences between �RTNDT and �FATT values are large in B9

FIG. 2—Effect of neutron fluence on the transition temperature shifts in terms of
�FATT for various materials.
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and S1 plates. In particular, in B9 material, �RTNDT values are smaller than
�FATT values, suggesting some scatter in the initial values of these indexes.

Microstructural Characterization

Formation of Solute Atom Clusters

Figure 4 shows results obtained for the B1 and B9 materials using 3DAP. In the
B1 material with high Cu content of 0.21 wt %, it is clearly observed that high
number densities of solute atom clusters enriched with Cu, Ni, Mn, and Si are
uniformly formed in the matrix, as shown in Fig. 4�a�. This observation is very
consistent with those in literatures �9–11�. However, if there are dislocation
lines, the Cu-enriched solute atom clusters are preferentially formed right on
the dislocation lines, as shown in Fig. 4�b�. On the other hand, in B9 material
with low Cu content of 0.04 wt %, one can also see the formation of solute atom
clusters, as shown in Fig. 4�c�. A very different characteristic of B9 plate from
B1 plate is that the clusters are enriched with Ni, Mn, and Si but no Cu. The
number density of the solute atom clusters in B9 material is much lower than
in B1. This type of characterization of solute atom clusters was done for all the
materials listed in Table 2. It should be noted that no nanoscale fine features
associated with S atoms were observed by 3DAP in the B1, B5, B6, B7, and B8
plates, which have high S contents. This suggests that S has an effect to make
the initial upper shelf toughness low but essentially has no effect on embrittle-
ment. In this section, we will discuss the characteristics of the solute atom
clusters in terms of bulk chemical compositions and irradiation conditions of
the materials.

Figure 5�a� and 5�b� shows the cluster number density of plates and weld
metals as a function of neutron fluence. In terms of the Cu effect on the number
density, it is clear that the cluster number density is larger in higher Cu mate-

FIG. 3—Comparison of �RTNDT and �FATT values.
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rials at fluences around 3�1019 n/cm2, E�1 MeV, in both plates and weld
metals. When we compare the plates and weld metals, weld metals have in
general larger number densities than plates. This may be due to the difference
in Ni content between plates and weld metals. In fact, the cluster number den-
sities in B6 and P4B materials having higher Ni contents are also larger than
the same class of materials, B5 and P1B, with lower Ni contents. More pre-
cisely, the cluster number density in B6 plate with 0.92 wt % Ni is almost two
times larger than that of B5 plate with 0.59 wt % Ni, and the cluster number
density of P4B plate with 1.78 wt % Ni is more than ten times larger than that
of P1B material. These results suggest that an increase in Ni content enhances
the nucleation of solute atom clusters. Phosphorus content also looks to have
similar effect. When we make comparisons between B7 plate with 0.017 wt % P
and B5 plate with 0.009 wt % P and between P3B plate with 0.018 wt % P and
P1B plate with 0.008 wt % P, the cluster number densities of higher P content
plates are almost two times larger than lower P content plates in both cases.
The effect of Si is not evident.

Cu
P
Si

(a) Atom map of B1-3 material. The analyzed volume is 29 x
36 x 235 nm containing 3 9M atoms36 x 235 nm containing 3.9M atoms.

(a)

Cu
P
Si

(b) Atom map of B1-2 material. The analyzed volume is 38 x
46 x 165 nm containing 6 7M atoms46 x 165 nm containing 6.7M atoms.

Cu

(b)

Cu
P
Si

(c) Atom map of B9-3 material. The analyzed volume is 33.5
x 38 0 x 552nm containing 14 3M atomsx 38.0 x 552nm containing 14.3M atoms.

(c)

FIG. 4—Atom map obtained by 3DAP measurement for B1 and B9 materials.
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With respect to the effect of fluence, high number density of solute atom
clusters are readily formed at low fluences around 3�1019 n/cm2, E
�1 MeV. However, at higher fluences, the number density does not necessarily
increase with fluence. In high Cu materials, an increase in number density
saturates at 3�1019 n/cm2, E�1 MeV, while in low Cu materials saturation
looks to occur at around 6�1019 n/cm2, E�1 MeV, with one exception of S1
plate, in which the number density increases with increasing fluence up to the
highest fluence. Regarding the flux effect, on the other hand, the comparison of
S1 plate irradiated in MTR at 5�1012 n/cm2 ·s, E�1 MeV, with S1s plate
irradiated in a commercial reactor at �1�1011 n/cm2 ·s, E�1 MeV, shows
similar number density in spite of the 50 times difference in the magnitude of
flux. In spite of a slight difference in chemical compositions, comparisons be-
tween B1 plate and P2B plate and between B9 plate and P1B plate might be

FIG. 5—Changes in the number density of solute atom clusters with fluence.
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useful. The flux of B1 and B9 plates is 5�1012 n/cm2 ·s, E�1 MeV, while that
of P2B and P1B is 1�1013 n/cm2 ·s, E�1 MeV. The comparisons do not
show significant difference in the cluster number densities.

Figure 6�a� and 6�b� shows the change in cluster diameter as a function of
fluence. The general trend is that the cluster diameter in terms of the Guinier
diameter consistently increases with fluence. This suggests that the clusters
formed at lower fluences grow in size due to segregation of solute atoms to the
clusters during irradiation to higher fluences. It should be noted that the cluster
volume is proportional to the cube of the cluster diameter. This means that the
difference of 3 and 4 nm in diameter means more than two times difference in
volume, and a slight increase in diameter in Fig. 6 corresponds to a large in-
crease in volume. The effect of Cu on cluster diameter is not necessarily clear,

FIG. 6—Changes in the Guinier diameter of solute atom clusters with fluence.
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but in weld metals irradiated to lower fluences, cluster diameter is larger in
higher Cu content materials. When we compare the plates and weld metals,
cluster diameters of weld metals are in general smaller than those of plates. As
we saw above, this may be again due to difference in Ni content, i.e., higher Ni
contents in weld metals make the diameters smaller than in plates with lower
Ni contents. In fact, B7 and P4B, in particular P4B, have smaller cluster diam-
eters maybe due to their high Ni contents. This is very consistent observation in
the sense that the amount of solute atom segregation per cluster is less in the
materials with higher number density of solute atom clusters, which act as
segregation sites of solute atoms. Similar observation can be found in high P
materials: the cluster diameters of B7 and P3B plates are smaller, but the num-
ber densities of clusters are larger in these plates.

The flux effect on the cluster size is evident in comparison between S1s and
S1 materials, where the cluster size in S1s plate irradiated at lower flux is larger
than S1 plate irradiated at higher flux. The same tendency can be found in the
comparisons between B1 and P2B plates and between B9 and P1B plates irra-
diated in two different MTRs with different fluxes. B1 and B9 plates irradiated
at lower flux have larger diameters. Flux effect can be caused due to differences
in �1� irradiation time and �2� intercascade interaction, but in the high flux
irradiation regime, the effect of intercascade interaction may be dominant.
When the intercascade interaction becomes stronger at higher fluxes, the frac-
tion of pair recombination increases at higher fluxes, resulting in the decrease
in the amount of diffusion of point defects, in particular, vacancies, which are
the carriers of solute atoms. This could be the mechanism of the difference in
microstructure between the two fluxes at high flux regime. There should be
some effect of irradiation time, but since the total fluence is very high in these
materials, the diffusion of solute atoms due to irradiation-induced point defects
should be much larger compared to that due to the thermal vacancies, and thus
the effect of irradiation time would be negligible.

Figure 7�a� and 7�b� shows the change in volume fraction of the solute atom
clusters. The volume fraction is calculated by assuming that the clusters are the
complete spheres with the measured average Guinier radius, and the sum of all
the cluster volumes divided by the total volume of the measured area is the
volume fraction. The changes in cluster volume fraction are very similar to the
change in transition temperature shifts in qualitative sense, and this will be
discussed later.

Formation of Dislocation Loops

Another well-accepted contributor to embrittlement is the so-called matrix
damage, which can be vacancy clusters, dislocation loops, and solute atom–
point defect complexes. Extensive analyses by PA lifetime measurements show
that the average lifetimes for all the materials are less than 180 ps, and in
particular in low Cu materials, the average lifetime is less than 160 ps, suggest-
ing that large vacancy clusters, or nanovoids, are not formed in these materials.
Thus the possibility of vacancy clusters as matrix damage can be ruled out in
these materials. Solute atom–point defect complex is another possibility for
matrix damage, but it is very likely that such kind of damage with solute atoms
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can be detected by 3DAP. Therefore, in this section, we will discuss TEM mea-
surement results to consider the remaining possible candidate for the matrix
damage, i.e., dislocation loops.

TEM observations were performed on B1, S1, B9, and P1B plates. Ex-
amples of TEM observations of B9 and P1B materials are shown in Fig. 8. Both
low Cu B9 plate and high Cu P1B plate have a number of dislocation loops, and
the loops are well developed at higher fluences as shown in Fig. 8�b� and 8�d�. It
is interesting to see that some of the dislocation loops are formed preferentially
near dislocation lines, and this may suggest source hardening though we see no
enhanced yield drop in the stress-strain curve of these materials. Figure 9
shows the change in dislocation number density as a function of neutron flu-
ence. The number densities increase with fluence in all the four materials. The
number density of S1 plate with 0.09 wt % Cu is the smallest, those of B1 plate

FIG. 7—Changes in the volume fraction of solute atom clusters with fluence.
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(a) B9-2 (b) B9-3

g g

(c) P1B-2 (d) P1B-3

FIG. 8—TEM images of B9 and P1B materials irradiated at two different fluences �
�300 000�.
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FIG. 9—Changes in the number density of dislocation loops with fluence.
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with 0.21 wt % Cu and B9 plate with 0.04 wt % Cu are in similar magnitude,
and that of P1B plate with 0.06 wt % Cu is the largest. Since the flux of P1B is
two times faster than the other three materials, this might be due to the effect
of flux, but there is no evidence. The effect of Cu content on the loop number
density is not clear.

Figure 10 shows the average loop diameters as a function of neutron flu-
ence. The average loop size increases with increasing fluence in all the materi-
als. B9 and P1B plates with lower Cu contents have larger average loop size
than B1 and S1 plates having higher Cu contents. Since B1 and S1 plates have
solute atom clusters of larger number densities, the interaction between the
solute atom clusters and point defects can be much larger in B1 and S1 mate-
rials than in B9 and P1B materials. This larger possibility of solute atom
cluster–point defect interaction may suppress the growth of dislocation loops
in B1 and S1 materials.

Grain Boundary Fracture

Grain boundary fracture due to P segregation at grain boundaries is a nonhard-
ening type of embrittlement that may occur in high P materials irradiated to
high fluences. In order to investigate if this occurred in the materials consid-
ered in this study, we performed fracture surface observations as well as grain
boundary chemical analyses for the pairs of materials, B5 �0.009 wt % P� and
B7 �0.017 wt % P� plates and P1B �0.008 wt % P� and P3B �0.018 wt % P� plates.
No grain boundary fracture was observed in P3B plate, while very small
amount of grain boundary fracture was observed in B5, B7, and P1B plates.
The number of locations of grain boundary fracture in B7 is the largest, and
P1B has the smallest number of grain boundary fracture locations. However,
even in B7 plate, the total fraction of the grain boundary fracture surface is less
than 1 % of the total surface analyzed.
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FIG. 10—Changes in mean diameter of dislocation loops with fluence.
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Grain boundary chemical analyses show that the elements such as Ni, Mn,
Si, Mo, and Cu are segregated at grain boundaries, but no clear enhancement
in P segregation at grain boundaries with increasing fluence is observed. It
should be noted that the amount of P segregation was slightly larger in B5 and
B7 irradiated at lower fluxes than P1B and P3B irradiated at higher fluxes. The
fact that B5 and B7 plates have larger P segregation is in good correspondence
with the above grain boundary fracture measurement. These results suggest
that the nonhardening embrittlement due to P segregation at grain boundaries
will not be a major cause of embrittlement even at high fluences, but further
study will be necessary to verify that this is true even at lower fluxes of com-
mercial reactors.

Correlation Between Mechanical Property and Microstructural Changes

Solute Atom Clusters and Mechanical Properties

Among the microstructural features, we first discuss about the correlation be-
tween the solute atom clusters and mechanical properties. As we can see in the
comparison between Figs. 1 and 7, there is a correlation between the volume
fraction of solute atom clusters and the transition temperature shifts. Figure 11
is a correlation between the �RTNDT and the square root of the volume fraction
of the solute atom clusters detected by 3DAP. A remarkably good correlation
can be found between the two quantities for all the materials examined having
wide range of chemistry and irradiation conditions. This is a very good first
order model to connect the microstructural and mechanical property changes.
When we examine the results in more detail, however, the fit of linear function
to the plot in Fig. 11 gives the following equation:
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FIG. 11—Correlation between �RTNDT and Vf
1/2.
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�RTNDT = 1709 � �Vf − 12.5, R2 = 0.926 �1�

which does not give zero value for the constant term. Of course, since the
transition temperature shift should not be necessarily zero when the volume
fraction of solute atom clusters is zero, the correlation of Eq 1 is not necessarily
irrational, but it will be worth doing further investigation.

As we already saw in the above results, high number densities of second
phase features having small diameter and coherent atomic structure are
formed in the neutron irradiated RPV steels. In such a case, a model has been
proposed that correlates the increase in yield stress with the square root of the
volume fraction of second order features multiplied by the radius of the fea-
tures �12�. So another plot that compares the �RTNDT with the square root of
the volume fraction of solute atom clusters multiplied by the average Guinier
radius of the solute atom clusters is shown in Fig. 12. Again a good linear
correlation can be found in the plot, and the linear function fit is given as
follows:

�RTNDT = 1244 � �Vfr − 5.2 R2 = 0.924 �2�

which has better proportionality than Eq 1.
It should be emphasized here again that these two equations work very well

for all the materials, in particular P4B. As we saw in Fig. 5, the number density
of P4B material was much higher compared with all the other materials. Also
in Fig. 6, we saw that the diameter of P4B was the smallest compared with all
the other materials. Thus, in a microstructural point of view, the response of
P4B, which has much higher Ni content, is very different from those of the
other materials. However when we correlate the microstructural changes with
mechanical properties, the volume fraction of solute atom clusters describes
the behavior of P4B material in the same manner with all the other materials.
If we further look at the data point of P4B in Figs. 11 and 12, the data point of
P4B in Fig. 12 is located better in the population of the other data points than

FIG. 12—Correlation between �RTNDT and �Vfr�1/2.
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in Fig. 11. So, the above discussion suggests that the index of the square root of
the volume fraction of solute atom clusters multiplied by the average Guinier
radius is a better one. Nevertheless, as a first order approximation, in particular
when the cluster size and number density are expected not to differ very much,
the simpler index of the square root of volume fraction can be a good and
useful one. It should be also pointed out here that the cluster composition looks
to have very small effect on the contribution of solute atom clusters to em-
brittlement. For example, although we have not discussed the cluster composi-
tion in this paper, the Cu contents in the clusters change very much with the
bulk Cu contents of the steels, but �RTNDT is simply correlated with the volume
fraction of the clusters and no consideration of cluster composition looks nec-
essary. This needs further verification.

As we saw above, the index of �FATT can be another index of the em-
brittlement, in particular for the low upper shelf energy materials. Therefore,
we present similar plots to Figs. 11 and 12 by changing the index of vertical
axes from �RTNDT to �FATT as shown in Figs. 13 and 14. The fitted linear
equations are as follows:

�FATT = 1464 � �Vf − 8.0, R2 = 0.876 �3�

�FATT = 1073 � �Vfr − 2.2, R2 = 0.885 �4�

One can see that the fit of Eq 4 has very good proportionality, and again the
data point of P4B is well described. Since the above theory using the volume
fraction was developed for the estimation of increase in yield stress, it is rea-
sonable to have a better correlation with �FATT, which will be more directly
connected to the increase in yield stress and will be able to minimize the effect
of the low upper shelf energy.

FIG. 13—Correlation between �FATT and Vf
1/2.
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Dislocation Loops and Mechanical Properties

The above discussions were focused only on the correlation between the solute
atom clusters and the amount of embrittlement. However, as is confirmed in
the previous section, dislocation loops are formed in the neutron irradiated
RPV steels, and they are highly expected to contribute to the embrittlement.
This will be discussed in this section.

We have now information on the dislocation loop characteristics such as
number density and size. Based on these data, the Orowan model is often used
to estimate the hardening due to dislocation loops. This model tells us that the
increase in yield stress, �� �MPa�, can be calculated using the number density
of dislocation loops, N �m−3�, and the average diameter of dislocation loops,
d�m�, as

�� = 	 · M · 
 · b · �N · d �5�

For the RPV steels, parameters for 	-iron will not be bad approximations, i.e.,
	=0.4, M=2 �bcc�, 
=80 000 �MPa�, and b=0.249�10−9 �m�. �� can be fur-
ther converted to the transition temperature shift �Tloop by the following em-
pirical equation:

�Tloop = 0.65�� �6�

The calculated values of �Tloop for the four materials, B1, S1, B9, and P1B
plates, are compared with the �RTNDT values of these materials in Fig. 15. In
the B9 and P1B plates with low Cu contents, �RTNDT and �Tloop are in almost
in the same magnitude, while in the Cu containing S1 and B1 plates, contribu-
tions of �Tloop are small. It should be emphasized that the absolute values of
the estimated �Tloop can change due to uncertainties of the parameters used in
Eqs 5 and 6. It should be also noted that due to the limitation of the spatial
resolution of TEM, dislocation loops with diameters of �1 nm or less cannot
be detected even if they exist. Another thing that we like to point out once again

FIG. 14—Correlation between �FATT and �Vfr�1/2.
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here is that, as we see in Fig. 8, some of the dislocation loops are formed
preferentially near or along pre-existing dislocation lines. This effect is not
taken into consideration in the above estimates of loop contributions.

We now have measured two features, solute atom clusters and dislocation
loops, that may contribute to embrittlement. In the system where we have two
different obstacles having different contributions to hardening, the total hard-
ening ���� can be written as a square root of the sum of the two contributions,
��1 and ��2, squared �root-sum-square �RSS� model� �13�. The unique charac-
teristic of this model is that the stronger contributor determines the total hard-
ening. For example, if ��1=1 and ��2=3, ��= �12+32�1/2=101/2=3.16 is very
similar to the value of ��2. Therefore, it is reasonable that in the Cu containing
materials, where the volume fractions of solute atom clusters are large, the
square root of cluster volume fraction is almost proportional to the total hard-
ening, and thus the transition temperature shifts. On the other hand, in such
materials as B9 and P1B plates, either of solute atom clusters and dislocation
loops looks to describe the total shifts. When the magnitudes of the two con-
tributors are similar, the total amount of transition temperature shift will be
about 40 % larger, �12+12�1/2=1.4, than each of the two contributions. How-
ever, since the shifts in B9 and P1B are not very large, the magnitude of 40 %
difference in total shift is well within the scatter of the data, and thus each one
of the two contributions can be close to the total shift. Another point that
should be noted here is that the dislocation loops measured by TEM and solute
atom clusters measured by 3DAP might be identical in some cases. In fact,
large ��several nanometers� dislocation loops decorated by solute atoms are
often observed in the 3DAP analyses, and in particular in low Cu materials, it is
likely that solute atom clusters are formed by segregation to the point defect
clusters. Further study using direct comparisons between the 3DAP and TEM
measurements may give some insights.
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FIG. 15—Contribution of dislocation loops to transition temperature shifts.
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Summary

Extensive microstructural analyses were performed on the RPV steels irradi-
ated to very high fluences beyond 1020 n/cm2, E�1 MeV, at high fluxes under
the two major projects, PTS and PLIM, in Japan. The steels are plates and weld
metals with a wide range of chemical compositions. 3DAP analyses show that
solute atom clusters are formed in all the materials analyzed regardless of the
Cu impurity contents. Cluster size increases with neutron fluence, while the
number density increases with fluence at low fluences, but it tends to saturate
at high fluence region. Dislocation loop formation was studied using TEM ob-
servation, and we confirmed that dislocation loops are formed in these steels. P
segregation on grain boundaries was studied by surface analyses as well as
grain boundary chemical analyses. We found that nonhardening type embrittle-
ment due to grain boundary fracture is not a major contributor to the em-
brittlement in these materials and irradiation conditions.

With respect to the correlation between microstructures and mechanical
properties, we found that the volume fraction of solute atom clusters has very
good correlation with the change in �RTNDT, though the detailed characteris-
tics of clusters such as number density, cluster size, and cluster composition
depend on the environmental and metallurgical variables. Contributions of the
dislocation loops to the transition temperature shifts estimated by the Orowan
model show that dislocation loops may be a major contributor in low Cu ma-
terials, but in Cu containing materials the contribution is weak. RSS of the two
contributions of solute atom clusters and dislocation loops seems a reasonable
model to describe the �RTNDT.
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was less than 0.1 in monolayer coverage for the steels with the bulk content
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Introduction

More than ten light water reactors �LWRs� in Japan that began to operate in the
1970s have reached over a 30-year operation. In order to ensure the integrity of
aging LWRs, it is of great importance to gain a fundamental understanding of
the degradation mechanism of reactor pressure vessel �RPV� A533B steels ex-
posed to high neutron fluence and to re-evaluate an embrittlement correlation
with the recent surveillance and accelerated irradiation data. A new embrittle-
ment method has been developed for the Japanese RPV steels �1�, where the
cause of embrittlement is irradiation-hardening due to formation of solute-rich
clusters and matrix damage in the grain matrix. One of the other possible
degradation mechanisms of A533B steels neutron-irradiated at high fluence
��5�1023 n/m2, E�1 MeV� is intergranular embrittlement due to
irradiation-induced grain-boundary segregation of impurity, commonly P. It is
well known that the increase in P concentration at grain-boundaries is linearly
correlated with the shift in Charpy ductile-to-brittle transition temperature
�DBTT� associated with increased fraction of intergranular fracture for unirra-
diated steels �2�. In order to estimate when the intergranular embrittlement
occurs for a long-term service of RPV, data and analysis are necessary on a
dependence of P segregation on neutron fluence and the combined effect of
grain-boundary P segregation and irradiation-hardening on the embrittlement
�3�.

In previous studies �4,5�, the grain-boundary P segregation and irradiation-
hardening in P-doped A533B steels irradiated mostly up to neutron fluence of
6.9�1023 n/m2 �E�1 MeV� at 563 K using material testing reactors �MTRs�
were examined by a scanning Auger microprobe �SAM�, a local electrode atom
probe, and positron annihilation spectroscopy. The neutron irradiation facili-
tated the grain-boundary P segregation. The content of bulk P significantly
affected irradiation-hardening due to distinct formation of P-rich precipitates
or clusters stabilized by vacancies as well as the P segregation. Analyzing the
correlations between the P segregation, hardening, fraction of intergranular
fracture, and DBTT, it was found neutron irradiation mitigates an embrittling
effect of segregated P. The Master Curve approach has been applied to study the
effect of mixed cleavage/intergranular modes on the fracture toughness scatter
for those irradiated P-doped A533B steels.

The present study is conducted to investigate the grain-boundary solute
segregation and how the segregation and irradiation-hardening affect the em-
brittlement in terms of DBTT for A533 steels with typical contents of impurities
in Japanese RPV ones neutron-irradiated at higher fluence than the previous
study. The likelihood of intergranular embrittlement is discussed in these re-
sults.
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Experimental Procedure

The materials used in the present study were four kinds of A533B steels com-
mercially manufactured �designated as P3B, B7, B5, and P1B�. The published
data of the A533B steels �4,5� were used for a comparison. The chemical com-
positions of these steels are listed in Table 1.

The steels were neutron-irradiated at 563 K in a range of the neutron flu-
ence from 3.1�1023 to 1.3�1024 n/m2 �E�1 MeV� using the Japan Materi-
als Testing Reactor or Halden Reactor. The neutron fluence values of the SAM
specimens are listed in Table 2.

The SAM analyses were performed to examine grain-boundary segregation
for elements of interest: mainly P, C, S, Mo, Ni, and Fe. Notched plate speci-
mens for the SAM analyses were machined from irradiated broken Charpy-V
notch �CVN� ones. The SAM specimens at temperatures below 123 K were

TABLE 1—Chemical compositions �wt%� of A533B steels.

Designation C Si Mn P S Cu Ni Cr Mo
P3B 0.19 0.22 1.44 0.018 0.006 0.06 0.57 ¯ 0.47
B7 0.24 0.14 1.53 0.017 0.024 0.10 0.63 0.13 0.51
B5 0.24 0.14 1.52 0.009 0.020 0.10 0.59 0.13 0.51
P1B ¯ 0.21 ¯ 0.008 ¯ 0.06 0.58 ¯ ¯

PHa 0.18 0.25 1.47 0.057 0.009 0.12 0.65 0.13 0.51
PMa 0.18 0.25 1.45 0.026 0.009 0.12 0.65 0.16 0.51
PLa 0.18 0.22 1.41 0.013 0.003 0.01 0.65 0.16 0.51
JRQb 0.18 0.24 1.42 0.017 0.004 0.14 0.84 0.12 0.51
PAc 0.28 0.22 1.26 0.017 0.019 0.09 0.57 0.08 0.51
PBc 0.26 0.25 1.49 0.013 0.011 0.17 0.54 0.09 0.49
aReference 4.
bReference 5.
cReference 6.

TABLE 2—Neutron fluence for the samples of SAM analysis.

Steels Neutron Fluence �n/m2, E�1 MeV� at 563 K
P3B 5.4�1023

¯

B7 8.6�1023
¯

B5 3.1�1023
¯

P1B 6.7�1023 1.3�1024

PH, PM, PLa 2.5�1023 6.9�1023

JRQb 2.3�1023 1.2�1024

PAc 3.4�1023 1.1�1024

3.1�1023 5.8�1023

aReference 4.
bReference 5.
cReference 6.
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fractured by impact-loading in an ultra-high vacuum chamber with a pressure
of 3–5�10−8 Pa. The intergranular facets were identified using secondary
electron images at a magnification of �1000 on fracture surfaces and analyzed
with a 5 kV accelerating voltage and 100 nA beam current. The data survey was
first made to identify the Auger signal and then the peak height ratio �PHR� of
the first derivative Auger signals of individual elements to the Fe peak �703 eV�
were measured by setting a window in a specific energy range for elements of
interest �7�. The concentration of grain-boundary segregated element expressed
as a monolayer coverage, where the monolayer coverage is the fraction of
grain-boundary-sites occupied by the segregant, was estimated from the mea-
sured PHR based on a correction factor listed in Refs 7 and 8.

Results and Discussion

A scanning electron micrograph �SEM� of mixed intergranular/cleavage frac-
ture surface and a typical differential Auger spectrum on an intergranular facet
are shown in Fig. 1 for the P1B steel irradiated to 1.3�1024 n/m2. Intergranu-
lar fracture is distinguished as the presence of tiny particles of grain-boundary
carbides from the cleavage one. Grain-boundary enrichments of P, C, Mo, and
Ni were clearly detected only on intergranular facets in both the unirradiated
and irradiated steels. The Cu peak was occasionally identified on intergranular
fracture surfaces. The neutron irradiation gave rise to no enrichment of other
elements.

The dependence of the P segregation in monolayer coverage at grain-
boundaries on the neutron fluence is shown in Fig. 2. The higher P segregation
is recognized for the unirradiated steel with higher bulk content of P. The initial
P segregation is determined by the conditions of post-weld heat treatment and
subsequent cooling during material fabrication according to McLean’s thermal
equilibrium and kinetic theory �9�, where the equilibrium solute segregation
increases with increasing bulk solute content and decreasing temperature, and
the segregation rate is controlled by solute/vacancy exchange diffusion. The P
segregation is increased by irradiation for all steels. The increase in the P seg-
regation seems to be saturated at high fluence, as seen for the P1B steel. To
demonstrate clearly the effects of the bulk P content and neutron irradiation on
the P segregation, the increase in the P segregation ��CP

gb� in monolayer cover-
age of unirradiated and irradiated steels is plotted against the square root of the
bulk P content in atomic percentage �CP

b�, together with the published data �3-6�
in Fig. 3. The �CP

gb is enhanced with increasing neutron fluence and raising
�CP�1/2. It is again seen that the increase in the P segregation seems to be satu-
rated for the steels with the bulk P content not exceeding the commercial Japa-
nese RPV range of �0.02 wt% neutron-irradiated to a fluence larger than 1
�1024 n/m2. From a post-irradiation annealing �PIA� study in various P-doped
Fe alloys �10�, the rate of P segregation was found to be greatly enhanced at
lower PIA temperatures below 673 K. A very low activation energy estimated
for the rapid P diffusion gives a clear indication that the migration of
P-interstitial complexes controls the kinetics of P segregation.
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FIG. 1—�a� Typical example of fracture surface observed for the P1B steel irradiated to
1.3�1024 n/m2 �E�1 MeV�. Intergranular facets �+� are distinguished with tiny
grain-boundary carbides from cleavage ones. �b� A differential Auger spectrum obtained
on an intergranular facet.
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FIG. 2—Variation in grain-boundary P segregation to neutron fluence for the steels.

FIG. 3—Increase in grain-boundary P segregation by neutron irradiation ��CP
gb� to

square root of bulk P content �CP
b�1/2.
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P and C that enhance the grain-boundary cohesion are known to segregate
competitively to grain-boundaries during thermal aging and neutron irradia-
tion �10�. The relationship between the grain-boundary segregated P and C is
shown in Fig. 4 for the unirradiated and irradiated steels. In the previous re-
sults �5�, there exist two data groups depending on the amount of grain-
boundary segregated P in the same plot as Fig. 4. The segregated P and C are
inversely correlated with each other for the steels with relatively high P segre-
gation in the unirradiated condition, but the irradiation does not affect the C
segregation in this group. In the steels with low P segregation, smaller C seg-
regation was observed after neutron irradiation. The present result also sug-
gests that the behavior of C is variable, although there is a tendency of the
reduction in C segregation due to the neutron irradiation with lower initial P
segregation.

For other segregated elements at grain-boundaries, Mo was almost un-
changed by the irradiation. This implies that the Auger signal of Mo arises
mainly from grain-boundary carbides. The dependence of segregated Ni at
grain-boundaries on the neutron fluence is shown in Fig. 5. The Ni segregation
increases with neutron fluence, similar to the P segregation. However, a tensile
test simulation by first-principles calculations in a realistic situation using bcc

Fe �3�111��11̄0� symmetrical tilt grain-boundary �11� has shown that the re-
duction in grain-boundary cohesive strength due to Ni at grain-boundaries is
weak, unlike P and S �12�.

The effect of irradiation-hardening in terms of the increase in the yield
strength at room temperature ���y� on the shift in DBTT at Charpy 41J energy
level ��T41J� for the steels with different increases in irradiation-induced P seg-

FIG. 4—Correlation between grain-boundary P and C segregation in the unirradiated
and irradiated steels.
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FIG. 5—Variation in grain-boundary Ni segregation to neutron fluence for the steels.

FIG. 6—Effects of irradiation-hardening in terms and increase in yield strength ���y�
on the shifts in Charpy 41J DBTT ��T41J� for the irradiated steels.
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regation ��CP
gb� is shown in Fig. 6, together with the published data. Irradiation

embrittlement in terms of �T41J is often related to the irradiation-hardening
���y� by

�T41J = k � ��y, �1�

where a typical value of parameter k is 0.65°C/MPa for RPV steels �13�. This
linear relation with k=0.65 is superimposed in the figure. When the intergranu-
lar embrittlement occurs due to the increase in P segregation induced by neu-
tron irradiation, k becomes higher than the above value. This should be accom-
panied by the increase in intergranular fracture �4,5�. The B7 steel irradiated to
8.6�1023 n/m2 seems to have a higher value of k. However, the SEM observa-
tion revealed no intergranular fracture affecting the DBTT and no increase in
intergranular fracture due to neutron irradiation. Only isolated intergranular
fracture among the cleavage one was observed in the fracture surface of the
CVN specimen fractured in the lower shelf region of the irradiated B7 steel.
Additionally, it is pointed out that the reduction in grain-boundary segregated C
caused by neutron irradiation as shown in Fig. 4 is not large enough to cause
the DBTT shift for A533B steels unlike Fe-P-C model alloys �10,14�. On the
other hand, the PH steel ��� with the highest increase in P segregation irradi-
ated to 6.9�1023 n/m2 �5� clearly exhibits a higher value of k with an increase
in the fraction of intergranular fracture of about 20 %. These indicate that if
�CP

gb is less than 0.12 in monolayer coverage, the irradiation-induced P segre-
gation has little effect on the DBTT shift due to irradiation-hardening em-
brittlement. This is supported by the SEM observations where the fraction of
intergranular fracture was almost not affected by the irradiation for other steels
except for the PH steel with the highest increase in P segregation.

The likelihood of intergranular embrittlement in the irradiated RPV steels
is considered. In Fig. 2, �CP

gb due to neutron irradiation is less than 0.1 even at
high fluence for the steels with the bulk P content not exceeding the commer-
cial Japanese RPV range of �0.02 wt%. Intergranular embrittlement would
hardly occur even at high fluence as long as the flux effect on the P segregation
is insignificant. However, the data in the present study were obtained by accel-
erated irradiation using MTRs. Data on this flux effect are very limited. A com-
parison of the grain-boundary P segregation by a pressurized-water reactor
�PWR� surveillance and MTR irradiation to 6�1023 n/m2 has exhibited the
similar magnitude of irradiation-induced P segregation �6�. Further data on
surveillance samples and model predictions are crucial to examine the possi-
bility of intergranular embrittlement.

Conclusion

The scanning Auger analysis was performed on the intergranular facets on the
A533B steels irradiated to 1.3�1024 n/m2 �E�1 MeV� at 563 K using MTRs
to examine the change in the concentration segregated elements due to the
irradiation. The effect of irradiation-induced P segregation and hardening on
the embrittlement in terms of Charpy DBTT shifts was evaluated. Results ob-
tained in the present study are as follows:
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�1� Grain-boundary enrichment of several elements, P, C, Mo, and Ni was
identified on the intergranular facets for both unirradiated and irradi-
ated A533B steels. The neutron irradiation induced grain-boundary P
and Ni segregation. The behavior of C was variable; there is a tendency
of the reduction in C segregation due to the neutron irradiation with
lower initial P segregation. The high neutron irradiation did not bring
about grain-boundary segregation of other elements.

�2� The dependence of P segregation on bulk P contents and neutron flu-
ence was comprehensively determined by the present and published
data. The P segregation was facilitated with bulk content of P and neu-
tron fluence. The increase in the P segregation due to high fluence
��5�1023 n/m2, E�1 MeV� was less than 0.12 in monolayer cover-
age for the steels with the bulk content of P not exceeding the commer-
cial Japanese RPV range of 0.02 wt%. The hardening more strongly
affected the DBTT shift than the P segregation for those irradiated
steels.

�3� The likelihood of intergranular embrittlement appeared to be a little
even at high fluence as far as the flux effect on the P segregation is
insignificant. The importance of the data on surveillance samples was
emphasized to further examine the possibility of intergranular em-
brittlement.
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Irradiation-Induced Hardening and
Embrittlement of High-Cr ODS Ferritic
Steels

ABSTRACT: The dependence of irradiation temperature, neutron dose, and
Cr content on irradiation hardening and embrittlement has been investigated
for oxide dispersion strengthened �ODS� ferritic steels irradiated from 290 to
600°C up to the maximum neutron dose of 0.75 dpa. Irradiation hardening
and embrittlement of the materials strongly depend on the irradiation tem-
perature. While neutron dose increases from 0.01 to 0.21 dpa, the ODS
steels with Al show a saturation of irradiation hardening but the no-Al ODS
steel has an increase in the hardening. The higher the Cr content, the more
significant the irradiation hardening and embrittlement of ODS steels irradi-
ated below 420°C. Interestingly, the ODS ferritic steels exposed to neutrons
show little change of tensile elongation, compared to 9Cr JLF-1. Furthermore
the ductile-brittle transition temperature �DBTT� shift of ODS steels increases
with the increasing irradiation hardening, indicating that the increase of yield
strength due to radiation induced hardening increases the DBTT and thus a
reduction of hardening is effective to reduce the DBTT shift.

KEYWORDS: oxide dispersion strengthened steel, neutron irradiation,
irradiation hardening, irradiation embrittlement, Cr content, irradiation
temperature

Introduction

In order to realize a high burn-up operation of supercritical water-cooled reac-
tor �SCWR�, sodium-cooled fast reactor �SFR�, and lead bismuth-cooled fast
reactor, which have been considered as a thermal and fast reactors in genera-
tion IV nuclear energy systems, respectively, candidate cladding materials must
have good corrosion resistance and mechanical properties at elevated tempera-
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tures. Also, high resistance to neutron irradiation embrittlement of the clad-
dings has been certainly required to increase an acceptability of the advanced
fission reactors.

Oxide dispersion strengthened �ODS� ferritic/martensitic steels containing
9–12 wt .% chromium �Cr� have been developed for the fuel cladding material
of SFR, not only because of their sufficiently high creep strength at elevated
temperature, but also because they are resistant to neutron irradiation em-
brittlement �1–3�. However, corrosion resistance of ODS ferritic/martensitic
steels is insufficient to be used as the structural materials of the fast breeder
reactors and SCWR �4�. Thus, to improve the corrosion resistance at high tem-
peratures, ODS ferritic steels with high-Cr content have been developed at
Kyoto University. It was confirmed that the ODS ferritic steels with 14–22 wt .%
Cr are very effective in suppressing corrosion in SCW and also have excellent
mechanical properties at elevated temperatures due to the dispersion of nano-
scale oxides and the very small grains �5–7�. Generally, after neutron irradia-
tion, high-Cr content in ferritic steels leads to remarkable irradiation-induced
hardening and ductility loss. However, high-Cr ODS ferritic steels showed sub-
stantial irradiation hardening accompanied by almost no loss of tensile elon-
gation even after the irradiations at doses ranging from 0.01 to 0.75 dpa �8�.

In this study, to clarify the susceptibility of high-Cr ODS steels to irradia-
tion induced degradation, the effects of neutron dose, irradiation temperature,
and Cr content on irradiation hardening and embrittlement have been investi-
gated for several ODS ferritic steels.

Experimental

To fabricate the high-Cr ODS ferritic steels, the elemental powders were first
mechanically alloyed using a high-energy ball mill with pre-alloyed Y2O3 pow-
der. The mechanically alloyed powders were canned, degassed, and extruded at
1150°C to make cylindrical rods. Finally a homogenization heat treatment was
performed at 1050°C for 1 h. The details about the fabrication process of ODS
steels are given in Refs 9 and 10. Table 1 shows the chemical compositions of
high-Cr ODS ferritic steels prepared from the manufacturing process and a
reduced-activation ferritic steel, JLF-1, developed as a fusion blanket structural

TABLE 1—Chemical compositions of ODS ferritic steels and JLF-1 used in this study �in
wt .%�.

Materials

Chemical Composition �wt .%�

C Si Mn Cr Al W Ti N V Ta Y Y2O3

19Cr�K1� 0.05 0.041 0.06 18.37 �0.01 0.29 0.28 0.014 ¯ ¯ 0.29 0.368
14Cr-4Al�K2� 0.04 0.033 0.06 13.64 4.12 1.65 0.28 0.009 ¯ ¯ 0.30 0.381
16Cr-4Al�K3� 0.08 0.033 0.06 16.00 4.59 1.82 0.28 0.006 ¯ ¯ 0.29 0.368
19Cr-4Al�K4� 0.09 0.039 0.06 18.85 4.61 1.83 0.28 0.005 ¯ ¯ 0.29 0.368
22Cr-4Al�K5� 0.10 0.039 0.07 22.05 4.55 1.80 0.27 0.005 ¯ ¯ 0.28 0.356
JLF-1 0.10 0.05 0.45 8.85 ¯ 1.99 ¯ 0.023 0.20 0.08 ¯ ¯
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material �11,12� that was selected as a reference material to the ODS ferritic
steels in this experiment.

All the specimens were irradiated in the Japan Materials Testing Reactor
�JMTR�. As shown in Table 2, the neutron irradiations were performed at six
different temperatures for several dose levels with a maximum neutron fluence
of 5�1020 n /cm2 �E�1 MeV�.

Tensile tests were carried out for the SS-J type miniaturized specimens of
5�1.2�0.25 mm3, at a strain rate of 6.7�10−4 s−1 at room temperature.
Yield strength and total elongation were determined from the recorded stress-
strain curves. Charpy impact tests were performed at temperatures from −190
to 57°C with an impact velocity of 5.0 m/s. The sub-sized Charpy V-notched
specimens have the following dimensions: Length=20 mm, thickness
=1.5 mm, width=1.5 mm, and notch depth=0.3 mm �Fig. 1�. The lower
shelf energy �LSE�, the upper shelf energy �USE�, and the ductile-brittle transi-
tion temperature �DBTT� were calculated from transition curves obtained by
fitting a hyperbolic function �Eq 1� to the data,

Ea =
USE + LSE

2
+

USE − LSE

2
� tanh �T − DBTT

0.5TZW
� �1�

where:
Ea=the absorbed energy,
T=the test temperature �°C�, and
TZW=the width of the temperature of ductile to brittle transition area.
Note that the tensile and Charpy impact tests were conducted in a longitu-

dinal direction, which is parallel to the extrusion direction. Schematic drawing
of the tensile and Charpy specimens showing their orientations in terms of
extrusion direction is given in Fig. 1.

Results and Discussion

Irradiation Hardening

The tensile stress-strain curves of irradiated and unirradiated 16Cr4Al-ODS
steel and 9Cr JLF-1 are shown in Fig. 2. In comparison to the unirradiated
JLF-1, the unirradiated ODS ferritic steel has about two times higher yield
strength and lower total strain. After neutron irradiation, a typical increase in
yield strength and a loss of ductility are observed for 9Cr JLF-1. However, com-
pared to JLF-1, the 16Cr4Al-ODS steel shows a little loss of ductility and a
substantial irradiation hardening which tends to depend on the irradiation
temperature.

The dependence of neutron dose and irradiation temperature on irradia-
tion hardening of ODS ferritic steels is given in Fig. 3. While neutron dose
increases from 0.01 to 0.21 dpa, the 19Cr-ODS steel without Al has an increase
in irradiation hardening but other ODS steels with Al show a saturation of the
hardening. For ODS ferritic steels irradiated to around 0.25 dpa, the increase in
yield strength decreases with the increased irradiation temperature, indicating
that the irradiation hardening of ODS steels is influenced by the irradiation
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temperature. Note that the ODS ferritic steels irradiated at 600°C have almost
no hardening. It is suggested that irradiation damage structures created by
neutrons in the ODS steels may be recovered after irradiation at 600°C.

The effect of Cr content on neutron irradiation hardening of ODS ferritic
steels is shown in Fig. 4. It is interesting to note that the higher the Cr content,
the more outstanding the irradiation hardening of ODS steels irradiated below
400°C. In our previous research �8�, neutron irradiation characteristics of ODS
ferritic steels irradiated at 290, 400, and 600°C were evaluated using the tensile
experiment. The results revealed that the irradiation hardening of ODS steels
irradiated at 290 and 400°C is probably due to formations of dislocation loops
and Cr-rich phases, respectively. Although the transmission electron micros-
copy observations of the specimens irradiated at 300 and 600°C have not been
completed, the irradiation hardening at 300°C is considered to also be because
of the formation of dislocation loops. Note that the irradiation hardening of
19Cr4Al-ODS steels is significantly larger than that of 19Cr-ODS steels without

FIG. 1—The schematic drawing of the tensile and Charpy impact specimens showing
their orientations in terms of extrusion direction.

FIG. 2—The engineering tensile stress-strain curves of 9Cr JLF-1 and 16Cr4Al-ODS
ferritic steel unirradiated and irradiated from 300 to 600°C up to 0.75 dpa.
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Al, though the 19Cr4Al-ODS steel irradiated at 300°C has a slightly higher
increase in yield strength, compared to 19Cr-ODS steel. It is deduced that dur-
ing irradiation above 400°C Al addition likely accelerates the formation of
Cr-rich phases. Interestingly, the 14Cr4Al-ODS steels still show a smaller irra-
diation hardening than 9Cr JLF-1 irradiated at 300°C. It is suggested that very
small oxide particles dispersed in the matrix may act as trapping sites for
irradiation-induced defects �13� and thus cause suppression of Cr diffusion or
growth of Cr-rich phase even under the existence of aluminum.

Figure 5 shows the change in total elongation of the high-Cr ODS ferritic
steels after exposure to various irradiation temperatures. For 19Cr-ODS steels
irradiated from 300 to 600°C, the increase in total elongation is larger than
that of 19Cr4Al-ODS steels. On the other hand, the 19Cr-ODS steel irradiated at
290°C has a smaller decrease in the elongation than 19Cr4Al-ODS steel. It is
suggested that the addition of Al may cause an increase in loss of ductility
during neutron irradiation. It is, however, remarkable that the ODS ferritic
steels exposed to neutrons show little change of elongation, compared to 9Cr
JLF-1 possessing a significant irradiation-induced loss of total elongation.
These results may be explained in terms of acceleration of homogeneous defor-
mation, which is caused by dense oxide particles dispersed in the material
matrix, because the dispersed oxide particles likely hinder dislocation channel-
ing induced by neutron irradiation in local regions and thus lead to the homo-

FIG. 3—The increase in yield strength as a function of neutron dose and irradiation
temperature of high-Cr ODS ferritic steels and JLF-1.
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geneous deformation continuously. Further study of the phenomenon of little
ductility loss in neutron-irradiated ODS steels has been performed in our labo-
ratory.

Irradiation Embrittlement

For high-Cr ODS steels irradiated at various temperatures, the absorbed energy
at room temperature is evaluated in terms of Cr content �Fig. 6�. The 14Cr4Al-
ODS ferritic steels irradiated at all the temperatures are less embrittled than
the other ODS steels, but the ODS steels with over 19 wt. % Cr have a serious
embrittlement phenomenon below 420°C. These results indicate that the
higher the Cr content, the more significant the irradiation embrittlement. Fur-
thermore the irradiation embrittlement of ODS ferritic steels is considered to
may be due to the formation of Cr-rich �� precipitates. It is also confirmed that
the absorbed energy of ODS ferritic steels is lost slightly after irradiation above
550°C. Figure 7 shows the effect of Cr content on the neutron irradiation-

FIG. 4—The effect of Cr content on the irradiation hardening of JLF-1 irradiated at
300°C and ODS ferritic steels irradiated from 290 to 600°C.
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induced DBTT shift of ODS ferritic steels. While the impact tests were per-
formed at temperatures from −190 to 57°C, a critical temperature called the
DBTT was not observed for the ODS steels, which are composed of over 19
wt. % Cr and irradiated below 420°C. However, the DBTT of ODS steels with
14–22 wt .% Cr is present after irradiation above 550°C. Note that the DBTT
shift of 14Cr4Al-ODS steels decreases with the increased irradiation tempera-
ture. These results indicate that the DBTT shift depends on the irradiation
temperature. Interestingly, after exposure to neutron irradiation above 550°C
the ODS ferritic steels have a significant decrease in DBTT shift, although the
DBTT shift of 14Cr4Al-ODS steels is larger than that of other ODS steels.

Correlation Between Increase in Yield Strength and DBTT Shift

Figure 8 shows the relationship between irradiation hardening and DBTT shift
of high-Cr ODS ferritic steels irradiated with neutrons. For the ODS steels, the
DBTT shift increases with the increasing irradiation hardening. This indicates

FIG. 5—The change in total elongation as a function of Cr content of JLF-1 irradiated
at 300°C and ODS ferritic steels irradiated from 290 to 600°C.
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that the increase of yield strength due to radiation induced hardening increases
the DBTT and thus a reduction of hardening is effective to reduce the DBTT
shift. Also, it is suggested that the irradiation hardening and embrittlement of
ODS ferritic steels are caused by the dislocation loops or Cr-rich phases in-
duced by neutron irradiation. Note that after irradiation at 600°C to 0.75 dpa,
the 14Cr4Al-ODS steel has a decrease in yield strength, though an increase in
the DBTT is still present. Microstructural observation of the specimen will be
conducted to understand the irradiation softening phenomenon.

Conclusions

The dependence of neutron dose, irradiation temperature, and Cr content on
irradiation-induced hardening and embrittlement has been examined in the
ODS ferritic steels irradiated at various temperatures �from 290 to 600°C� up
to the maximum neutron dose of 0.75 dpa. The following results were obtained:

FIG. 6—The absorbed energy of the ODS ferritic steels irradiated from 300 to 600°C,
evaluated at room temperature in terms of Cr content.
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�1� The irradiation hardening and embrittlement of ODS ferritic steels
strongly depend on the irradiation temperature.

�2� While neutron dose increases from 0.01 to 0.21 dpa, the ODS steels
with Al show a saturation of irradiation hardening but the ODS steel
without Al has an increase in the hardening.

�3� The higher the Cr content, the more outstanding the irradiation hard-
ening and embrittlement of ODS ferritic steels irradiated below 420°C.

�4� Compared to 9Cr JLF-1 possessing a significant loss of total elongation,
the ODS ferritic steels exposed to neutrons show little change of tensile
elongation.

�5� The DBTT shift of ODS steels increases with the increasing irradiation
hardening, indicating that the increase of yield strength due to radia-
tion induced hardening increases the DBTT and thus a reduction of
hardening is effective to reduce the DBTT shift.

FIG. 7—The effect of Cr content on the DBTT shift of ODS ferritic steels irradiated at
300, 420, 550, and 600°C.
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Kinetic Monte Carlo Simulation of
Helium-Bubble Evolution in ODS Steels

ABSTRACT: Oxide dispersion strengthened �ODS� ferritic/martensitic steels
are being developed for high temperature applications for fission reactors
and future fusion devices. ODS-Eurofer97 �Fe–9CrWVTa–0.3Y2O3� and
ODS-MA957 �Fe–14CrTiMo–0.25Y2O3� have shown promising high tem-
perature mechanical properties, such as tensile strength, toughness, fatigue,
and creep rupture. Recent neutron irradiation experiments with simultaneous
helium implantation indicate that helium transport is favorably impacted by
the nanometer-sized oxide particles, small grain sizes, and high dislocation
densities of ODS steels. Simulating helium transport in ODS steels requires
a three-dimensional spatially resolved model, which takes into account dis-
crete geometric and microstructural features of the steel. We have devel-
oped such a helium transport simulation model using an event kinetic Monte
Carlo �EKMC� approach called Monte Carlo simulation of helium-bubble evo-
lution and resolutions �McHEROS�. First, a spatially resolved kinetic rate
theory is used to establish helium-vacancy cluster and stable helium-bubble
nuclei concentrations. The maximum helium-bubble density is then used as
an initial condition for randomly distributed matrix bubbles for the EKMC
simulation. Migration, coalescence, and trapping of helium bubbles by oxide
particles are simulated. Matrix helium bubbles that come into contact with
each other are assumed to undergo instantaneous coalescence, which leads
to bubble growth. However, migrating bubbles that are intercepted by oxide
particles are assumed trapped but can grow through coalescing with newly
arriving bubbles. The oxide particles effectively reduce the growth rate of
matrix bubbles. Helium-bubble size and spatial distributions of the EKMC
simulation are compared with recent experimental measurements. As part of
this study, the effectiveness of the ODS microstructure on reducing helium-
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bubble growth rates is presented by comparing EKMC simulations of steels
with and without ODS particles. This first application of the McHEROS code
has demonstrated the viability of the code as a tool in describing the behav-
ior of helium-bubble transport in ODS alloys.

Introduction

The deuterium-tritium reaction in fusion devices produces high energy �14.1
MeV� neutrons, which can lead to substantial gaseous transmutations in sur-
rounding structural materials, such as iron at a rate of �10 He/dpa. Helium
has a closed electronic structure and is insoluble in solid materials. As a result
helium atoms tend to cluster and/or interact with defects, such as vacancies,
dislocations, precipitates, or pre-existing helium bubbles. Helium clusters can
migrate, coalesce, or grow by acquiring vacancies or helium atoms to form
helium-filled bubbles, which have detrimental effects on structural material
performance.

At high irradiation temperatures ��0.5Tm� tensile, creep, and fatigue prop-
erties of structural alloys are adversely affected due to the formation of helium
bubbles, particularly in grain boundary regions. At low temperatures
��0.4Tm�, the fatigue life can be reduced due to the interference of helium
bubbles with plastic deformation. The dimensional integrity of structures can
also be affected because of the stabilizing effect of helium on void and bubble
formation and growth. Helium accelerates the onset of swelling by reducing the
critical radius for bias driven bubble growth. In-depth review articles on the
effects of helium on microstructural evolution have been published by numer-
ous authors, e.g., Trinkaus �1� and Ullmaier �2�.

The detrimental effects of helium can be mitigated by suppressing helium
driven bubble growth by distributing the helium among a large number of
cavities. Early on, Mansur et al. �3� showed that the dilution of gas among
many cavities in ferritic/martensitic �FM� steels results in extreme swelling re-
sistance. The high density of phosphide precipitates were shown to force cavi-
ties to form on precipitate/matrix interfaces, thereby forcing cavity nucleation
and helium trapping on a fine scale. Cavity densities were about three orders of
magnitude larger in alloys with precipitates �3�.

Recently, Kurtz et al. �4� studied implanted Eurofer97 �FM steel� under
neutron irradiation at 673 and 773 K using a novel He-implantation technique
with controlled He-to-displacements per atom �dpa� ratios. It was shown that in
Eurofer97, helium is distributed among a large density ��1022 m−3� of helium
bubbles, which formed preferentially at pre-existing dislocations. Similarly,
using the same He-implantation technique in oxide dispersion strengthened
�ODS� �MA957� steels, Yamamotto et al. �5� showed that helium bubbles form
preferentially along dislocations and at the interface between matrix and nano-
sized oxide precipitates in ODS �MAE967� steels. ODS alloys are produced by
mechanically alloying high density ��1024 m−3� nanosized oxide particles
��5 nm�, such as Y–Ti–O, into steels. Irradiation up to 9 dpa damage with 380
appm He at 773 K resulted in a helium-bubble density, which was of the same
order of magnitude as that of the particulate density of about 3�1023 m−3. The
He bubbles that were trapped at the nanoscale Y–Ti–O precipitate/matrix inter-
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faces had an average radius of �1 nm. The effectiveness of trapping vacancies
and helium at precipitate-matrix interfaces has been reported by a number of
investigators �6–8�. However, detailed energetics of the trapping mechanisms
has not been published widely and is also not addressed in our simulation.

In this work, we simulate the evolution of helium bubbles in typical ODS
alloys. We use the event kinetic Monte Carlo �EKMC� technique to simulate the
migration and coalescence of He bubbles in a control volume with randomly
distributed nanosized particles. The focus of this work is on the early develop-
ment of the EKMC tool itself; hence simulation results are based solely on
migration, coalescence, and consequent growth of pre-existing helium bubbles
in the presence of distributed particles and nucleation, and the growth of new
helium bubbles due to continuous helium implantation is not included in these
simulations. We present here the first results of our EKMC simulation of
helium-bubble kinetics in the presence of precipitates. The simulation results
indicate that helium-bubble evolution trends in the presence of dispersed par-
ticles are reasonably described by the Monte Carlo simulation of helium-bubble
evolution and resolutions �McHEROS� code.

ODS Alloys and He-Implantation Results

Due to their high swelling resistance ��1 vol. % /100 dpa� compared with
austenitic stainless steels ��1 vol. % /10 dpa�, FM steels are primary candi-
dates for fission and fusion structural components. To increase the operating
temperature of FM steels, several ODS FM steels are being developed for fission
and fusion applications in Japan �9,10�, Europe �11�, and the United States
�12–14�. High temperature strengthening is due to presence of high density
��1023–1024 m−3� nanosize ��5 nm� oxide particles and the ensuing inter-
locking of fine ferrite grain structure.

ODS-Eurofer97 �Fe–9CrWVTa–0.3Y2O3�, ODS-MA957 �Fe–14Cr–0.3Mo–
1Ti–0.25Y2O3�, and ODS-12YWT �Fe–12Cr–2.5W–0.4Ti–0.25Y2O3� have
shown greatly improved mechanical properties, such as tensile strength, tough-
ness, fatigue, and creep rupture of up to �973 K �11,12�.

The microstructural stability of mechanically alloyed �MA�/ODS Fe–14 wt
% Cr–3 % W–0.4 % Ti–0.3 %Y2O3 ferritic alloys was recently investigated by
ion irradiation �14� and by atom probe tomography �13�. Atom probe tomogra-
phy revealed that the MA/ODS 14YWT ferritic alloys contain a high number
density of nanometer scale titanium-, yttrium-, and oxygen-enriched nanoclus-
ters in the as-extruded condition. These nanoclusters were found to be ex-
tremely resistant to coarsening for at least 14 500 h at temperatures of 1073 K
�13� and for 3000 h at about 1273 K �15�. Ion irradiation tests of up to 150 dpa
between 773 and 973 K showed that the average oxide size decreased, while the
oxide density increased �14�. The decrease in oxide size was attributed to tem-
perature and not ballistic processes.

In addition to improving high temperature mechanical properties, the ODS
FM-alloys are attractive because the dispersed oxide particles benignly trap
helium at particle/matrix interfaces, thereby impeding the growth of matrix
and grain boundary helium bubbles.
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Recent high flux isotope reactor �HFIR� neutron irradiation experiments
with simultaneous helium implantation indicate that helium transport is favor-
ably impacted by the nanometer-sized oxide particles, small grain sizes, and
high dislocation densities of ODS steels �4,5,16,17�. Odette et al. �16� and Yama-
motto et al. �17� showed that the number density of helium bubbles is about 1/3
lower in F82H ��1�1023 m−3� than in MA957 ��3�1023 m−3�, with an aver-
age bubble radius about twice as large in F82H ��2 nm� than in ODS-MA957
��1 nm�. Figure 1 shows a comparison of the bubble and cavity microstruc-
ture of irradiated F82H and MA957.

These preliminary experiments indicate that the nanosized Y–Ti–O oxides
��1024 m−3 and �5 nm diameter� prevent helium from forming large matrix
and grain boundary bubbles by trapping significant amount of helium at the
oxide/matrix interfaces. These new findings indicate that ODS steels could po-
tentially reduce high temperature ��997–1073 K� irradiation induced creep
embrittlement caused primarily by the formation and growth of helium
bubbles in grain boundary regions.

Simulation of He-Bubble Evolution

Traditionally, modeling of helium-bubble evolution during irradiation was
based on chemical rate theory also referred to as Master Equation �18,19�.
However, rate theory assumes homogenized field parameters, which makes de-
tailed modeling of spatially dependent processes, particularly interaction of
bubbles with three-dimensional �3D� geometric features, such as precipitates
and grain boundaries, not practical unless these features can be represented as
mean field parameters. Recently, a kinetic rate theory �KRT� based computer
code called HEROS �20� was developed in an effort to simulated spatially de-
pendent helium transport. The HEROS bubble evolution model is based on a
set of simplified hierarchical kinetic rate equations, which simulate the micro-

FIG. 1—TEM of cavity and bubble microstructure for �a� F82H and �b� MA957 neutron
irradiated in HFIR at 773 K to about 9 dpa and 380 appm helium, indicating the much
larger number density and smaller mean bubble size for the ODS-MA957 alloy.
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structure evolution associated with damage production along with helium gen-
eration or implantation. The structure of the HEROS codes affords solving
space-dependent and highly transient irradiation conditions along with spatial
and transient bubble migration driving forces, such as temperature and stress
gradients. Despite its spatially resolved approach, HEROS does not allow for
detailed modeling of interactions between helium clusters or bubbles with 3D
geometric features, such as precipitates in ODS alloys.

To overcome the shortcomings of the mean field approach �rate theory�, the
KMC simulation technique was used to model the evolution of gas bubbles in
the presence of 3D geometric features. Our approach is based on the work done
by Evans et al. �21�, who successfully simulated the evolution of oversized
bubbles in annealed helium implanted copper samples. The result is a helium-
bubble evolution simulation code called McHEROS �22,23�, which stands for
Monte Carlo simulation of helium-bubble evolution and resolutions. The
McHEROS code is capable of simulating the migration and coalescence of He
bubbles including interaction with distinct geometric 3D material features.

The McHEROS code contains models for both bubble surface and volume
diffusion mechanisms. Previously reported helium-bubble evolution simula-
tions using the McHEROS code �22� have shown good agreement between cal-
culated and experimentally measured surface pore densities and size distribu-
tions. The McHEROS code was recently used to simulate the impact of driving
forces, such as stress and/or temperature gradients on helium-bubble evolution
�23�, and it was shown that helium-bubble migration, coalescence, and growth
compared well with experimental observations �22�.

Hybrid Helium Transport Model

The time evolution of helium bubbles can be categorized into incubation,
nucleation, growth, and coarsening phases. During the incubation and nucle-
ation phase, the density of stable bubble nuclei increases steadily and reaches a
maximum followed by a growth and coarsening phase, during which the
bubble density drops and the average bubble size increases. A schematic of the
two primary phases, nucleation and growth, is shown in Fig. 2. During the
growth phase, the nucleation of new bubbles is increasingly suppressed. The
range and duration of the nucleation and growth phases are temperature and
damage rate dependent. For 10 keV helium implantation in FeNiCr alloys, Ono
et al. �24� showed that bubble evolution is dominated by growth above the
implantation temperature of 873 K, while below 673 K it is predominantly
nucleation driven.

The current version of the McHEROS code does not include a model for
the nucleation of stable helium bubbles; thus in its present form the McHEROS
code is only applicable for simulating the growth and coarsening phase of
helium-bubble evolution. To resolve this shortcoming, a “hybrid helium trans-
port” approach is used, where bubble nucleation rates are determined using the
KRT based HEROS code and then used as an initial condition in the McHE-
ROS code. Experimental investigations of helium implanted ODS alloys were
recently performed at 773 K, which is at about 0.43Tm, where Tm is melting
temperature of ferritic steels �4,5�. In Fe irradiated at 773 K, the nucleation of
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stable helium-bubble nuclei is suppressed once the bubble growth phase has
started �24�; therefore the hybrid helium transport approach is considered to be
a reasonable approach above 773 K. First, the nucleation of stable helium
bubbles is estimated using the HEROS rate theory model, and then the McHE-
ROS KMC code is used to simulate helium-bubble migration, coalescence, and
growth in the presence of nanosized oxide particles in ODS steels.

In Fe at a temperature of about �603 K ��0.3Tm�, surface diffusion and
bubble diffusion coefficients of 1 nm diameter bubbles are 3.1�10−8 and 6.3
�10−10 cm2/s, respectively �24�. These high diffusion coefficients indicated
that above �0.3Tm, the bubble nucleation phase more or less ends as soon as
the bubbles reach critical radius for bias driven growth. Indeed, Coghlan et al.
�25� showed that at 773 K, the critical radius for bias driven growth is less than
a few nanometres for bubbles containing less than �100 helium atoms.

For this work we thus assume that prior to the onset of the bubble coars-
ening phase, equal-sized helium bubbles are uniformly distributed inside the
ODS matrix material. The McHEROS KMC simulation is used to simulate
growth phase only, i.e., the interaction of bubbles with each other and with the
dispersed oxide particles.

The McHEROS He-Bubble Evolution Code

Here we briefly outline the fundamental modeling aspects of the McHEROS
EKMC code. The kinetics of bubble migration and bubble coalescence include
Brownian motion and bias driven migration, such as in a stress and/or tem-
perature gradient.

Bubble Diffusion Model

Both surface and volume diffusion of bubbles are included, in the McHEROS
code, however at irradiation temperatures below �0.7Tm, surface diffusion is
the predominant diffusion mechanism given by �26�

FIG. 2—Schematic of the hybrid rate theory—KMC helium transport code.
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DB =
3�4/3

2�r4 DS �1�

where:
DB=bubble diffusion coefficient,
�=atomic volume ��1.16�10−29 m3 for Fe �27��,
r=bubble radius, and
DS=surface diffusion coefficient defined as Ds=Do exp�−Es /kT�, where Do

is the pre-exponential and ES is the surface activation energy.
Stroscio et al. �28� studied the diffusion of Fe on Fe�0 0 1� surfaces and

reported an activation energy E=0.45±0.4 eV and a pre-exponential Do=7.2
�10−8 m2 ·s−1. Flahive et al. �29� used Morse potential with no relaxation and
showed that the activation energy for Fe is between 0.2 and 1.0 eV depending
on the surface orientation.

Surface activation energies and associated pre-exponential factors for he-
lium bubbles in FeNiCr steels were also reported by Carsughi et al. �27�. The
surface activation energy was deduced from the diffusivity of pressurized
��5 GPa� bubbles in FeNiCr alloys and reported to be �1.9±0.4 eV with pre-
exponential of �1�10−8 m2 ·s−1. The activation energy is almost a factor of 4
larger than the measured value �Es�0.45 eV� reported by Stroscio et al. �28�.
The reason for the large scatter in reported activation energies could be that the
authors �27� failed to take into account the helium-bubble Brownian motion,
which results in a mean square migration distance proportional to time. Ono et
al. �24� reported the diffusivity of helium bubbles in FeNiCr alloys due to
Brownian motion and deduced that an effective bubble activation energy is
�2.1 eV, which results in a diffusion coefficient of �9.55�10−16 cm2/s for a
1 nm diameter bubble at 773 K. The diffusivities reported by both Ono and
Carsughi are of the same order of magnitude, which leads to this author de-
ducing that the surface activation energies reported by Carsughi ��2 eV� are
based on Brownian motion and do not represent pure surface diffusion activa-
tion energies, Ds. For the current analysis an activation energy of 0.5 eV and a
pre-exponential of 5�10−8 m2 ·s−1 are used, which result in a surface diffusion
value of Ds�2.7�10−7 cm2 ·s−1 at 773 K. The corresponding bubble diffusion
coefficient �Eq 1� is �5.

Bubble Coalescence Model

To simplify computations, the McHEROS code assumes that once bubbles
come within a lattice constant distance of each other or make physical contact,
they will coalesce, and the new bubble will instantaneously grow to a size that
is in equilibrium with the pressure based on

p =
2�

r
�2�

where:
p=pressure,
�=surface energy ���2.45 J/m2 for iron �29��, and
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r=radius of the bubble.
Using a modified Van der Walls equation of state, the pressure in a bubble

is given by

p = mHekT/� 4
3�r3 − mHeB� �3�

where:
mHe=number of helium atoms in the bubble,
kT=Boltzmann factor, and
B=van der Waals volume correction coefficient �B=1.59�10−29 �30��.
The numerical condition for bubble coalescence is taken as

r1 + r2 + rc � d12 �4�

where:
r1 and r2=respectively the radius of the two engaging helium bubbles,
rc=capture radius, and
d12=distance between the centers of the two bubbles.
The capture radius is conservatively taken to be equal to a lattice constant

but is much larger due to the strain fields surrounding helium bubbles. The
radius of the new bubble is calculated based on Eqs 2 and 3.

Evans �21� defined a temperature range between 0.4Tm and 0.5Tm at which
coalesced bubbles collect sufficient number of vacancies to relieve any excess
internal pressure and regain equilibrium. The recently developed helium im-
plantation process with controlled He-to-dpa ratios �4,5� generates 4.79 MeV
alpha-particles, which produce about 155 vacancies/ion in Fe. Given the large
vacancy production and the high irradiation temperatures ��0.4Tm�, it is rea-
sonable to assume that sufficient vacancies exist for coalescing bubbles to grow
rapidly to equilibrate the pressure. Furthermore, the high surface diffusion
value of Ds�2.7�10−7 cm2 ·s−1 at 773 K indicates that rapid surface diffusion
can occur to assist bubble growth by reshaping the coalesced bubbles into
spheres.

Bubble Oxide Particle Interaction

Migrating bubbles can interact with stationary oxide particles. We assume that
once a bubble comes within one lattice constant distance of an oxide particle, it
is captured permanently. The captured bubble is assumed to remain “frozen” at
the location of first contact and is assumed to maintain its original spherical
shape; however the combined oxide-bubble complex radius increases. Figure 3
shows a schematic drawing of the bubble oxide interaction process for a first
capture and for subsequent bubble entrapments. The radius of the trapped
bubble increases with every new bubble capture, and the new combined oxide-
multiple bubble diameter is updated using

xj� =
r�
r

·
r�xj − xi�

R + r
+

Rxj + rxi

R + r
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yj� =
r�
r

·
r�yj − yi�

R + r
+

Ryj + ryi

R + r

zj� =
r�
r

·
r�zj − zi�

R + r
+

Rzj + rzi

R + r
�5�

�see Fig. 3 for definition of terms�. The new size of the oxide-bubble complex
increases the effective capture radius. In this work we assume that once helium
bubbles interact with precipitates, they are trapped and bound permanently on
the precipitate surfaces.

McHEROS Code Algorithm

Initially, the diffusion coefficients of helium bubbles are calculated based on Eq
1. The calculated diffusion coefficients are converted into probabilities of the
occurrence of the events �EKMC�. The event is in this case the diffusion of a
bubble within a time step �t. The probabilities are then summed up to find the
total probability of the events. The total probability is used to normalize the
probability of each event. A uniformly distributed random number ranging
between zero and one is generated and used to select one of the possible events.
The selected event is immediately carried out. After the diffusion of the bubble,
the nearest neighbor bubble or oxide particle nearest to the diffused bubble is
searched for. If the distance between the diffused bubble and the nearest neigh-
bor bubble or particle is within the capture distance �Eq 5�, they are combined
into one single bubble or into a frozen oxide-bubble complex. The new radius
of the coalesced bubble or oxide-bubble complex is calculated, and the diffu-

FIG. 3—Schematic of oxide-bubble interaction. Top: First bubble capture. Bottom: Sub-
sequent bubble capture resulting in increase of combined oxide-bubble capture radius.
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sion coefficients of all helium bubbles are reevaluated. This process is repeated
until all the bubbles are trapped on oxides or when a designated run time is
reached and the McHEROS code terminates.

The McHEROS code time increment ��t� between events is estimated by

�t =
− log R

�
i
	i

�6�

where:
R=uniformly distributed random number ranging between zero and one

and
	i=probability of an event.

McHEROS Simulation Results

Three sets of simulations were performed: �1� Without nanoscale oxide par-
ticles, �2� with low oxide particle densities, and �3� with a high density of par-
ticles. The high oxide density case ��3�1023 m−3� represents typical nano-
sized oxide particle densities of tested MA957 �5�. A simulation temperature of
773 K was used based on the reported experimental irradiation conditions
�4,5�. Table 1 summarizes the McHEROS KMC simulation and initial condi-
tions.

Non–Oxide Dispersion Strengthened and Low–Oxide Dispersion Strengthened
Simulation Results

Figure 4 shows a sequence of snapshots of the simulation with no oxide par-
ticles �non-ODS� and a starting helium-bubble radius r=1 nm. As expected the
Brownian motion results in migration of the bubbles, which coalesce into
larger bubbles. At the end of the simulation �t=2.82�107 s�, the average
bubble radius grew from 1, 2, and 3 nm to 9, 12, and 14 nm, respectively, for
non-ODS steel. Correspondingly, for low-ODS steels the average radius of
bubbles with initial radii of 1, 2, and 3 nm grew only to 2.4, 5.5, and 9.0 nm,
respectively �Fig. 5�.

In non-ODS steels bubbles with initial radius ro=1 nm experience a drop
in bubble number density from an initial value of about 4.0�1022 m−3 �5000
bubbles� to about 5.7�1020 m−3 �71 bubbles� or a factor of �70 decrease
within 2.82�107 s. However, for low-ODS steels the simulation shows a num-
ber density reduction to about Nb�4.5�1021 m−3, which is about a factor of
�9 times higher than for non-ODS steels �see Fig. 6�.

The impact of slight variations of the low density of oxide particles was
studies. The simulation was run for 2.55�1020, 5.12�1020, and 7.68
�1020 m−3 �i.e., the density was varied by factors of 2 and 3 only�. Figure 7
shows the effect of the small variation in particle density on the average bubble
radius. While for the non-ODS case the average radius grew to about 12 nm,
the low density particles significantly suppressed the average radius to about
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6.94, 5,50, and 4.76 nm, respectively, for 2.55�1020, 5.12�1020, and 7.68
�1020 m−3 particle densities. A factor of 3 increase in particle density reduced
the average radius of bubble by a factor of about 1.5.

Simulation Results for High Oxide Particle Densities

Helium implantation experiments were performed with non-ODS and ODS-
MA957 alloys, which contained a particle density of about 3.20�1023 m−3

�4,5�. Yamamott et al. �17� neutron irradiated F82H and MA957 in HFIR at 773
K to about 9 dpa and 380 appm helium. Figure 1 shows a comparison of the
bubble and cavity microstructure of irradiated F82H and MA957.

A simulation was performed using similar experimental conditions, i.e., 5
nm diameter oxide particles with a density of 3�101023 m−3 and 370 appm
helium at 773 K. Figure 8 shows snapshots of initial and final bubble distribu-
tions starting with 1 nm diameter matrix bubbles �green spheres�. At the end of
the simulation, t=5000 s, all of the bubbles have been trapped by the oxide
particles �red spheres�, and interestingly the size of the bubbles did not change
significantly. Figure 9 shows the bubble density evolution, and Fig. 10 shows
the mean radius evolution as a function of simulation time for bubbles with
initial diameter of 1, 2, and 3 nm and 3�1023 m−3 particle density at 773 K
and 370 appm helium. The number of the 1 nm sized bubbles is reduced from

FIG. 4—Sequence of helium-bubble evolution snapshots starting with 5000 helium
bubbles �200 appm� with initial radius ro=1 nm inside a volume of 500�500
�500 nm3 of oxide particle free �top: Non-ODS� and ODS alloy �bottom� at 773 K. Note
the oxide particle density is low ��5.12�1020 m−3� and bubbles trapped by oxide par-
ticles are shown as red dots in bottom figures; the large dark dots in the bottom figures
represent oxide particles; the large dots in the top figure represent helium bubbles.
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about 4688 ��3.75�1022 m−3� to about 3899 ��3.12�1022 m−3�, while the
density of the 2 and 3 nm bubbles stays almost constant. The associated mean
radius remain almost unchanged for all three bubble sizes. This indicates the
effectiveness of the oxide particles in interacting with the bubbles by preventing
bubble growth due to migration and coalescence.

The change in the maximum bubble size varies depending on the initial
average bubble diameter, as shown in Fig. 11. The ratios between final average
and maximum bubble radius are about 2.3, 2, and 1.7 for initial radius ro
=0.5, 1, and 1.5 nm, respectively. This indicates that the smaller the initial
bubble size is, the more likely it is that growth through coalescence will occur.

Summary and Conclusions

The presence of stable nanosize particles within the matrix of FM steels has
been shown to favorably affect helium transport. The oxide particles benignly
trap the helium, thus minimizing helium-bubble growth. Recent experiments
�4,5� have shown that the number density of helium bubbles ��1�1023 m−3� is
about 1/3 lower in non-ODS F82H compared in ODS-MA957 ��3�1023 m−3�,
and the average bubble radius ��2 nm� is about twice as large in F82H than in
ODS-MA957 ��1 nm�.

An EKMC code has been developed, called McHEROS �22,23�, to simulate

FIG. 5—Evolution of the average helium-bubble radius with and without oxide par-
ticles �ODS=5.12�1020 m−3� at 773 K �filled symbols: Non-ODS; open symbols: ODS�.

188 JAI • STP 1513 ON EFFECTS OF RADIATION

 



the transport of helium and the evolution of bubbles. In its present develop-
ment stage, the McHEROS code does not simulate bubble nucleation but uses
the peak bubble density at the end of the nucleation phase as initial condition
for the bubble growth phase. The bubble nucleation rate in the presence of
damage is estimated using a spatially resolved KRT code called HEROS �20�.
This hybrid helium transport approach has been successfully employed to
model helium transport and bubble evolution of implantation experiment at
elevated temperatures ��0.4Tm�.

The McHEROS code was employed to simulate ODS-free, low, and high
density ODS alloys. The simulation was run at 773 K, which is above the bias
driven growth temperature for helium bubbles. At this temperature the separa-
tion of helium-bubble evolution into nucleation and growth phases has been
shown to be a reasonable approximation �1,24�.

To simplify the computation, it was assumed that at the start of the simu-
lation, all helium is introduced as a random distribution of equal-sized matrix
bubbles. For low density but large oxide particles ��5�1020 m−3 and 28 nm�,
it was shown that the interaction of helium bubbles with the oxides can be
quite significant. The mean radius of bubbles with an initial radius of ro
=1 nm grew to about 9 nm in the absence of oxides but only to about 2 nm in
the presence of oxides. With a low density of oxide particles, the number den-
sities of bubbles dropped from an initial value of about 4.0�1022 m−3 �5000

FIG. 6—Evolution of the number of helium bubbles with and without oxide particles
�ODS=5.12�1020 m−3� at 773 K. 5000 bubbles corresponds to a bubble density of
�4.0�1022 m−3 �filled symbols: Non-ODS; open symbols: ODS�.
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FIG. 7—Effect of oxide particle density on the evolution of the average radius of helium
bubbles �initial bubble radius of ro=2 nm and T=773 K; filled symbols: Non-ODS;
and open symbols: ODS�.

FIG. 8—KMC simulation of helium-bubble evolution and transport in high density
ODS alloy ��3.2�1023 m−3; oxide diameter=5 nm� with initial bubble radius of ro

=1 nm. Note that the number density and the mean bubbles radius do not change
significantly; however after about 5000 s, all the bubbles have been trapped by the
oxides �left: small green �light gray� dots represent matrix bubbles; right: small red �at-
tached to oxide particles� dots represent trapped bubbles�.
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bubbles� to about 5.7�1020 m−3 �71 bubbles� for ro=1 nm or a factor of �70
decrease within about 2.82�107 s at 773 K. This significant drop in bubble
density is because the low particle density is not very effective in trapping
migrating helium bubbles before they get a chance to coalesce and form larger
bubbles. As indicated in Fig. 6, under the same conditions the number density
of bubbles in non-ODS drops significantly more compared with ODS.

The presence of a large number density ��3�1023 m−3� of oxide particles
shows a more drastic impact on helium-bubble evolution. Three different ini-
tial bubble sizes of 1, 2, and 3 nm diameter but with the same concentration of
370 appm of helium were considered. For all three bubble sizes, the simulation
showed that the oxides trap all of the bubbles within a simulation time of less
than 1.4�104 s ��4 h� at 773 K. Furthermore, the initial number density of
the 1 nm diameter bubbles was reduced only slightly from the original value of
about 4�1022 to about 3�1022 m−3. The 2 and 3 nm sized bubbles showed a
negligible change in their number density. Correspondingly, the mean radius of
the bubbles did not change by any significant value for all three bubble sizes.

The McHEROS simulation results agree with the preliminary experimental
findings, particularly the small residual mean bubble size of �1 nm. However,
the simulated bubble number density ��3�1022 m−3� is about a factor of 10
smaller than reported �5�. The difference can be attributes to the fact that the
simulation assumed that all the bubbles are of equal size and are all introduced
into the matrix at time t=0 s. This assumption precludes the capture of small
HeV clusters by oxide particles as well as the probability of initiating helium

FIG. 9—Evolution of bubble densities in ODS with �3�1023 m−3 oxide particle den-
sity and 370 appm helium at 773 K �5000 bubbles correspond to about 4.0
�1022 m−3�.
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FIG. 10—Evolution of the bubble mean radius in ODS with �3�1023 m−3 oxide par-
ticle density and 370 appm helium at 773 K and starting radii ro=0.5, 1, and 1.5 nm.

FIG. 11—Evolution of the maximum bubble radius with �3�1023 m−3 oxide particle
density and 370 appm helium at 773 K for ro=0.5, 1, and 1.5 nm.
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bubbles at oxide/matrix interfaces; both of these processes could result in larger
number densities of bubbles.

In summary, this first application of the McHEROS EKMC simulation has
demonstrated the viability of the code as a tool in describing the behavior of
helium-bubble transport in ODS alloys. Future, efforts are underway to model
more realistic irradiation conditions, including continuous generation of he-
lium atoms and the clustering of HeV clusters in the presence of damage.
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ABSTRACT: This paper presents the results of a study on mechanical prop-
erties and microstructure in a SS316 wrapper irradiated in a 40MWt/13MWe
fast breeder test reactor at Kalpakkam, India. Transmission electron micros-
copy �TEM� examination and mechanical property evaluation were carried
out on the hexagonal wrapper subjected to different displacement damages
up to a maximum of 83 dpa at an operating temperature of about 673 K. The
steel irradiated to 83 dpa showed an increase in the yield strength and ulti-
mate tensile strength, with a reduction in uniform elongation to about 8 %–10
% from about 20 % in the unirradiated material. Density measurements on
the specimen from different portions of the irradiated wrapper showed a peak
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sive precipitation and formation of dislocation loops. The void density and
size showed a progressive increase with displacement damage. The precipi-
tates were identified to be of nickel and silicon enriched M6C type of � phase,
while radiation induced G phase was also observed at 83 dpa. The increase
in strength and reduction in ductility with increase in dpa is attributed to
irradiation hardening, which is supported by the increase in defect density as
observed from the dislocation substructure and increase in the void density
and size. The paper would discuss the degradation in mechanical property in
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Introduction

Successful operation of sodium cooled fast reactors depends on the perfor-
mance of core structural materials namely clad and wrapper, which are sub-
jected to intense neutron irradiation and high temperatures �1,2�. The neutron
flux levels in fast breeder reactors are high �1015 n cm−2 s−1�, which is about
two orders of magnitude higher than that in thermal reactors �3�. This leads to
problems such as void swelling, irradiation creep, and helium embrittlement.
Deformation of various components in the fuel subassemblies may occur due
to void swelling, thermal, and irradiation creep. The combination of void swell-
ing and creep induced by internal sodium pressure can cause dilation and
rounding of wrapper faces. The flux and temperature gradient in the core can
lead to differential swelling resulting in bowing of the subassemblies. Interac-
tion between wrappers due to deformation can lead to excessive loads during
fuel handling. The residence time of the fuel subassembly and hence the achiev-
able burn-up is limited either by void swelling of the hexagonal wrapper or the
exhaustion of creep ductility of the clad, which in turn increases the fuel cycle
cost.

Peak swelling in austenitic stainless steels takes place generally in the tem-
perature range of 673–873 K during irradiation in fast breeder reactors, which
is close to the operating temperatures of fast breeder test reactor �FBTR�. Irra-
diation induced defect structures manifest as dimensional deformations,
change in mechanical properties, and embrittlement. The defect structures
evolve as a function of accumulated displacement damage and temperature of
irradiation �4,5�. The formation and growth of voids and consequently the
swelling is sensitive to the metallurgical variables such as chemical composi-
tion, thermo-mechanical history, and irradiation conditions such as irradiation
temperature, fluence, and dose rate. Several improvements using alloying ad-
ditions or modification of the metallurgical structure by cold working have
been carried out. The fluence dependence of swelling can be described as a low
incubation dose, a transient period with low rate of swelling followed by accel-
eration to a regime of near linear swelling rate. Improvement in swelling resis-
tance is by way of enhancing the incubation and transient regimes. The steady
state swelling rate is constant for most austenitic stainless steels, of the order of
�1 % per dpa, for a wide range of irradiation temperatures �6�.

20 % cold worked �CW� SS316 has been used as the clad and wrapper
material of FBTR. The wrapper in the core subassembly operates at relatively
lower temperatures than the fuel clad. The typical operating temperatures in
FBTR are in the range 623–723 K. The peak neutron dose is about 83 dpa
similar to that of the clad corresponding to a fuel burn-up of 155 GWd/t. Ad-
equate data is available in literature on radiation damage in 20 % CW austenitic
stainless steels up to about 70 dpa. However, damage induced in the structural
material, which is also a function of other irradiation parameters such as irra-
diation temperature and displacement damage rate are unique for each reactor
�7�. Further, the formation of irradiation-induced or enhanced precipitation
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and precipitates not encountered during thermal aging not only change the
overall microstructure but also remove potentially beneficial elements from the
matrix, causing degradation of properties. Hence, a detailed post irradiation
examination on the irradiated clad and wrapper is essential to understand the
behavior of the structural material in FBTR. The material behavior at different
dpa is a very critical input to further enhance the fuel burn-up �8�. This also
provides valuable data to design alloys for core components for the 500 MWe
Prototype Fast Breeder Reactor presently under construction at Kalpakkam,
India. An extensive structure-property study has therefore been carried out on
irradiated hexagonal wrapper of FBTR fuel subassemblies, which had under-
gone burn-ups of 100 and 155 GWd/t. Evaluation of mechanical properties by
miniature specimen mechanical testing, estimation of swelling and microstruc-
tural investigation using transmission electron microscopy was �TEM� carried
out, and the results of which are presented in this paper.

Experimental Details

The wrapper material was AISI 316 stainless steel with 0.05 wt % carbon. The
irradiated hexagonal wrapper of 1.0 mm thickness from FBTR fuel subassem-
blies corresponding to peak burn-ups of 100 and 155 GWd/t that had experi-
enced a temperature in the range of 620–780 K were studied. The displacement
damages �dpa� along the length of the fuel assembly wrapper were estimated
from the flux and spectrum of FBTR using the norgett robinson torrens model.
A maximum of 83 dpa was estimated at the maximum fluence location corre-
sponding to the center of the fuel column for the 155 GWd/t subassembly. The
temperatures of the wrapper along the core were calculated from the operating
history of the fuel assembly and the channel temperatures estimated using the
Super Energy code. The dpa and irradiation temperature profile along the core
length of the 155 GWd/t burn-up FBTR fuel subassembly is shown in Fig. 1.
The displacement damage rate of the different specimens examined in the
present study is estimated to be in the range from 0.8�10−6 to 1.6
�10−6 dpa/s.

A specially designed hollow end mill cutting machine was used for speci-
men extraction inside the hot cells. Specimens of 8 mm diameter and 1 mm
thickness were extracted from different axial locations of irradiated wrapper,
corresponding to different displacement damages. The edges and surfaces of
the specimens were made uniform by grinding using abrasive papers. The
specimens after decontamination were used for density measurements, me-
chanical testing, and microstructural examination. Each 8 mm diameter speci-
men had a contact �, � dose rate of about 20 mSv/h.

Density measurements were carried out on the 8 mm diameter disk speci-
mens subjected to different dose levels by liquid immersion technique. A pre-
cision weighing balance �accuracy of 0.001 g� with the density kit was installed
inside the hot cell for estimation of volume. Analytical grade ethanol was used
as the liquid medium. Mechanical properties of the irradiated hexagonal wrap-
per were evaluated using shear punch test at room temperatures using a lead
shielded servo-hydraulic test machine. The shear punch testing is a miniature
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specimen testing technique, in which a cylindrical punch with a flat end is
forced to punch a hole in a clamped small disk specimen �9�. The test fixture
consists of a flat punch of 3 mm diameter made of hardened tool steel �RC 62�
and a set of dies between which the specimen is clamped. The diameter of the
receiving hole in the lower die is 3.040 mm. The deformation takes place in the
radial clearance zone of 0.020 mm. This is in the same range as that used by
other investigators �10�. The test technique was standardized using virgin
SS316 with different cold rolled and solution annealed microstructures. By
carrying out both tensile and shear punch tests on the steel with these micro-
structural conditions, a tensile-to-shear correlation was obtained for yield
strength �YS�, ultimate tensile strength �UTS�, and strain hardening param-
eters. The details of test fixture, testing procedures, and analysis are described
elsewhere �11�.

The 3 mm slug resulting out of the shear punch test was used as the start-
ing material for TEM studies. TEM specimens were prepared from different
locations of hexagonal wrapper, which had undergone displacement damage
from 2 to 83 dpa. Electrolytic thinning parameters of samples for TEM studies
were established by adopting extensive trials on unirradiated specimens. Ra-
diation dose rate on the thin specimen was found to be about 0.3 mSv/h. TEM
on thin foils was carried out in a Philips CM200 with energy dispersive spec-
trometer �super ultra thin window� and DX4 analyzer using an operating volt-
age of 120–200 kV. Precipitates were identified by a combination of electron
diffraction and energy dispersive spectroscopy �EDS� analysis. Quantification
of the EDS spectra was done by the Cliff Lorimer method using KAB values
generated from standard samples of known chemical composition �12�.

FIG. 1—Axial profile of temperature and dpa of the FBTR fuel subassembly discharged
after burn-up of 155 GWd/t.
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Results

Variation of Mechanical Properties with Neutron Irradiation

The shear punch load-displacement plot obtained for various irradiated condi-
tions of SS316 is shown in Fig. 2�a�. The linear slope, which is similar in elastic
range in all the curves, suggests that there is negligible change in shear modu-
lus due to increase in irradiation dose. The rate of work hardening is also low
for the unirradiated steel and the specimen subjected to low dpa as compared
to the high dpa specimen. Using the derived tensile-shear correlation, which is,
similar to that reported by Hankin et al. �13�, the tensile properties of irradiated
SS316 wrapper were evaluated from the shear punch test parameters. The
variation in properties as a function of dpa is shown in Fig. 2�b�. It can be seen
that there is an increase in the room temperature YS and UTS and a decrease in
the percent uniform elongation with increasing dpa. The increase in UTS to
1200 MPa after 83 dpa neutron irradiation from the pre-irradiation value of 750
MPa indicates hardening behavior. The steel irradiated to 83 dpa showed a
reduction in uniform elongation to about 8 %–10 % from about 20 % in the
unirradiated material. It can be seen that the wrapper material possesses suf-
ficient ductility at room temperature even after 83 dpa, which is very crucial to
enhance the residence time of the fuel subassembly. The observed trends in
tensile properties are in agreement with reports on SS316 subjected to neutron
irradiation at low temperatures ��723 K� �14�.

The volume increase ��V /V� was estimated to be 2.3 % for 56 dpa speci-
men, which increased to about 3.5 % with increase in dpa to 83. The extent of
volumetric swelling was found to be less in this case as compared to the data
reported in the literature for material exposed to similar dpa levels �7�. This is
attributed to the low irradiation temperature of about 673 K experienced by the
wrapper during service in FBTR. The low swelling also shows that the material
is far below the swelling limit and exhaustion of ductility. The observed trends
in irradiation hardening are due to synergistic changes in the material with
respect to substructure changes in and evolution of defects and secondary
phases.

Evolution of Microstructure with Increasing dpa in 20 % CW SS316

The microstructure of the 20 % CW SS316 wrapper prior to reactor irradiation
is shown in the thin foil TEM micrograph in Fig. 3. The dislocation network
and slip bands, characteristic of the CW nature of the steel, can be clearly seen.
No evidence for precipitates was observed in the thin foil. The microstructural
changes due to neutron irradiation manifests itself as evolution of defects,
voids, precipitates, and radiation induced phases, which have been studied in
detail as a function of dpa. Irradiation at low doses of 1–2 dpa did not show any
change in the microstructure as compared to unirradiated steel.

The TEM micrograph of the steel irradiated at 30 dpa is shown in Fig. 4.
The presence of voids and defects such as dislocation loops is observed. The
void sizes evaluated by image analysis procedures were in the range of 6–20
nm. The percentage swelling remained low at 30 dpa. Figure 5 shows the mi-

200 JAI • STP 1513 ON EFFECTS OF RADIATION

 



crostructural changes at 40 dpa. A random distribution of voids is seen in Fig.
5�a�, while Fig. 5�b� shows a co-development of voids and precipitates. The
voids are observed to be of two types, namely precipitate attached voids and the
matrix voids �15–17�. Although the voids have a wide size range �8–28 nm�, it is

FIG. 2—�a� Evaluation of mechanical properties using shear punch test and �b� Varia-
tion of room temperature tensile properties with dpa in irradiated SS316.
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generally observed that the precipitate attached void has a larger size than the
matrix void �18�. Examination of a large number of regions also showed the
retention of CW structure and presence of dislocation loops. The TEM micro-
graph in Fig. 6�a� shows the presence of coarse inter and intragranular precipi-
tates. A large number of precipitates were analyzed using a combination of
diffraction and EDS analysis. The electron diffraction pattern showed the pres-
ence of cubic phase with lattice spacing that matched quite closely with M23C6
and M6C type of phases. The EDS spectrum showed typical compositions of
Cr�30 wt %, Ni�30 wt %, Mo�10 wt %, Si�10 wt %, and balance as Fe.
This is in sharp contrast to the normalized composition of M23C6, which is
predominantly chromium rich with higher than 60 % Cr, with a very low solu-
bility for nickel and silicon. Using the Ni and Si content as a signature for
distinction between the two phases �19�, the precipitates associated with voids
observed at 40 dpa in this study, are classified as M6C type � phase. This is in
agreement with literature reports where formation of radiation enhanced or
modified � phase during irradiation at low temperatures ��833 K� has been
observed �15,20,21�. However, the presence of M23C6 cannot be ruled out in the
present study, which could be present at regions not associated with voids.

FIG. 3—CW structure of the unirradiated 316 stainless steel wrapper.
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Increasing the irradiation dose to 83 dpa brought in several changes in the
material. The retention of CW structure was unambiguously seen after 83 dpa
irradiation �Fig. 7�a��. This suggests that the temperature of operation has been
low and no recrystallization has taken place. A random distribution of voids
and precipitates of different sizes and morphologies was also observed �Fig.

FIG. 4—Formation of voids and dislocation loops enhancing the defect density after
irradiation to 30 dpa.

FIG. 5—A random distribution of voids in SS316 wrapper subjected to 40 dpa neutron
irradiation.
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7�b��. The void sizes did not show much of a change. Based on a large number
of measurements of void sizes from several regions, the void percentage was
evaluated at different dpa, which showed an increase to only about 5.5 % at 83
dpa. It is observed that the percent swelling remains low at 30 dpa and shows
an increasing trend.

Apart from the increased defect density, voids, and coarse � carbides, the
specimen irradiated at 83 dpa showed additional features. The presence of fine
precipitates in the size range of 10–20 nm was observed, which are shown in
Figs. 8�a� and 8�b�. The dark field image in Fig. 8�b� shows that these fine
precipitates are associated with voids. Analysis of the diffraction pattern in Fig.
8�c� showed that these precipitates belong to the Ni and Si rich cubic G phase.
The formation of radiation induced phases at higher dpa is also observed by
other workers �15,20�. Due to the fine nature of the precipitates, the chemical

FIG. 6—�a� TEM bright field image of 40 dpa specimen showing coarse inter- and in-
tragranular precipitates. SAD pattern in inset confirms M6C carbides along �611� zone
axis. ��b� and �c�� EDS spectra from matrix and carbides clearly show the Cr and Ni rich
nature of M6C to distinguish it from M23C6 carbides. Segregation of Si into the precipi-
tate as compared to matrix is also seen from the EDS spectrum.
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composition could not be determined unambiguously. Further, quantitative es-
timation of each type of precipitate could not be carried out using the thin foil
technique. The attachment of voids and precipitates can be attributed to the
association of point defects with the diffusing elements, which later condense
to form voids and fine precipitates. Although the presence of ordered Ni3Si is
also reported to form at low irradiation temperatures �15�, no evidence could be
found in the present work.

Careful examination of several regions of the specimen subjected to 83 dpa
neutron irradiation showed the presence of fine twins. The bright and dark field
micrographs from one such region is shown in Figs. 9�a� and 9�b�. The diffrac-
tion pattern and the key are shown in Figs. 9�c� and 9�d�. Analysis of the pattern
showed that they are �111� twins. It may be recalled that 3 mm diameter shear
punched specimen have been used for the TEM studies, which could have given
rise to the observed deformation twins.

The microstructural observations presented in this section can be summa-
rized as increase in the defect and void density, enhanced precipitation of Ni
and Si rich M6C and formation of radiation induced G phase with increase in
dpa. The absence of recrystallization further shows that irradiation hardening
is pronounced rather than softening effects. This is in agreement with the ob-
served trends in mechanical property. The low swelling of 2.5 % and 3.5 % at 56
and 83 dpa, respectively, evaluated by density measurement also supports this

FIG. 7—�a� TEM micrograph showing retention of CW structure after 83 dpa irradia-
tion and �b� presence of large number of voids and precipitates of different sizes.

FIG. 8—��a� and �b�� TEM bright and dark field micrographs showing the presence of
fine precipitates in SS316 wrapper subjected to 83 dpa neutron irradiation and �c� SAD

pattern identifying the fine precipitate as cubic G phase along �211̄� zone axis.
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data. Further the ductility reduction is low, with a residual ductility of about 8
%, which indicates that the microstructural degradation is not severe.

Discussion

The similar slope in the stress versus displacement plot in Fig. 2 clearly dem-
onstrated that change in irradiation dose had no effect on the shear modulus.
On the other hand, the work hardening rate was low for unirradiated and low
dose levels as compared to that of higher dose level. While hardening due to the
generation of defects is understandable, the absence of any softening effect to
offset the hardening is evident from the CW nature observed at 83 dpa and the
low void density.

The precipitates most commonly encountered in SS316 is the Cr rich
M23C6 phase, while under irradiation the formation of M23C6, M6C, Laves
phase �Fe and Mo�, and �� �Ni3Si� are prevalent. The governing factor is pri-
marily the kinetics, largely controlled by temperature, steel composition and
irradiation dose. In the present study the formation of � phase can be under-
stood as follows: The continuous production of point defects during neutron
irradiation gives rise to diffusion of solute atoms either in the direction or

FIG. 9—TEM micrograph of SS316 wrapper subjected to 83 dpa neutron irradiation
showing ��a� and �b�� bright and dark field images depicting fine deformation twins �c�
SAD pattern from �1–10�� confirming the formation of twins and �d� key for the SAD
pattern in �c�.
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against that of the point defects. Several microstructural features like grain
boundaries, dislocations, twin boundaries, defects, and precipitate-matrix in-
terfaces act as sinks for point defects. They act as potential sites for segregation
of solutes enhancing the local concentration of solutes. Nickel and silicon are
two elements that are known to segregate under irradiation conditions. Silicon
segregates due to its strong binding nature with defects, while nickel being a
slow diffusing element has a tendency to remain at the sinks, while elements
with higher diffusivity move away against the flow of vacancies �20,22,23�. This
radiation induced segregation process causes nickel and silicon enrichment
and chromium depletion �also Mo�, which is reflected in the composition of the
radiation modified phases and the surrounding matrix �24�.

M23C6 is the stable carbide in austenitic stainless steels during thermal
aging, with the chromium to iron ratio being strongly temperature dependent.
It has been consistently observed in earlier studies �20� that M23C6 is predomi-
nantly Cr rich with very small amounts of Ni and Si and it remains structurally
and compositionally same, irrespective of its formation by thermal aging or
irradiation. Hence, it is justified to classify the Ni and Si enriched coarse pre-
cipitates observed at 40 and 83 dpa as the radiation modified or enhanced �
phase.

The effect of silicon on void swelling is known to be beneficial only when it
remains in solution. Segregation of Si into precipitates and the copious precipi-
tation of nickel and silicon enriched phases could be responsible for the end of
the incubation period and onset of measurable void swelling as seen in the
specimen irradiated to 40 dpa �25,26�. Further the formation of Ni and Si en-
riched G phase at higher dose also shows the rapid removal of these beneficial
elements from the matrix �20,24�, resulting in a pronounced decrease in Ni
content �25,26�. As voids strongly segregate nickel and with increasing fraction
of voids in the microstructure, the spaces between the voids become increas-
ingly depleted in nickel with a concomitant increase in chromium content. This
could lead to decreased austenite stability, resulting in regions of ferrite or
martensite. The formation of ferrite has not been observed in the present study.

Conclusions

The effect of neutron irradiation on the microstructure and mechanical prop-
erties were studied in the 20 % CW SS316 wrapper of FBTR. The main conclu-
sions are as follows:

• The YS and UTS showed an increasing trend, while the ductility de-
creased with increasing dpa levels up to 83 dpa.

• Microstructural investigations revealed an increase in defect density and
voids with increase in dpa. However, the percentage swelling was low
�5.5 % even at 83 dpa.

• Both precipitate associated voids and matrix voids were observed, with
a distinct difference in the size distribution.

• Formation of radiation enhanced precipitates such as Ni and Si en-
riched � and radiation induced G phase was observed at higher dpa
��40 dpa�.
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• The mechanical property changes are consistent with the observed mi-
crostructures at different dpa.

• Volumetric swelling of wrapper was found to be low, with adequate mar-
gin in exhaustion of tensile ductility.
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ABSTRACT: Whereas most previous irradiation studies conducted at lower
neutron exposures in the range 100–400°C have consistently produced
strengthening and strongly reduced ductility in stainless steels, it now ap-
pears possible that higher exposures may lead to a reversal in ductility loss
for some steels. A new radiation-induced phenomenon has been observed in
12Cr18Ni10Ti stainless steel irradiated to 26 and 55 dpa. It involves “a mov-
ing wave of plastic deformation” at 20 and 60°C that produces “anomalously”
high values of engineering ductility, especially when compared to deforma-
tion occurring at lower neutron exposures. Due to the concentrated deforma-
tion occurring at the wave front, the wave moves much faster than the me-
chanically applied strain rate. However, when strained at 120°C the moving
wave is not observed, indicating that the phenomenon operates at lower test
temperatures. Using the technique of digital optical extensometry, the “true
stress–true strain” curves were obtained. It appears that the moving wave of
plastic deformation occurs as a result of an increase in the strain hardening
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Introduction

It is generally accepted that irradiation of stainless steels at temperatures of
100–400°C leads to a rapid increase in strength and to a concurrent reduction
in both uniform and total elongation during deformation, a behavior that is
clearly seen in “engineering” stress-strain curves and that is almost always as-
sociated with early flow localization leading to necking �1,2�.

Using a technique called “digital marker extensometry,” however, we have
shown recently that the stress-strain deformation characteristics �true stress–
true deformation� continue unchanged in the necking region even though the
remainder of the specimen no longer participates in the deformation process
�3,4�. This extensometer techniques involves marking the surface of the speci-
men with small dots and recording both the macroscopic and local deforma-
tion with a video camera during the tensile test.

Another well-accepted perception is that continued neutron exposure
quickly leads to a saturation in mechanical properties that remains unchanged
until significant void swelling is attained �5–9�. It now appears that this percep-
tion must be at least partially modified for relatively low irradiation tempera-
ture and very high fluence exposure, especially for steels prone to martensite
instability. In this paper we demonstrate that the anticipated trend toward re-
duced elongation with increasing exposure is reversed at relatively high neu-
tron dose �26–55 dpa�.

This study addresses this new phenomenon of increased ductility primarily
on a general scientific level, but it is also being studied for possible application
to evaluation of possible relevance to plant life extension of pressurized water
reactors. The baffle-former assembly that surrounds a pressurized water reac-
tor �PWR� core is constructed from similar low-nickel steels irradiated at tem-
peratures and neutron exposures comparable to those of this study. The recov-
ery of ductility at higher doses may allow less conservatism in evaluation of
component lifetime and may allow more aggressive handling at low tempera-
tures characteristic of zero power after shutdown.

Experimental Details

A hexagonal wrapper constructed from 12Cr18Ni10Ti steel �nominal chemical
composition, wt %: 0.10%–0.12%C, 17.5%–19%Cr, 9%–10.5%Ni, 0.5%Ti� was
removed from two spent fuel assemblies designated CC-19 and H-42 after irra-
diation in the reflector region of the BN-350 fast reactor. The wrapper walls
were 2 mm thick with face-to-face distance of 96 mm. The wrapper was an-
nealed at 1050 °C for 30 min and formed with a final cold deformation of 15
%–20 %, followed by annealing at 800°C for 1 h. The irradiation conditions of
the examined regions are shown in Table 1.

Cross sections of 10 mm height were cut at various elevations between
+500 and �160 mm measured relative to the core center-plane. From these
sections the flat rectangular specimens with dimensions 20 mm in length, 2
mm in width, and 0.3 mm in thickness were mechanically produced. Subse-
quently, mini-tensile specimens with gauge length of 7–10 mm, width 2 mm,
and thickness 0.3 mm were produced by mechanical grinding and electrolytic
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polishing to achieve the desired dimensions and surface quality.
Pneumatic grips were used for holding the specimen in an Instron-1195

tensile machine. Uniaxial tensile tests on both unirradiated and irradiated
specimens were performed at strain rates of 8.3�10−3, 8.3�10−4, and 8.3
�10−5 s−1. Most samples were tested at 20°C, but some experiments were
conducted at elevated temperatures �up to 120°C�.

A technique called “digital marker extensometry” was used which incorpo-
rates digital photo or video recording of the specimen during deformation. The
surface of the specimen was marked with small ��0.3 mm� dots of dye in
order to track the deformation on a local level. This technique was described in
an earlier report and is especially useful in observing highly irradiated minia-
ture specimens subject to intense flow-localization �3,4�. Application of this
technique makes it possible to obtain the true stress–true strain behavior for a
miniature specimen, as well as to identify the localized deformation region and
to trace its evolving geometry during continuous deformation.

The first observation of the moving wave phenomenon was reported re-
cently �10�. This current paper reports on a wider variety of tests conducted to
examine this newly discovered deformation mode.

Results

The measured values of strength and ductility are shown in Table 2 for different
test temperatures and applied strain rate. The data for strength agree well with

TABLE 1—Position and irradiation conditions of investigated samples.

Assembly
Distance from the

Center of the Core, mm
Irradiation

Temperature, °C Dose, dpa
H-42 �300 290 13
CC-19 +500 423 26
CC-19 �160 310 55

TABLE 2—Mechanical properties of investigated samples.

Assembly
Level,
mm

Dose,
dpa

Test Temperature,
°C

Strain Rate,
s−1

�02,
MPa

�B,
MPa

�u,
%

�T,
%

Presence
of wave

H-42 13 20 8.3�10−4 860 1060 �2 6–7 No
CC-19 +500 26 20 8.3�10−4 780 930 18 18.5 Yes
CC-19 +500 26 20 8.3�10−3 800 1030 48 48 Yesa

CC-19 +500 26 20 8.3�10−5 790 950 21 21.5 Yes
CC-19 �160 55 20 8.3�10−4 960 1070 20 22 Yes
CC-19 +500 26 60 8.3�10−4 740 850 40 43 Yesa

CC-19 �160 55 120 8.3�10−4 940 980 �1 �4 No
aSamples having two deformation waves are marked with a star.

212 JAI • STP 1513 ON EFFECTS OF RADIATION

 



most data found in the literature. The observed plasticity in the H-42 assembly
�13 dpa� also agrees well with typical literature values.

In Fig. 1 the engineering diagrams of four irradiated specimens are shown.
The unirradiated steel is characterized by high ductility and high ability to
strain harden with the ultimate stress �B significantly greater than the yield
stress �02. Following irradiation to �13 dpa at 290°C the yield stress of
samples made from assembly H-42 strongly increases and a neck develops just
after reaching the yield point. The uniform elongation �u is very small
��2 %� and the total ductility �T falls to 6 %–7 %.

Based on current perceptions of saturation, one would expect that steel
irradiated up to 55 dpa would achieve deformations �6 %–7 %, even in the
absence of void swelling. However, ductility levels of 19 %–48 % were achieved
in specimens tested at 20–60°C. This result was confirmed by other tests to be
typical and not an anomaly. Note that after a small decrease in strength after
yielding �see picture 1, curves 2–4� there is an extended plateau without signifi-
cant increase in load. When tested at 120°C, however, the ductility fell to
�4 % and no moving wave was observed. Over the range tested there does not
seem to be any significant influence of strain rate �see Table 2, CC-19 assembly,
+500 level�.

As shown in Fig. 2, a series of freeze-frame video images taken during
tensile testing at 20°C of a 55 dpa sample shows that localized deformation
initially forms near the upper gripper position, most likely due to the stress
concentration and triaxiality induced by the gripper. However, in contrast to
irradiation to lower doses, a stable immobile neck did not develop at either 26

FIG. 1—Engineering curves for irradiated samples tested at 20°C �curve 1, 13.2 dpa;
curves 2 and 3, 26 dpa; curve 4, 55 dpa �this curve was shifted to the right to avoid
overlap�. Curves 2 and 3 are at the same material and irradiation conditions, with curve
2 showing a single-wave case, and curve 3 showing a double-wave case �see comments
in text�. The curve designated “ini” is derived from an unirradiated specimen.

GUSEV ET AL., doi:10.1520/JAI102062 213

 



or 55 dpa. The localized deformation band instead progressively extended its
lower boundary, producing a moving deformation front �deformation wave�
that moved down the specimen. The wave moved along �2/3 of the specimen
length producing total engineering deformation on the order of 20 %. All of the
deformation at a given instant appeared to occur at the wave front with mate-
rial behind or in front of the wave essentially not participating in the deforma-
tion process.

Due to the concentrated deformation occurring at the wave front, the wave
moves much faster than the mechanically applied strain rate. For example, in
the 55 dpa specimen tested at 20°C, the wave front moved at �0.04 mm/s
while the applied strain rate was only 0.008 mm/s.

In some cases two deformation waves occurred on a specimen, as illus-
trated in Fig. 3. These waves started near each grip and progressed in opposite
directions. Usually the second wave begins just after the first wave stops. There
was one example, however, where simultaneous movement of two waves was

FIG. 2—Freeze frame images taken during deformation at 20°C of a specimen irradi-
ated to 55 dpa. Photographs have been digitally processed to increase the contrast. The
boundary between the lighter distorted and darker undistorted areas moves downward
with time. Elongated dots behind the boundary also show the local distortion. Arrows
on photos 4 to 7 show the second later-developing and immobile neck.

FIG. 3—Schematic illustrations of deformation waves for single-wave �left� and double-
wave �right� cases. A typical single wave starts moving from one grip and stops about
2/3 of sample length in both cases. Shortly after the first wave stops the second wave
starts from the other grip. In the two-wave case there is no undeformed space remaining
on the specimen.
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observed. Two waves produced the highest total engineering deformation of 40
%–48 %. In no case was the second wave observed to pass through the terminal
position of the first wave.

Figure 4 shows the distribution of local deformation over length of a 55 dpa
specimen as the test progressed. An abrupt increase in local deformation from
zero up to 30 %–35 % was observed at the moment the deformation front
passes. Failure with local deformation exceeding 60 % occurred very near to
the original place where the deformation wave appeared.

The local strain observed in the case of two waves meeting is the same as
for other parts of specimen, indicating that additional strain did not arise from
passage of the second wave through the region traversed by the first wave.
Close examination of the video sequences showed that cross-passing of two
waves was never detected during the experiment.

Discussion

The condition for occurrence and development of localized deformation of the
neck is �8,9�

d�/d� � �, �1�

which can be rewritten in more convenient form:

d�/d� − � � 0. �2�

One can show that localization of deformation in compliance with a given
condition starts at the moment when local strain hardening can no longer com-
pensate for geometrical “softening” which occurs as a result of a decrease in the
specimen cross section.

FIG. 4—Distribution of local deformation along the length of the specimen irradiated to
55 dpa at various stages of the experiment.
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It was earlier shown by Byun et al. �11� that for Cr–Ni steels the localized
deformation occurs at a stress value �L�900 MPa and this value only weakly
depends on damage dose. For some samples investigated in this study the yield
stress exceeds 900 MPa ��02	�L�, so localization of deformation occurs imme-
diately after the yield stress is reached.

It is clear that for cessation of local neck formation and displacement of the
deformation into neighboring, less deformed space, the law which governs
hardening must be altered, i.e., it is necessary that relation 2, on achieving a
certain extent of deformation, becomes invalid. As a rule this does not happen
in either unirradiated or neutron-irradiated pure metals, where d� /d� always
decreases as the strain increases �see unirradiated curve labeled ini in Fig. 5�. If
Luders bands are formed, as observed in pure iron, then an exception to this
situation occurs.

Figure 5 presents “stress-deformation” curves obtained using the marker
extensometry technique. Almost immediately on reaching the yield point,
d� /d�−� reduces to negative values, and the neck develops. However, in con-
trast to other materials we have studied, at local deformations of
�25 %–30 % a smooth upward trend is observed in the “�-�” curve. As d� /d�
increases the value of d� /d�−� becomes positive, indicating that strain hard-
ening rate is increasing strongly.

Apparently it is the increase in d� /d� that leads to suppression of develop-
ment of a local neck, thereby displacing the deformation source to neighboring,
undeformed space, generating the deformation wave. We consider it to be very
significant that the second late-forming deformation band could not move

FIG. 5—Curves of �−� �1, 2, ini� and d� /d�−� �3, 4� for unirradiated 12Cr8Ni10Ti
specimen �ini� and also for 26 dpa �2, 4� and 55 dpa �1,3� specimens. The dimensions
and scale for the d� /d�−� curves are the same as for the �−� curves.
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through the previously deformed region. It is also significant that at the front of
the wave local deformations are very large at 	30 %.

One potential source of the wave phenomenon is the �→� martensitic
transformation. This low-nickel steel is known to be very sensitive to strain-
induced �-martensite formation, especially during room temperature deforma-
tion, and to increase in propensity toward martensite with radiation-induced
hardening and radiation-induced segregation �12,13�. The fact that this behav-
ior occurs at higher exposures but not at lower doses where saturation of
strength had already occurred may reflect some second-order effect such as the
progressive transmutation-induced loss of Mn or build-up of V �14�, or the
progressive radiation-induced segregation of some other chemical elements.
Nickel, in particular is known to segregate at microstructural sinks and chro-
mium migrates away from these same sinks.

Increases in deformation speed from 8.3�10−5 to 8.3�10−3 s−1 �i.e., two
orders of magnitude� might be expected to influence the formation of a defor-
mation wave via strain-induced temperature increases, especially if a marten-
site transformation is occurring, a process known to be temperature-sensitive.
However, such an effect was not observed in this rather limited series of tests. It
is significant, however, that at 8.3�10−4 s−1 an increase in test temperature
from 60 to 120°C led to a cessation of wave behavior. This might suggest that
the double wave case might be controlled by parameters such as the tempera-
ture of the test as well as the applied strain rate. A larger number of specimens
will be tested in later studies to address this possibility.

Similar deformation behavior involving an increase in strain hardening
rate has been observed in this same steel in the unirradiated condition during
deformation at cryogenic temperatures �15�. Intense martensitic transforma-
tion was cited as the cause, but the digital marker extensometry technique �or
other vision system� was not used so it is not certain whether a deformation
wave was associated with this behavior.

The possibility exists that this phenomenon may have been observed but
not fully appreciated in an earlier study by Lapin and co-workers on this same
steel when it was tested at 20°C after irradiation at 100–300°C �16�. They
observed a tendency for elongation to exhibit a minimum at relatively low dpa
levels and then tend to increase at higher dose. There were no observations
made of the mode of elongation or details of the specimen post-tensile mor-
phology, however.

This study has focused on this new phenomenon of increased ductility
primarily on a general scientific level, but it is also may be relevant for possible
application to evaluation of relevance to plant life extension of Western pres-
surized water reactors. The baffle-former assembly that surrounds a PWR core
is constructed from similar low-nickel steels irradiated at temperatures and
neutron exposures comparable to those of this study. The recovery of ductility
at higher doses may allow less conservatism in evaluation of component life-
time and may allow more aggressive handling at low temperatures character-
istic of zero power after shutdown.
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Conclusion

A new radiation-induced phenomenon has been observed in steel 12Cr18Ni10Ti
irradiated to 26 and 55 dpa. It involves a moving wave of plastic deformation at
20–60°C that produces anomalously high values of engineering ductility, espe-
cially when compared to deformation occurring at lower neutron exposures or
for more stable steels. Using the technique of digital extensometry the true
stress–true strain curves were obtained. It appears that the moving wave of
plastic deformation occurs as a result of an increase in the strain hardening
rate, d� /d����. The increase in strain hardening is thought to arise from an
irradiation-induced increase in the propensity of the �→� martensitic trans-
formation.
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with 0.7 wt % Si or 0.09 wt % C. In high purity alloy and C-doped alloy
irradiated at 240°C up to 3 dpa, the work hardening rate is equivalent to that
in unirradiated alloys. These alloys show dislocation channel structure after
irradiation and deformation. In irradiated Si-doped alloy, however, the work
hardening rate is different from that in unirradiated alloys. This alloy shows
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radiated deformed stainless steels. The cell structure in irradiated Si-doped
alloy was much smaller than that in unirradiated Si-doped alloy and in type
316L stainless steel. One of the factors affecting the change in the work
hardening rate of irradiated austenitic stainless steel at 240°C is strong ob-
stacles such as � precipitate that acts as dislocation pining and dislocation
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Introduction

In aged light water reactors, the in-reactor materials lose ductility due to radia-
tion hardening. Radiation hardening may also affect irradiation-assisted stress
corrosion cracking. It is reported that the radiation hardening is caused by the
formation of Frank loops, and the loss of ductility including a decrease in the
work hardening rate is affected by dislocation channeling �1–4�. However, only
a limited number of studies have been conducted on the relationship between
true stress–true strain relation and the plastic deformation microstructure in
the neutron-irradiated stainless steels �SSs�. This study compares their relation-
ship by using neutron-irradiated stainless steels that have different microstruc-
tures.

Experimental Details

Samples

High Purity 304 and Its Alloys Doped with Carbon or Silicon �5,6�—High
purity Fe-18Cr-12Ni alloy �hereafter HP304� and its alloys with addition of C or
Si �hereafter HP304/C and HP304/Si, respectively� were used for irradiation
experiments. Table 1 shows chemical compositions of these alloys. Solution
anneal condition for HP304 and HP304/Si was at 975°C for 0.5 h and 1050°C
for 0.5 h for HP304/C. A round bar type tensile specimen and a sheet type
miniature tensile specimen �type SS-3� were fabricated from plates of these
alloys, and the longitudinal direction of these specimens was parallel to the
rolling direction of the plates. The gauge dimensions of the round bar type
specimens were 24 mm in length and 4 mm in diameter. Neutron irradiation
experiment was conducted at about 240°C to dose levels ranging from 1 to 5.5
dpa in the Japan Research Reactor No. 3. Authors reported that these alloys
showed different engineering stress-strain curves and microstructures, espe-
cially for Frank loops development �5,6�. Table 2 summarizes the average diam-
eter and the number density of Frank loops in each material after 1 dpa irra-
diation. Solute addition to HP304 resulted in the variation in the
microstructural character after the neutron irradiation.

TABLE 1—Chemical compositions of high purity alloys and type 316 stainless steel.

Alloy C Si Mn P S Ni Cr Mo N Fe
HP304 0.003 0.01 1.36 0.001 0.0014 12.27 18.17 0.0014 Bal.
HP304/C 0.098 0.03 1.39 0.001 0.0020 12.50 18.30 0.0016 Bal.
HP304/Si 0.003 0.69 1.36 0.001 0.0014 12.24 18.01 0.0014 Bal.
316SS 0.05 0.56 0.83 0.028 0.001 10.09 16.20 2.09 Bal.
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Unirradiated Work-Hardened Type 316 SS—In order to compare plastic de-
formation behavior in unirradiated work-hardened austenitic stainless steel,
type 316 stainless steel was used. The compositions are also listed in Table 1.
The plate of the steel was solution annealed at 1100°C for 0.5 h; then the plate
was heat treated at 650°C for 100 h. The plate was warm-rolled at about 350°C
for reduction in thickness ranging from 10 % to 50 %. The round bar type
tensile specimens were prepared from the warm-rolled plate. The longitudinal
direction of the specimens is parallel to the rolling direction.

Tensile Test and Microstructural Observation

Tensile tests were conducted on both neutron-irradiated and warm-rolled speci-
mens at 289—300°C with a strain rate of �1.0�10−4/s in air or vacuum
conditions. The obtained engineering stress-strain curves before the occurrence
of plastic instability were converted to calculated true stress-strain curves by
the following equations:

�true = �engineering�1 + �engineering� �1�

�true = ln�1 + �engineering� �2�

The work hardening rate, n, was approximated by the following equation �7�:

�true = f��true� = A��0 + �true�n �3�

Microstructural observation was carried out using transmission electron
microscopy �TEM� operated at 400 and 200 kV. Figure 1 shows the schematic
illustration of TEM specimens sampling. Samples were taken from the uni-
formly elongated part of tensile tested specimens. In this sample, the micro-
structure just before plastic instability is observed, and the main stress direc-
tion is perpendicular to observed planes.

Result

Neutron Irradiated Alloys

Tensile Property—Figure 2�a�–2�c� shows the engineering stress-strain
curves of neutron-irradiated HP304, HP304/C, and HP304/Si, respectively.
Overall, after the neutron irradiation, the increase in yield stress and the loss of
ductility were observed. The work hardening ability in engineering stress-strain

TABLE 2—Frank loops distribution in 1 dpa irradiated specimen.

Ave. Diameter �nm� Number Density �m−3� Distribution
HP304 11 6.6�1022 Uniform
HP304/C 7 1.4�1023 Uniform
HP304/Si �5 �1�1022 Only near dislocation lines
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relationship decreased with increasing dose level. The addition of C or Si to
HP304 results in the acceleration and suppression of radiation hardening, re-
spectively. Much hardened specimen such as HP304/C irradiated 3.4 dpa shows
plastic instability just after yielding �5,6�.

Figures 3–5 show calculated true stress-strain curves for neutron-irradiated
HP304, HP304/C, and HP304/Si, respectively. By shifting the true stress-strain
curves to the horizontal axis by the equivalent strain account for the radiation
hardening �Figs. 3�b��, the curves of HP304 and HP304/C are superimposed well
in the uniform elongation range �7�. This means that work hardening rate is not
changed before and after irradiation. In HP304/Si, however, the shifted curves
were not superimposed on the curve of unirradiated one. Figure 6 shows the
work hardening coefficient of HP304 and HP304/Si calculated using the corre-
lation between true stress and equivalent true strain. The work hardening rate
of neutron-irradiated HP304/Si became higher than that in unirradiated one,
while that of HP304 was not changed drastically after neutron irradiation.

Deformation Microstructure—Figure 7�a� shows the typical deformation mi-
crostructure in HP304 specimen irradiated to 1 dpa. Only dislocation channel-
ing was observed. Average space between channels was 690±210 nm. As
shown in Fig. 7�b�, channel widening was observed at some intersections of
channel and twin. Figure 7�c� shows the grain boundary �GB� steps at the in-
tersection of twin and the GB, and the maximum step height was about 150

FIG. 1—Schematic illustration of TEM specimens sampling.
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FIG. 2—Engineering stress-strain curves for neutron-irradiated HP304 series.
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FIG. 3—Calculated true stress-strain relations for neutron-irradiated HP304.

KONDO ET AL., doi:10.1520/JAI102358 225

 



FIG. 4—Calculated true stress-strain relations for neutron-irradiated HP304/C.
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FIG. 5—Calculated true stress-strain relations for neutron-irradiated HP304/Si.
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nm. However, such a large GB deformation was not observed frequently. In
most cases, GBs were slightly deformed, and average step was about 20 nm, as
shown in Fig. 7�d� at these intersections. Furthermore, neither the pileup of
dislocations nor the expansion channels were observed at these intersections.
Radiation induced precipitation was not confirmed in 1 dpa irradiated HP304.
True strain before necking in this specimen was 0.19, and from these results it
is suggested that such a large deformation was induced mainly by the disloca-
tion channeling.

Figure 8�a� shows the deformation microstructure of 1 dpa irradiated
HP304/C. Dislocation channels were frequently observed as seen in HP304.
Average spacing was 1900±470 nm, which was wider than that in HP304.
Dislocation pileup was not observed at the intersection of the GB and the chan-
nel because it propagated into the next grain �but a few dislocations could be
observed by GB�. Figure 8�b� shows the widening of the dislocation channel at
the intersection of dislocation channels �8�. Comparing the diffraction pattern
from the widened channel and matrix, it was revealed that the diffraction pat-
tern form widened channel rotated in �4°, and s and g conditions for ex-
panded channel are different from those in matrix. Contrast of areas across the
dislocation channel was different so that the misorientation due to lattice rota-
tion was introduced by dislocation channeling. Dislocations were not observed
in the expanded channel. Figure 8�c� shows the intersection of a GB and a
dislocation channel. At the intersection, the slight deformation of the GB was
observed. In this micrograph, radiation defects were not observed near the GB.
Following the tilting the foil slightly, however, the contrast of radiation defect
was able to be observed in that region �Fig. 8�d��. In Fig. 8�c�, radiation defects

FIG. 6—Work hardening coefficient in HP304 and HP304/Si.
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near the GB could be out of contrast by varying the deviation parameter due to
the stain accumulation, not by the expansion of dislocation channel. Such a
microstructure was often observed in neutron-irradiated HP304/C rather than
in HP304. Because the number density of dislocation channel was small in
HP304/C, the concentration of the dislocation glide occurred and resulted in a
large strain at GBs.

The deformation microstructure of HP304/Si specimen neutron irradiated
to 1 dpa was different from those of HP304 and HP304/C, as shown in Fig. 9.
Planner type dislocations and dislocation cell structure were observed after
deformation to 0.24. The average cell diameter was about 130 nm. No disloca-
tion channel was observed in this specimen. In order to confirm the difference
in the deformation microstructure between unirradiated and irradiated HP304/
Si, the microstructural observation on unirradiated HP304/Si with engineering
strain of 30 % was also conducted. Figure 9�c� shows the deformation micro-
structure of unirradiated HP304/S, and the dominant deformation microstruc-
ture in unirradiated specimens is the dislocation cell structure with average cell
diameter of 380 nm. The average cell diameter in unirradiated HP304/Si is
larger than that in 1 dpa neutron-irradiated specimen. Furthermore, irradiated
HP304/Si showed a characteristic microstructure different from that in HP304
and HP304/C. Figure 9�d� shows the microstructure of 5.5 dpa neutron-
irradiated HP304/Si before tensile test. A few fine precipitates were observed in
this specimen.

FIG. 7—Deformation microstructure in neutron-irradiated HP304 �1dpa irradiation�:
�a� Dislocation channels, �b� expansion of dislocation channel, �c� GB step, and �d�
slight deformation of GB at the intersection of a GB and dislocation channel.
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Unirradiated Work-Hardened Type 316 Stainless Steel

Tensile Property—Figure 10 shows the engineering stress-strain curves for
unirradiated warm-rolled 316 SSs. Increase in yield strength and loss of ductil-
ity were observed in highly reduced specimens. Specimens with reduction be-
low 20 % exhibited the uniform elongation, and plastic instability occurred
immediately after yielding in the specimen reduced over 30 %. This behavior is
similar to that of neutron-irradiated alloys.

Calculated true stress-strain curves before plastic instability were shown in
Fig. 11. Uniform elongation was observed in specimens with thickness reduc-
tions of 10 % and 20 %. The shifting was adapted to these specimens. All the
true stress-strain curves were superimposed well so that this indicated that the
work hardening coefficient was not changed by mechanical hardening. This
behavior was well known as the concept of Swift type constitutive equation �5�.

Deformation Microstructure—Figure 12 shows the microstructure before
and after tensile tests. In the case of the specimen with reduction of 0 % �not
work hardened�, dislocation lines were observed in the matrix before tensile
test, and dislocation cell structure after tensile deformation just before plastic
instability. The cell was elongated like an ellipsoid. In the case of other speci-
mens �with reductions of 10—50 %�, dislocations cell structure has formed
during warm-rolling, and the initial size of shorter diameter of cell structure
was not changed after tensile test �Fig. 13�.

FIG. 8—Deformation microstructure in neutron-irradiated HP304/C �1 dpa irradia-
tion�: �a� Dislocation channels, �b� expansion of dislocation channel and diffraction
pattern, and ��c� and �d�� intersection of a GB and dislocation channel.
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FIG. 9—Microstructure in HP304/Si. �a� and �b� show the deformation microstructure
in 1dpa irradiated specimen, �c� the deformation microstructure in unirradiated speci-
men, and �d� the microstructure after 5.5 dpa irradiation.

FIG. 10—Engineering stress-strain curves for unirradiated work-hardened type 316SS.
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FIG. 11—Calculated true stress-strain curves for unirradiated work-hardened type
316SS.
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Discussion

The plastic instability just after yielding was observed in highly irradiated
HP304/C materials �Fig. 2�c��. This behavior was also observed in unirradiated
highly deformed type 316 stainless steel �Fig. 10�. Yield drop was observed in
HP304 and HP304/C after 1 dpa irradiation. The yield drop may not be affected
by carbon content because the carbon content of HP304/Si, which did not show
the yield drop even after 304 dpa irradiation, is the same as that of HP304. In
HP304/Si, black dots and Frank loops were observed uniformly and locally near
dislocation lines �Table 2�, respectively. After 5.5 dpa irradiation, the yield drop
was observed in all alloys �6�. On the other hand, the yield drop was not ob-
served in the unirradiated work-hardened type 316 stainless steel. Therefore it
is believed that uniformly distributed Frank loops affected the yield drop.

The work hardening coefficient in calculated true stress-strain curve was
not changed in HP304 and HP304/C after irradiation up to 3.4 dpa �Figs. 3 and
4�. Similar results were observed in neutron-irradiated iron �9� type 316L stain-
less steel irradiated by neutron to 1 dpa at 200°C �10� and EC316LN stainless
steel after spallation irradiation �11�. Formation of Frank loops did not lead to
the change in work hardening rate. The dominant plastic deformation mode in
the irradiated HP304 and HP304/C was dislocation channeling �Figs. 7 and 8�,
though the average spacing between channels was different among them. The
change in the deformation mode from dislocation cell structure to the disloca-

FIG. 12—Deformation microstructure in unirradiated warm-rolled type 316SS.
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tion channeling does not give rise to the change in work hardening rate. In the
irradiated materials, Frank loops and defect clusters act as barriers to disloca-
tion glide and result in increased yield stress. But once dislocation channels
were formed, as shown in Figs. 7 and 8, the glide of dislocations is restricted in
the defect free channels during the plastic deformation even in the heavily
irradiated materials. Therefore, the friction to the dislocation motion during
the plastic deformation arises by interaction with dislocation lines rather than
with Frank loops and defect clusters, as shown in Fig. 14�a�.

Work-hardened type 316SS specimens did not cause change in their work
hardening coefficient. The deformation microstructure of work-hardened
specimen was the dislocation cell structure at any reduction level, and no cor-
relation was observed between the average shorter diameter of cell and the
yield strength of materials �Fig. 13�. Dislocations can glide between cell walls
where dislocation-dislocation interaction occurs during the plastic deforma-
tion, as shown in Fig. 14�b�. This dislocation glide mechanism is similar to that
in HP304 and HP304/C. In both irradiated alloys, dislocations glide through
space where only dislocations such as lines and loops exist. It is concluded that
there is little change in work hardening rate between irradiated and work-
hardened stainless steels when the moving dislocation lines interact with only
other dislocations during the plastic deformation.

On the other hand, neutron-irradiated HP304/Si showed the increase in the
work hardening rate after irradiation. Engineering strain just before the onset
of plastic instability was about 27 % in the specimens irradiated to 1 dpa �Fig.
2�c��, and the dominant deformation microstructure was the dislocation cell
structure �Fig. 9�c��. As mentioned previously, radiation induced precipitates

FIG. 13—Dislocation cell size of type 316 stainless steel with various yield stresses.
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were observed in HP304/Si after 5.5 dpa irradiation �Fig. 9�d��, and the dislo-
cation cell diameter of irradiated specimen was smaller than that of unirradi-
ated specimen. If small precipitate, which had not been observed by TEM,
would nucleate uniformly with high density after irradiation to 1 dpa, then it
could become a stronger obstacle to pin dislocation lines �Fig. 14�c��. The mo-
bile distance of a dislocation at a certain external stress was restricted due to
such precipitates. Consequently, the average dimension of cell in irradiated
HP304/Si becomes smaller than that in unirradiated HP304/Si.

It is concluded from this study that the Frank loops and dislocation chan-
neling do not affect the work hardening rate. Only strong precipitates affect the

FIG. 14—Schematic of dislocation mobile part during plastic deformation: �a� Neutron
irradiated HP304 and HP304/C, �b� unirradiated 316SS, and �c� irradiated HP304/Si.
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rate. This means that the concept of Swift’s constitutive equation is adaptable
to irradiated stainless steels if the strong precipitate does not nucleate during
irradiation. Then the constitutive equation of irradiated stainless steels before
occurrence of plastic instability is expressed by following equation:

�true = f��true + �irrad,n� = A��true + �equi�n �4�

where:
�equi=equivalent strain to compensate the increase of yield strength in ir-

radiated and work-hardened stainless steels.
This relationship was also observed in the data of work-hardened or irra-

diated stainless steels �12�.

Conclusion

�1� HP304 and HP304/C hardened by neutron irradiation and type 316 SS
work hardened by warm-rolling show that the work hardening rate was
not changed after hardening process.

�2� In the irradiated HP304 and HP304/C, dislocation channel was domi-
nant glide path of dislocation lines. The channels had no or less Frank
loops; therefore in the channel, friction to dislocation motion arises by
the interaction with other dislocation lines.

�3� The similar interaction of dislocations occurs in the defect free cell
interior in unirradiated mechanically hardened materials.

�4� When other obstacles such as precipitates were formed like irradiated
HP304/Si, friction to dislocation motion increased and resulted in the
change in work hardening rate.

�5� It is concluded that the work hardening behavior was affected by ra-
diation induced precipitations, not by the dislocation channeling, and
that work hardening mechanism in irradiated materials is the same as
that in unirradiated SSs. Therefore, it could be possible to predict the
work hardening capacity of irradiated materials by means of the evalu-
ation of the mechanical property of materials with the same level of
yield stress as irradiated materials.
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ABSTRACT: Deformation-calorimetric experiments have been performed on
specimens of Armco iron, pure nickel, and two austenitic chromium-nickel
alloys: 12Cr18Ni10Ti and 03Cr20Ni45Mo4Nb, each tested in both unirradi-
ated and irradiated conditions. It has been shown that for neutron-irradiated
12Cr18Ni10Ti stainless steel and also for nickel and Armco iron, the latent
energy �Es� versus � curves shift towards lower values of Es, and these
curves progressively lose their parabolic appearance that is typical for unir-
radiated metals and alloys. It has also been shown experimentally that “ex-
cess heat” is measured when stored energy associated with radiation-
produced defect agglomerates is released during their annihilation in
formation of defect-free channels. In effect more energy in released than the
mechanical energy supplied externally to cause deformation of the speci-
men. When post-irradiation annealing is used to reduce the concentration of
defect agglomerates, the excess energy phenomenon disappears.

KEYWORDS: neutron irradiation, energy balance, latent energy, ex-
cess heat, post-irradiation annealing

Introduction

During plastic flow of metallic polycrystals the applied mechanical energy dis-
sipates as heat or via acoustic and electromagnetic emission but can partially
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accumulate via formation of crystalline defects. The energy accumulated in the
material as defects is defined as stored or “latent” energy Es �1,2�. Irradiation of
metals by high-energy particles creates such defects, leading to an increase in
the latent energy.

It is known that plastic flow may be accompanied by annihilation of some
portion of radiation-induced defects, often resulting in formation of defect-free
dislocation channels �3�. Defect-free dislocation channels are found in some
irradiated materials after plastic strain of 1–5 %, and then, as deformation
increases, their presence can be masked by newly developed dislocation struc-
tures. There is no reason, however, to expect that interaction between disloca-
tions and radiation defects, and subsequent annihilation of the defects, be-
comes weaker with increasing deformation. Deformation-stimulated
annihilation of radiation defects may significantly influence the energy dissipa-
tion processes accompanying plastic deformation. However, there has previ-
ously been no thorough consideration of this question addressed in the scien-
tific literature although the subject is of undoubted scientific and practical
interest. To address this subject this paper presents results of experimental
studies of the processes responsible for energy accumulation and dissipation in
a number of neutron-irradiated polycrystalline metals.

Experimental Techniques and Materials

The following materials have been studied: Armco iron �99.77 wt % Fe after
annealing at 1223 K for 30 min�, pure nickel �99.98 wt % Ni after annealing at
1223 K for 30 min�, and two stainless austenitic chromium-nickel alloys desig-
nated 12Cr18Ni10Ti and 03Cr20Ni45Mo4Nb after annealing of each alloy at
1323 K for 30 min.

Flat tensile specimens �gauge dimensions of 10�3.5�0.3 mm3� were ir-
radiated in the WWR-K �Russian acronym for water-moderated, water-cooled
reactor in Kazakhstan� reactor at temperatures of 293–330 K to exposures rang-
ing from 2�1018 to 2�1020 n/cm2 �E�0.1 MeV�, producing 0.0014–0.14 dis-
placements per atom �dpa� in pure iron. Uniaxial tension tests were performed
inside a specially designed microcalorimeter facility �4�, which uses a standard
differential microcalorimeter designated Calvet, produced by the French firm
“Setaram.” The calorimeter sensitivity is ±10−7 Wt, whereas typical values of
heat dissipated by deformed specimens in this study range from �10−4 to
�10−2 Wt.

Both neutron-irradiated and unirradiated specimens were deformed at
room temperature with strain rates ranging from 5.5�10−4 to 8.3�10−4 s−1

�0.33–0.5 mm/min�. Each tensile test yielded a load-extension diagram and a
thermogram �heat release intensity versus time�. In addition to standard me-
chanical properties �yield strength �0.2 and ultimate tensile strength �uts, uni-
form elongation �u, and total elongation �tot�, the following integral energy
parameters were determined: The specific work, A, spent to deform the speci-
men �in MJ/m3�, and the energy released, Q, as a result of deformation.

The latent energy accumulated in the material is Es=A−Q, and the relative
latent energy is P=Es /A. Using techniques described in Ref 4 and procedures of
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“thermogram reconstruction” �5,6�, the quantities of A, Q, and Es were calcu-
lated as functions of the amount of deformation. Additionally, Es��� curves
were constructed, where � is the “true” flow stress.

As a result of series of calibration experiments, it was determined that
estimated inaccuracies are �3 % for A, �5 % for Q, and 20–30 % for Es.
Microstructures of the irradiated and deformed specimens were studied using a
JEM-100CX transmission electron microscope and a Neophot-2 optical micro-
scope.

Experimental Results and Discussion

Steel 12Cr18Ni10Ti

Table 1 presents the mechanical characteristics of 12Cr18Ni10Ti steel as a func-
tion of exposure dose as calculated from deformation diagrams �see Fig. 1�a��.
The exposures are relatively low, ranging from 0.004 to 0.09 dpa �where
1022 n/cm−2 with energies E�0.1 MeV produce �7 dpa in pure iron�. It can
be seen from �0.2 and �uts values that the unirradiated steel experiences signifi-
cant hardening during deformation. As the neutron exposure increases, the
strength increases and the ductility decreases. Note that following irradiation
the yield strength increases more rapidly than the ultimate tensile strength with
increasing neutron dose.

Values of energy characteristics of the deformed steel specimens, presented
in Table 2, show that as the neutron fluence increases, the energy needed to
deform a specimen up to failure decreases. The latent energy Es also decreases
with increasing dose, whereas the value of dissipated heat Q increases.

The following peculiarity of the latent energy is of special interest. Note
that at 1.3�1020 n/cm2, the value of Es is essentially zero, implying that the
alloy under deformation dissipates all energy being input from outside the sys-
tem. This appears to disagree with the fact that alloy has hardened as shown in
all curves in Fig. 1�a� where an increase in the flow stress was observed and,
hence, the deformed alloy must have absorbed energy.

Earlier we showed �7,8� that for both unirradiated and neutron-irradiated
steel 12Cr18Ni10Ti up to 5�1018 n/cm2, the relationship between the energy
accumulated in a material and the plastic flow stress can be described by an
expression Es=E0+k ·�2, where E0 is a factor that characterizes the polycrys-

TABLE 1—Mechanical characteristics of the steel 12Cr18Ni10Ti following neutron
irradiation.

Fluence, n/cm2 �0.2, MPa �uts, MPa �u, % �tot, %
0 180 640 63 70
5�1018 420 700 44 60
1.4�1019 450 690 49 57
1.3�1020 560 710 41 51
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talline internal energy describing the structure state prior to deformation and k
is a factor dependent on the lattice parameter, temperature, stacking fault en-
ergy, etc.

As a result of irradiation to a fluence of 5�1018 n/cm2, a shift in the
“Es-�” curve is observed towards smaller Es values by �20 MJ/m3. However,

FIG. 1—�a� Measured engineering stress-strain curves ��1�, dotted line� and the derived
true stress–true strain curves �solid lines�. �b� Latent energy versus applied stress during
deformation of 12Cr18Ni10Ti steel. The various curves represent conditions of �1� unir-
radiated, �2� 5�1018 n/cm2, �3� 1.4�1019 n/cm2, and �4� 1.3�1020 n/cm2.
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the general appearance of the dependence is left unchanged �see Fig. 1�b��. One
might expect that the quadratic dependence observed at 5�1018 n/cm2 before
necking would be conserved but shifted towards smaller values of Es. However,
it was found that at 1.4�1019 n/cm2, the appearance of the Es��� curve �Fig. 1,
curve �3�� changed significantly, even though there was an insignificant incre-
ment in the yield stress. The parabolic shape was lost, with the curve degener-
ating to a straight line. The deformation hardening and growth of � were ac-
companied by a significantly smaller increment in Es.

At 1.3�1020 n/cm2 a peak Es��� is reached at ��720 MPa, and one can
see a decrease in the accumulated energy with increasing stress �see Fig. 1,
curve �4��, rather than an increase. Such behavior is not observed in the an-
nealed unirradiated state and must represent some characteristic of the irradi-
ated state. A similar effect has been previously observed where a decrease in Es
with increasing deformation was associated with formation of micro-cracks
just prior to failure �9�. In our case, measurements of specimen density �with
accuracy of �0.5–0.7 %� have not found any significant differences between
initial and deformed specimens. Therefore we consider it safe to assume that
such “abnormal” behavior of Es has nothing in common with crack formation.

Karlsen and Onchi �3� showed that in a closely related steel �AISI 304�
irradiated to �1020 n/cm2 and then deformed by 5–10 %, “defect-free chan-
nels” are formed that are free of observable radiation defects. It is commonly
believed that radiation-induced defects disappear due to interaction with dislo-
cations.

In this example, the atypical behavior of the Es��� curve is probably a result
of “sweeping out” a portion of the radiation-induced defects. It should be
stressed that the specimens we have studied are irradiated at �60°C, where
“black-dots” of very small size dominate �10�. That fact that such behavior is so
pronounced for a steel irradiated to 1020 n/cm2 indicates that the behavior in
other lower fluence cases will also be similar.

Another potential source of excess heat is the deformation-induced marten-
sitic �→� transformation �11�. For instance, in deformed crystals of ZnS this
transformation is responsible for occurrence of the relationship Q�A �12�.
However, for irradiated steel 12Cr18Ni10Ti, there is no published quantitative
data on the thermal effect of the �→�� transformation.

Alloy 03Cr20Ni45Mo4Nb

Figure 2�a� shows the conventional engineering stress-strain curves for alloy
03Cr20Ni45Mo4Nb. Table 3 presents the measured energy and mechanical

TABLE 2—Energy characteristics of plastic yield in steel 12Cr18Ni10Ti following
irradiation.

Fluence, n/cm2 A, MJ/m3 Q, MJ/m3 Es, MJ/m3 P= Es / A
0 410 310 100 0.24
5�1018 400 340 75 0.18
1.4�1019 380 337 43 0.11
1.3�1020 347 347 0–4 0.01
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FIG. 2—�a� Engineering diagrams of 03Cr20Ni45Mo4Nb. �b� Es versus � curves for
alloy 03Cr20Ni45Mo4Nb in the following conditions: �1� unirradiated, �2� 1.4
�1019 n/cm2, and �3� 1.3�1020 n/cm2. The departure from quadratic behavior to-
wards the end of curve �1� reflects the development of a neck.
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characteristics versus neutron fluence for this high-nickel alloy, while Fig. 3�b�
shows the “Es versus �” curves. In this alloy radiation hardening shifts the Es
versus � curves towards smaller values of Es but preserves the parabolic ap-
pearance of the curves. This implies that in this high-nickel-content alloy, in
contrast to 12Cr18Ni10Ti, neither abnormal heat release nor variation in Es
occurs over this dose range.

Nickel

Nickel deformed in the unirradiated state is characterized by comparatively
low strength, high ductility, and considerable deformation strengthening. Fig-
ure 3 presents engineering stress-strain curves and the curves of A, Q, and Es
versus � for both unirradiated and neutron-irradiated nickel. Table 4 presents
the measured energy and mechanical property characteristics and shows that
nickel increases in strength as a result of neutron irradiation, whereas its duc-
tility has decreased by a factor of �1.5. Also the values of A and Q have de-
creased, whereas the value of Es has become negative. This implies that irradi-
ated material dissipates considerably larger energy during deformation than
the mechanical energy transferred from outside.

Such a result is quite unexpected because as shown in Fig. 3, nickel is
characterized by significant deformation hardening after its irradiation to 1.4
�1019 n/cm2. In Ref 13 we showed that irradiation does not change the char-
acter of “true stress–true strain” curves, which thoroughly describe deforma-
tion strengthening. The potential effect of “defect sweeping,” recorded as an
excess heat release, has not led to a reduction in the intensity of deformation
strengthening. Therefore we assume that excess heat release is caused by anni-
hilation of defects, mainly of a type that weakly affects the flow stress.

Armco iron

Figure 4 shows typical engineering stress-strain curves along with the corre-
sponding thermograms obtained for this rather pure iron. Table 5 presents the
mechanical and energy characteristics obtained. One may see that neutron ir-
radiation of Armco iron has led to considerable increase in the material
strength and strong reduction of its ductility. The appearance of the engineer-
ing stress-strain curves has also noticeably changed. For instance, deformation
hardening at 1.4�1019 n/cm2 is absent, the ultimate stress coincides with the
yield stress, and the value of �u determined from the diagram is zero. Thus
there is plastic strain without uniform deformation occurring.

TABLE 3—The energy and mechanical characteristics of 03Cr20Ni45Mo4Nb.

Fluence,
n/cm2

�0.2,
MPa

�uts,
MPa

�u,
%

�tot,
%

A,
MJ/m3

Q,
MJ/m3

Es,
MJ/m3 P= Es / A

0 238 649 49 51 282 169 113 0.4
1.4�1019 465 689 32 34 209 149 60 0.3
1.3�1020 482 650 25 26 155 131 24 0.15
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FIG. 3—�a� Engineering diagrams and �b� deformation dependencies energy character-
istics of nickel: �1�, �2�, and �3� for the unirradiated state and �4�, �5�, and �6� for the
neutron-irradiated material at 1.4�1019 n/cm2. �1� and �4�—A ���; �2� and � 5�—Q ���;
and �3� and �6�—Es ���.
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It should be noted that metallographic studies at 1.4�1019 n/cm2 showed
that the plastic strain usually develops via formation of a single deformation
band located at an angle with respect to the load axis �see Fig. 5�. In some rare
cases, two intersecting bands were observed. Outside the deformation bands
the measured microhardness �H	=200 kg/mm2� is essentially unchanged
from the pre-deformed value, indicating the absence of plastic strain. Within
the band the microhardness has increased sharply, reaching 310 kg/mm2. An
increase in microhardness signifies deformation hardening of the material
within the band.

Figure 5 shows the surface of the deformed specimen of Armco iron irra-
diated to 1.4�1019 n/cm2. It is seen that on the specimen surface, deforma-
tion relief is present within the deformation band, comprised of a group of
parallel slip bands that are 20–40 	m long, located at a distance of
�1–1.5 	m from each other �see Fig. 5�a��. Local macro-deformation of ma-
terial in the deformation band reaches 30–50 % �14�. Outside the band of maxi-
mal deformation, deformation relief on the surface is not generally seen al-
though isolated parallel bands are observed �see Fig. 5�b�� that are probably
traces of microplastic deformation. Most probably groups of parallel bands in a
region of localized deformation are formed as the dislocations move in defect-
free channels that intersect the surface �15�.

The specific values of A, Q, and Es, presented in Table 5, reduce in value as
fluence increases. When 1.4�1019 n/cm2 is reached, the value of the energy
accumulated in the material is becoming negative, i.e., the value of Q is getting
much higher than the value of the deformation work A. If it is assumed that
this effect is related to irradiation, then one may expect that quite different
behavior after annealing of radiation defects prior to deformation. Therefore
tests were performed in which the specimens were annealed after irradiation.

Effect of Post-Irradiation Annealing on Kinetics of Heat Release during
Deformation of Iron

In Fig. 6 the engineering stress-strain curves are presented for Armco iron
irradiated to 1.4�1019 n/cm2 after different postradiation 1 h annealing tem-
peratures. Table 6 presents values of strength and ductility, as well as the inte-
gral quantities A, Q, and Es.

Note that annealing at 573 K leads to occurrence of a yield plateau, at 673
K, signifying recovery of mechanical properties. Following Larikov’s data �16�,
annealing of radiation-induced vacancies takes place in bcc metals at annealing
temperature of 0.3Tmelting, which is 600 K for iron.

According to the results presented in Table 6, it is clear that in general case

TABLE 4—Energy and mechanical characteristics of nickel.

State
�0.2,
MPa

�uts,
MPa

�u,
%

�tot,
%

A,
MJ/m3

Q,
MJ/m3

Es,
MJ/m3

Unirradiated 50 315 50 52 147 139 8
Irradiated, 1.4�1019 n/cm2 225 350 27 33 105 111 
6
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FIG. 4—�a� Engineering diagrams and �b� thermograms for Armco iron: �1� unirradi-
ated, �2� 2�1018 n/cm2, �3� 5�1018 n/cm2, and �4� 1.4�1019 n/cm2.
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annealing has led to an increase in the energy accumulated under deformation.
At the initial deformation stage, the growth of Es is related to intense disloca-
tion multiplication. As most of the point defects have disappeared during an-
nealing, excess heat release is not observed in the annealed iron. Thus, it ap-
pears that “abnormal heat release” in deformed Armco iron is associated with
sweeping out of point defects produced during irradiation.

Discussion

The results of these deformation-calorimetric experiments show that deforma-
tion of irradiated materials in some cases can be accompanied by dissipated
heat Q that is in excess of the work A supplied from outside of the system. This
effect arises after a certain fluence threshold. This effect was observed in this
work in pure iron, pure nickel, 12Cr18Ni10Ti steel, and earlier work in copper
�17�. The effect is postulated to arise as a consequence of sweeping out of
radiation-induced defects, namely, vacancies, interstitials, and their complexes,
as a result of their interactions with moving dislocations.

TABLE 5—Mechanical and energy characteristics of Armco iron.

Fluence, n/cm2
�0.2,
MPa

�uts,
MPa

�u,
%

�tot,
%

A,
MJ/m3

Q,
MJ/m3

Es,
J /m3

0 253 360 26 32 95 87 8
2�1018 276 355 21 29 79 74 5
5�1018 317 340 15 24 72 69 3
1.4�1019 418 ¯ ¯ 9 30 38 
8

FIG. 5—Deformation relief observed on the surface of an Armco iron specimen irradi-
ated to 1.4�1019 n/cm2: �a� Inside deformation band and �b� outside of deformation
band.
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Earlier we showed �5� that small agglomerates of radiation-induced defects
were observed in Armco iron directly after irradiation to 1.4�1019 n/cm2.
During plastic flow in Armco iron a band of maximum deformation develops
that is completely free of these small agglomerates. The removal of both the
defect and its inherent stored energy by sweeping out provides the source of the
excess heat release. This assumption is supported by results of our annealing
experiments. It is known that annealing of most pure metals within the tem-
perature range 250–400°C usually leads to recovery of physical-mechanical
properties ��T, �B, and �� �17�.

According to Ref 18, the densities of other microstructural components are
changed in course of annealing following irradiation. Examples are radiation-
enhanced precipitate phases, as well as the density of dislocations and disloca-
tion loops. In stainless steels especially, the evolution of such components will
undoubtedly have some impact on the thermal release properties. The ques-
tions of what portion of the latent energy arises from radiation-induced defects

FIG. 6—Stress-strain curves for Armco iron irradiated to 1.4�1019 n/cm2 for various
post-irradiation annealing temperatures: �1� 293 K, �2� 473 K, �3� 573 K, and �4� 673 K.

TABLE 6—Effect of the post-irradiation annealing temperature on the mechanical and
energy characteristics of Armco iron irradiated to 1.4�1019 n/cm2.

Tannealing, K
�0,2,
MPa

�uts,
MPa

�u,
%

�tot,
%

A,
MJ/m3

Q,
MJ/m3

Es,
MJ/m3

293 418 ¯ ¯ 8.8 30 38 
8
473 426 440 7.3 11 49 42 7
573 407 447 8.7 11.3 44 44 0
673 340 400 15.4 19 68 39 29
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�Es
irr� and how it depends on irradiation temperature are rather interesting, but

unfortunately these questions have not been sufficiently addressed in the scien-
tific literature. In Ref 19 a value of Es

irr=7 MJ/m3 was found with the use of a
differential scanning calorimeter for copper subject to post-irradiation anneal-
ing. In order of magnitude, this value is comparable with values of heat release
we measured for iron and nickel at 16 and 14 MJ/m3, respectively.

For 12Cr18Ni10Ti steel the measured value of excess heat release is signifi-
cantly higher however. It is probable that metastability of the steel during de-
formation is one of the reasons, especially the formation of � martensite, lead-
ing to another contribution to excess thermal energy release. It is known that
following irradiation �-martensite produced by deformation is strongly in-
creased in this steel �20�.

Conclusions

Deformation-calorimetric experiments have been performed on specimens of
Armco iron, pure nickel, and two austenitic chromium-nickel alloys:
12Cr18Ni10Ti and 03Cr20Ni45Mo4Nb, each tested in both unirradiated and
irradiated conditions. It has been shown that for neutron-irradiated steel
12Cr18Ni10Ti and for pure nickel and pure iron the Es versus � curves shift
towards lower values of Es, and these curves progressively lose their parabolic
appearance that is typical for unirradiated metals and alloys.

It has been shown experimentally that “excess heat” is measured when
stored energy associated with radiation-produced defect agglomerates is re-
leased during their annihilation in formation of defect-free channels. In effect
more energy is released than the mechanical energy supplied externally to
cause deformation of the specimen. When post-irradiation annealing is used to
reduce the concentration of defect agglomerates, the excess energy phenom-
enon disappears.
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ABSTRACT: A requirement of spent nuclear fuel is to maintain its structural
integrity at all times to enable its safe and efficient handling during storage,
transportation, and placement in a deep geological repository. In Canada,
commercial spent fuel is currently stored in light water pools for about ten
years before being transferred to dry storage where storage may extend up
to 100 years. Investigations on the fuel structural integrity evolution during
dry storage are being performed for spent CANDU fuel bundles. A CANDU
nuclear fuel bundle is a cylindrical assembly approximately 0.1 m in diameter
and 0.5 m in length made of 28 or 37 fuel elements held together by welding
two endplates at both ends. The welds have a circular notch of less than 10
µm diameter. Significant hydraulic, mechanical, and thermal loads during
bundle irradiation in the reactor may lead to bundle deformation, which when
coupled with the sharp weld notch can result in significant stress enhance-
ment at the notch tip and possibly activate delayed hydride cracking �DHC�

during dry storage. To better understand the stress levels in CANDU fuel
during dry storage, a finite element model of CANDU fuel bundles is under
development. The stress distribution in the bundle and the stress intensity
factor at each weld notch can be evaluated by the model for the spent fuel
geometry and dry storage conditions. This paper discusses the agreement
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between the finite element model and validation experiments using unirradi-
ated 28-element CANDU fuel bundles tested in the elastic and plastic re-
gime.

KEYWORDS: finite element modeling, CANDU fuel, spent fuel storage

Introduction

The CANDU reactor is a pressurized heavy water reactor consisting of half-
metre length, natural UO2 fuel bundles loaded into pressurized fuel channels,
which are fueled during full power operations. Typically, a fuel bundle resides
in the reactor core for approximately one year before it is discharged to a light
water storage pool. After a minimum underwater storage period of ten years,
the fuel is loaded into dry storage canisters where they may remain up to
100 years before placement in a deep geological repository. Until placement
into the repository, it is essential that the fuel maintains its structural integrity
at all times to allow for safe handling during transfer between the different
storage stages.

While in the reactor, the fuel bundle is impacted by complex processes
affecting its material properties. Irradiation effects and both thermal and me-
chanical stresses lead to changes in the fuel bundle material properties and
residual stresses or deformations. Post in-reactor handling also contributes to
additional loads that have the potential to impact the fuel bundle integrity.
Post-discharge visual and destructive examinations of the fuel bundles show
that they are structurally sound and meet the expected operational perfor-
mance requirements for in-core residence.

During underwater storage, temperatures of storage are benign and main-
tained in the 20–30°C range with waterpool chemistry conditions well within
prescribed limits. Early studies with commercial fuel have indicated that stor-
age of CANDU spent fuel under water storage is warranted for periods of at
least 50 years, and could possibly be extended to 100 years without significant
observable changes to the fuel structural integrity.

Following wet storage, the fuel is stored dry in air or helium in concrete
canisters or CANSTOR Convection vaults at temperatures that are considerably
higher than those of storage in water. Temperatures in dry storage are in the
range of 100–170°C depending on the storage method, the storage medium,
and the age of the fuel. The higher temperature has an impact on the solubility
of hydrides present in the fuel elements’ cladding after in-reactor service and
may lead to redistribution of precipitated hydrogen and deuterium in the clad.
The weld regions of the fuel bundles are particularly vulnerable because the
weld morphology generally presents a 10 �m notch that may act as an initiat-
ing crack for delayed hydride cracking �DHC�.

To understand if DHC could be present during the dry storage period, a
finite element model of the CANDU fuel bundles is being developed. The model
includes the fuel bundle structural material, the natural UO2 pellets in each
element, and contacts between pellets and clad and adjacent elements. The
current model is only capable of evaluating the response of an unirradiated
CANDU fuel bundle to externally applied mechanical loads. The stress distribu-
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tions and deformation throughout the entire bundle under different loading
conditions can be calculated. A submodel of the endcap-to-endplate weld re-
gion has also been developed to evaluate stress intensity factors at the weld
notches. Future development of this model to account for irradiated fuel
bundles will be performed to assess the stress distributions in dry-stored spent
CANDU fuel and the potential for DHC.

CANDU Fuel Design

Typical CANDU fuel has 28 or 37 fuel elements depending on the reactor de-
sign. In this paper, focus will be given to the 28-element CANDU fuel bundle
currently in use at the Pickering Nuclear Power Plant in Ontario, Canada.

CANDU fuel is a small size cylindrical array of fuel elements that are held
together by endplates, as shown in Fig. 1. The size of the array is roughly 10 cm
in diameter by 50 cm long weighing about 25 kg. The fuel elements, shown in
Fig. 2, are small round tubes of a neutron-transparent zirconium alloy capped
at either end and containing the UO2 fuel in the form of solid cylindrical pellets
about 1.5 cm long. The fuel pellets are stacked in the fuel element and are
specifically designed to provide volumetric space to accommodate fission gases
generated during their irradiation in the reactor. The array of fuel elements is
held together by resistance welding the endcaps of the elements to the end-

FIG. 1—28-Element fuel bundle irradiated at Pickering NGS.
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plates. The endplates are designed to maintain the fuel elements array in place
and to allow for fluid flow of the reactor coolant along the fuel bundle axis
while being irradiated in the reactor.

Commercial CANDU fuel bundles are manufactured from Zircaloy-4 and
the UO2 pellets are sintered ceramics. The fuel elements are made of a
Zircaloy-4 fuel cladding, commonly called the sheath, rolled as a cylindrical
tube, and closed off at either end by welded endcaps. The endcaps are ma-
chined from Zircaloy-4 barstock. Prior to seal welding with the endcaps, the
UO2 fuel pellets are loaded into the fuel sheath. The ceramic pellets are ma-
chined to tight tolerances because the gap between the pellet and the sheath is
approximately 0.05 mm.

The fuel sheath can withstand stresses from pellet expansion and coolant
pressure during in-reactor operation. In the reactor, the fuel bundles absorb
hydrogen and deuterium from the coolant to concentrations typically in the
range of 40–120 ppm hydrogen equivalent. The Zircaloy-4 texture used in the
CANDU fuel bundle elements promotes precipitation of the absorbed hydrogen
in the form of hydride platelets in a circumferential direction in the elements
rather than radially to minimize the effect that hydride fracturing has on the
material fracture toughness. This also improves the sheath’s resistance to DHC.

Bearing pads and spacer pads are attached to the fuel elements. Both bear-
ing pads and spacer pads are punched out from Zircaloy-4 sheets and beryllium
brazed to the fuel element sheath at designated locations as demanded by the

FIG. 2—28-Element fuel element design.
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fuel bundle design. The bearing pads maintain fuel sheath clearances with the
channel pressure tube to allow for good coolant flow and heat transfer. The
spacer pads are located at strategic locations in the elements to maintain clear-
ances between adjacent fuel elements to allow for sufficient coolant flow and
heat transfer.

The nominal dimensions included in the 28-element CANDU fuel bundle
model are summarized in Table 1. It will be noted that the thickness of the fuel
sheath is approximately 0.5 mm and is thinner than fuel element cladding used
with other types of commercial reactors.

Development of the CANDU Bundle Stress Model

The primary purpose of modeling the CANDU fuel bundle is to determine the
stresses throughout the fuel bundle. The thermal-mechanical loads experienced
by the fuel bundle in-reactor lead to bundle permanent deformation, and the
deformations lead in turn to residual stresses. The development of a stress
model for the CANDU bundle enhances our knowledge of bundle behavior.
Also, the stress model allows prediction of the stresses in the bundle in any
location thus allowing prediction of its behavior in the long-term. Conse-
quently, this knowledge facilitates the design of long-term storage and handling

TABLE 1—Element CANDU Fuel Bundle Dimensions.

Bundle Components
Nominal Model

Dimensions
Bundle Overall Dimensions
Bundle Length �mm� 495.3
Bundle Diameter �mm� 102.5
Fuel Element
Outside Diameter �mm� 15.25
Sheath Thickness �mm� 0.4
Bearing Pads
Width �mm� 2.54
Height �mm� 1.2
Spacer Pads
Length �mm� 8.25
Width �mm� 2.29
Endplates
Radius �mm� 44.2
Thickness �mm� 1.5
Fuel Pellets
Density �Mg/m3� 10.65
Diameter �mm� 14.3
Diameter Clearance �mm� 0.08
Length/Diameter ratio 1.0
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facilities, as well as the implementation of measures to mitigate the exposure of
the bundle to conditions that could lead to its deterioration.

For this purpose, a finite-element model �FEM� using the ANSYS version 10
code to describe typical CANDU fuel bundles was developed. During dry stor-
age, applied stress levels in the bundles are expected to be relatively small and
all deformation will be elastic. However, permanent deformations of the irradi-
ated fuel bundles are to be expected and are mainly induced by the high oper-
ating temperature combined with the mechanical and hydraulic forces. This
could affect the residual stresses in the bundles, hence the need to also include
in the model nonlinearities, both material �plastic deformation� and geometric
�contacts between adjacent elements�.

There is a high degree of symmetry around the bundle longitudinal central
axis but depending on the bundle type, this symmetry can be complex and
result in challenging the development of the FEM. In the case of the 28-element
fuel bundle, there are three concentric rings of fuel elements known as the
inner, center, and outer rings. The distribution of the fuel elements is shown in
Fig. 3 along with the fuel element numbering scheme. It will be noted that the
inner rings consist of four fuel elements, followed by the center ring with eight
and the outer ring with 16 elements. Both center and outer rings have two types
of elements which are mirror images of each other with the difference due to
the location of the spacer pads. The inner ring is composed of four identical
fuel elements. Similarly, the endplate is symmetrical as shown in Fig. 4.

Due to the complex geometry of the fuel bundles, and the requirement that
variations in the initial �post-discharge� model geometry be examined, the
model was created using a series of ANSYS Parametric Design Language
�APDL� input scripts. The models have been built using a top-down approach
where a solid model is created first and subsequently meshed.

FIG. 3—Fuel element arrangement and numbering for 28-element bundle.
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After irradiation, the bundle geometry will be slightly different than its
nominal dimensions. The most obvious and important changes are due to de-
formation of the endplates and bowing of the elements. Deformation of the
endplate has not been addressed in the current model but bowing of the ele-
ments has been included. The deformation of each element at the center of the
bundle can be input into the model. This is fully parametric for all 28 elements.

Finite Element Model for the CANDU Bundle Stress Model Components

A solid geometric model of the fuel bundle was first conceptualized from a
typical 28-element commercial CANDU fuel and then the finite element mesh
was developed over this solid model. The size of the finite element fuel bundle
model is on the order of 100 000 elements. Linear finite elements have been
used throughout the model development so simulation results are achieved on
a reasonable timeframe.

In developing a solid geometric model for the fuel bundle, the bundle was
disassembled into its main components: mainly the fuel elements, endcaps,
endplates, bearing pads, and spacer pads. The following sections discuss the
finite element modeling of the element components and material properties in
more detail.

Fuel Bundle Material Properties

Temperature dependent material properties for both the Zircaloy-4 and the
UO2 ceramic pellets were obtained from the MATPRO material property library

FIG. 4—Geometry and dimensions of 28-element endplate.

258 JAI • STP 1513 ON EFFECTS OF RADIATION

 



�1�. Material properties relevant to the modeling included for Zircaloy-4: elastic
modulus, stress-strain curves, and density of the material, and for UO2: its
density and elastic modulus. The relevant data is detailed in Tables 2 and 3. The
material properties are also dependent on the effects of irradiation and the cold
work of the material. For CANDU fuel, the Zircaloy sheath has about 15 % cold
work and the fuel is exposed to a neutron fluence of about 1025 n/m2 while in
the reactor. The elastic modulus is dependent on temperature but for the pur-
poses of the modeling, the fuel bundle was assumed to be at room temperature
�25°C�

Material properties for weld affected areas such as the endcap/endplate
welds and weld heat affected zones of spacer pads and bearing pads to the
sheath are not known. However, it was assumed that their properties are well
represented by those of Zircaloy-4.

Fuel Elements

Solid models were first developed for the fuel elements. All fuel elements are
essentially identical except for the minor variations introduced by the location
of the bearing pads and spacer pads. In modeling the fuel elements, two models
were created: one consisting of empty fuel elements without the UO2 pellets
�hollow model� and one using fuel elements fully loaded with pellets �seg-
mented model�. In creating the fuel element models, the pellets are created and
meshed, then the fuel sheath, and finally the endcaps. All contacts between
pellets and sheath are finally meshed on the surfaces.

To account for the deformation of fuel elements during their in-reactor
service life, the axis deformation for the fuel element is defined along its central
axis. The deformation is introduced as a 3-D curve of sinusoidal shape similar
to a half-sine wave fixed at the endcap-to-endplate welds and with the maxi-
mum displacement at the center of the fuel element.

In the model with pellets, the pellets are extruded from their cross section.
The pellet-to-pellet and the pellet-to-endcap contacts are also created. The fuel
element sheath cross section is then extruded along the element axis and the
sheath-to-pellet contacts are created. In the model without fuel pellets, the
sheath of the element is created without the fuel pellets. However, for the hol-
low model, the density of the Zircaloy-4 was combined with the density of the
UO2 pellets to take into account their weight while modeling the elements as
empty shells without fuel pellets.

From the perspective of the parameterized model, dimensional changes are
incorporated into the parameters. In total, there are five 28-element types that
are distinguished by appendage arrangements. Since the appendages are ex-
truded from the sheath, there are five sheath types that are modeled.

In completing the solid model for the fuel element, the solid is divided into
smaller areas joined at the edges in order to provide the location for the extru-
sion of the appendages �bearing pads and spacer pads�. After the solid is cre-
ated, the areas are meshed using 4-node, linear shell elements. The resulting
element mesh contains typically over 1500 finite elements and over 1600 nodes.
The other four fuel element types will be slightly different due to the position of
the appendages but design and mesh elements and nodes are quite similar.
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TABLE 2—Sheath material properties.

Zircaloy-4 Properties

Elastic Modulus of
Elasticity

E=
1.088�1011−5.475�107�T+K2

K3
,

where

K2=−2.6�1010C and K3=0.88+0.12e−�10−25
.

C is the cold work �ratio of areas� and � is the
high energy neutron fluence in n/m2. For
CANDU fuel, � is of the order of 1025 n/m2,
and Zircaloy-4 has about 15 % cold work.

Stress-Strain Curves

For the elastic regime, �=E�, where � is true
stress and � is true strain.

For the plastic regime, �=K�n, where K is the
strength coefficient and n is the strain
hardening coefficient. For this model, K is
given for the temperature range of 300–600 K
as
follows:

K=A�1.17628�109+4.54859�105T−3.28185
�103T2+1.72752T3�,

where A is a correction for cold work and
irradiation given by:

A=1+0.546C+9.76�10−27�,

where � is the neutron fluence �n/m2�.

Assuming the strain does not exceed 5 %, the
strain hardening coefficient, n, is given by:

n = B�− 9.49 � 10−2 + 1.165 � 10−3T − 1.992

� 10−6T2 + 9.588 � 10−10T3�,

where B is a correction factor due to cold
work and irradiation given by:
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Endcaps

The endcaps are modeled as solid entities using 8-node, linear brick finite ele-
ments. The normal-density Zircaloy-4 material properties are applied to the
elements. To improve the control over the meshing of the endcaps, a cross
section was created first and meshed. This meshed area was then revolved
around the endcap axis to form the solid model and volume mesh.

Figure 5 illustrates the cross sections and area meshes used for the 28-
element endcaps. There are two important things to note from the cross sec-
tions: the endcap model also includes a section of the endplate and sheath, and
the interior of the endcap has been simplified from the endcap design by re-
moving material that is superfluous to the modeling and does not contribute to

TABLE 2— �Continued.�

Zircaloy-4 Properties

B=0.17�e−�1/3/�3.73�107+2�108C��0.153−0.0916C
+0.299C2+0.847e−39.2C�.

Yield Stress and
Yield
Strain

�Y= �K
E �1/�1−n�

and �Y= � K
En �1/�1−n�

, respectively.

Density 6.55 g/cm3, assumed independent of
temperature.

TABLE 3—Pellet material properties.

UO2 Properties

Elastic Modulus

ES=22.32�1011−56.3�1011P with an error
of ±0.6�1011.

ES is given in Pascals and P is the fuel
porosity defined in relation to the theoretical
density of UO2 such that,

P=1−
�

�t
,

where � is the density of the fuel and �t is the
theoretical density of UO2 �10.98 g/cm3�.

Poisson’s Ratio 0.316

Density 10.98 g/cm3

LAMPMAN ET AL., doi:10.1520/JAI101985 261

 



the mechanical strength of the endcap. The number of finite elements and
nodes for the 28-element endcap model are 400 and 502, respectively.

The reason that the endplate and sheath material was added to the endcap
model was to ease mating of adjacent components as the bundle is assembled.
In mating the endplates to the endcaps, there is a complication since the sym-
metries, or coordinate systems, are different. The endplate has a cylindrical
symmetry centered on the bundle axis, whereas the cylindrical symmetry of the
endcap is centered on each element axis. Aligning nodes for each meshed body
�endplate and endcap� is problematic. Contact modeling could be used to “con-
nect” the two meshes, but the preferable approach is to have one solid continu-
ous volume mesh for the endplates and endcaps. Therefore, a cylindrical cut
was made through the endplate at each element location �see Fig. 6� and the
“endplate cylinder” part of the endcap model fits in place. Fine control of the
mesh at these locations allows for a continuous volume mesh between the
endplates and endcaps. The endplates were meshed using 8-node, linear brick
elements and they are compatible with the elements used for the endplates.

The reason for incorporating a portion of the sheath to the endcap model is
slightly different than the endplate since the axis of symmetry is identical.

FIG. 5—Endcap radial cross section with basic dimensions and FE mesh.
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However, since the sheath is modeled using shells and the endcaps are solids,
some form of coupling is required. Simple nodal merging or coupling is not
sufficient since shell elements contain rotational and translational degrees of
freedom �DOF� but 3-D finite elements do not contain rotational DOF. There-
fore, a mechanism to couple the shell elements rotational DOF to the bricks
translational DOF is required. This coupling is facilitated in ANSYS by creating
a bonded contact/target pair and applying the solid-to-solid multipoint con-
straint �MPC� algorithm to this contact pair. A section of the sheath was added
to the solid endcap model so this coupling would be made away from the
sheath-endcap interface.

A 3-D representation of the solid-shell coupling is shown in Fig. 7. Details
of the endcap/endplate assembly are shown in Fig. 8. The sensitivity of the
model to mesh density was examined in the endcap regions shown in Figs. 5–8.
Increased density in the sheath, endcap, and endplate showed minimal varia-
tion in calculated nodal displacement and stress values.

Fuel Pellets

The fuel pellets are modeled as cylinders and the chamfers and dishing at the
ends have been neglected. The fuel pellets are made of 8-node, linear brick
elements.

Pellets are packed into a fuel element with the pellet axis aligned with the
element axis. The exact number of pellets in an element is proprietary informa-
tion, but based on general pellet dimensions, it is estimated that about 30 pel-
lets form the pellet stack inside the element. The pellet stack is modeled inside
the sheath with a gap between each pellet the same width as the gap between

FIG. 6—28-Element fuel bundle endplate model.
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FIG. 7—Multipoint constraint contact elements coupling the sheath to the endcap.

FIG. 8—Detail of bundle mesh with mating between the endplate and endcaps.
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the pellet and the sheath. The pellets are also created by extrusion along the
element axis in a similar manner to the creation of the sheath.

The solid model and finite element model of the fuel pellet and pellet stack
are illustrated in Fig. 9. The entire surface of each pellet is meshed with surface
contact elements. The surrounding sheath and endcap surfaces are meshed
with target elements. These elements are used to constrain the pellets within
the element. The contacts of each pellet with adjacent pellets are also modeled.
These contacts transfer loads between adjacent pellets. Static analysis in
ANSYS of these open contacts results in rigid body motion errors for the pellets
and any solution with the model is extremely divergent.

To prevent rigid body motion until sufficient support of the pellets is main-
tained by the contact, “truss” elements have been used. These elements have an
elastic modulus that is approximately 1 % of the Zircaloy-4 modulus and the
density of the elements has been set to zero. The elements provide no mass to
the model, but the string will be slightly supported at the endcaps. However,
during solution with ANSYS, the truss elements can be eliminated after suffi-
cient contact of the pellet with the sheath has occurred.

Appendages

The bearing pads and spacer pads are created in the model by extruding their
cross-sectional area on the sheath to the desired height. The volume mesh is
similarly created by extruding the area mesh on the sheath to form the volume
mesh. Using this approach results in several differences between real bundles
and the model. First, the bearing pad ramp is not present on either end of the
pad. The length and width of the contact part of the bearing pad is sufficiently
larger than the ramps suggesting that modeling of the ramp will have little
impact on the stiffness of the element. The radius of curvature for the bearing
pad surfaces is different, but this is not expected to have any real effect on the

FIG. 9—Finite element fuel pellet model.
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bundle model �see Fig. 10�. The 15° angle of the spacer pads long axis with the
element axis is not included in the model. The primary purpose of modeling the
spacer pads is to account for interactions between adjacent elements. It is not
expected that the angle of the spacer pads will affect this interaction.

The technique used to model the appendages does introduce a very small
extra stiffness to the elements. The sheath model areas and elements are lo-
cated at the half-thickness of the sheath and the appendages are extruded from
the sheath area. The sheath half-thickness is added to the extrusion so the
appendage surfaces are in the right position. The material in the region where
the extruded appendage overlaps the sheath volume has been accounted for
twice: once by the thickness parameter in the shell elements and once by the
volume mesh of the appendage. This will add an extra stiffness to the element.
However, the thickness of this region is only half the sheath thickness
��0.2 mm� and the effect is expected to be very negligible.

Experimental Testing

Experimental Setup

Experiments were done to validate the results of the modeling and to test how
well the model predicted actual bundle behavior. For this purpose a test appa-
ratus was designed and built with the testing done at Stern Laboratories Inc.3

Figure 11 illustrates the experimental setup and test apparatus. The apparatus
is designed for fixed-displacement tests where the displacement is applied via a
mechanical “clamping fixture,” which is in contact with the bundle. A threaded
rod with a nut is used to control the displacement of the clamping fixture, thus
applying a load to the bundle. The bundle can be constrained during the tests
by either the endplate plugs or the semi-circular supports, as appropriate. De-

3Stern Laboratories Inc. 1590 Burlington Street East. Hamilton, Ontario, Canada L8H
3L3

FIG. 10—Solid model and meshed volumes for bearing pads and spacer pads.
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formation of the bundle is measured with linear variance differential transduc-
ers �LVDTs� during the test at five locations: one where the force is applied �the
force is measured by a load cell�, two along the length of element, and two on
the endplates at each end of the bundle.

Types of Tests

A series of three element pull tests were performed with unirradiated 28-
element General Electric CANDU fuel bundles. Loads applied to the bundles
tested bundle behavior in both the elastic and plastic regimes. The pull test
involved pulling a single element at its midpoint in a radial direction away from
the bundle central axis while constraining the bundle endplate. Both the dis-
placement and load at the point where the load is applied is recorded. Displace-
ment measurements were also made at other locations in the fuel element near
the endplates �Table 4� and at the endplates.

Two other types of tests are also being investigated: element push test

FIG. 11—Stern Laboratories fuel bundle mechanical test apparatus.

TABLE 4—Experimental testing LVDT locations for 28-element CANDU fuel bundles.

Test
Number

Bundle Serial
Identification

Number

Element
Identification
Number for

Element Pulled
Load
LVDT

Left LVDT
Location in mm

from Left
Endplate

Right LVDT
Location in mm

from Right
Endplate

13 N85917C 1 On center 30 37
14 N85917C 4 On center 30 37
15 N85917C 7 On center 30 37
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where the outer bearing pad of an element is pushed radially inward into the
bundle, and a center load test which involves pushing the entire bundle at its
center and measuring its displacement.

Test Procedure

The test procedure involved loading the bundle into the apparatus, applying the
bundle constraints, attaching clamping fixture and LVDTs, and cycling the ap-
plied displacement to the bundle while measuring deformations and applied
load at the load cell. The test initially started with zero displacement corre-
sponding to zero applied load. The displacement was then increased until the
load cell measured the maximum load for that cycle. The displacement was
then decreased until the applied load was zero. The loading cycle was repeated
with an increasing maximum load until permanent deformation was observed.

The experimental data were analyzed to determine the maximum displace-
ment and permanent displacement of each LVDT for the load cycles. The maxi-
mum displacements were determined by subtracting the initial load cycle dis-
placement from the peak load cycle displacement. The permanent
displacements were determined by subtracting the initial load cycle displace-
ment from the final load cycle displacement. This is shown graphically in Fig.
12. The same procedure was performed with the load cell signal to determine
the maximum load.

It was observed during the analysis that at the higher loads, the load signal
decays with time in an exponential manner. This would appear to indicate that

FIG. 12—LVDT signal during load cycle illustrating analysis regions.

268 JAI • STP 1513 ON EFFECTS OF RADIATION

 



load relaxation is occurring and the test results at higher loads might not rep-
resent steady-state loads. In order to best approximate the steady-state load, the
maximum load was determined using a small section of the signals near the
end of the load cycle peak when the load stabilized and remained unchanged
with time.

The uncertainty in the experimental data was estimated by evaluating the
test results for identical test types. A cubic polynomial was fit to the data and
the variance between the polynomial and the experimental data was deter-
mined. The uncertainty for the experiment type is twice the standard deviation
of the fit. The polynomial was also extrapolated to zero load to determine the
offset, or bias, of the experimental data.

Bundle Stress Model Simulations and Mechanical Tests Results

Simulations of the mechanical tests were performed in ANSYS with the 28-
element element fuel bundle models. Constraints were applied to the bundle
model to represent the experimental constraints as best as possible. The dis-
placement of nodes nearest to the LVDT locations was used to simulate the
LVDT measurements. A series of ten load cycles were simulated instead of the
number of cycles used for each test. This minimized the time required to run
simulations while still providing sufficient information to compare with the
experimental results. The static solver was used for the simulations, which
means that the modeled results all represent steady-state loads and displace-
ments.

The pull tests were simulated in ANSYS by fixing the interior faces of the
endplate inner ring. The total force was applied to the sheath nodes which were
on the inside of the element along the length of the bearing pad. LVDT mea-
surements were simulated using nodal displacements for the nodes closest to
the LVDT position. For all the pull test simulations, partial bundle models were
used. The partial models only included elements in the vicinity of the test ele-
ment, which reduced the model size and the solution time. A comparison of
results from sample pull tests using the partial model and a full bundle model
was made and this analysis showed that all results agreed to within 0.01 %.
This is sufficient agreement for the present purposes.

In total, three pull tests were performed on the 28-element bundle with
load cycles increasing by either 25 N or 50 N up to a maximum force of about
400 N. Typical results for the 28-element bundle are shown in Figs. 13–18. The
applied load is plotted against the maximum displacement measured for each
of the LVDTs. The plotted simulation results also include simulation results
from the hollow element bundle stress model along with the segmented pellet
model to indicate to what extent pellets effects are important.

The simulation model over predicts the observed displacements by about
20 % at the center of the pulled element �Fig. 13�, and, by about 25 % at the
location of the left LVDT �30 mm from the left endplate: Fig. 14�. However,
displacements 37 mm from the right endplate �Fig. 15� are about twice as large
as those found experimentally. Additionally, the simulation results from the
hollow bundle model predict the bundle should behave elastically for the whole
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FIG. 13—Load LVDT displacement.

FIG. 14—Left element LVDT displacement.
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FIG. 15—Right element LVDT displacement.

FIG. 16—Left endplate LVDT displacement.
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FIG. 17—Right endplate LVDT displacement.

FIG. 18—Load LVDT plasticity.
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range of loads up to 400 N applied to the bundle �Figs. 13–15�, and this is also
indicated by the plot of permanent displacements shown in Fig. 18. However,
both the experimental results of Fig. 18 and the bundle behavior shown in Fig.
15 indicate that the bundle begins to behave plastically for loads greater than
about 200 N.

The hollow model predicts a linear relationship between load and displace-
ment for the whole range of loads tested consistent with linear elastic behavior.
Similarly, the experimentally found displacement values at the center of the
pulled element and towards the left endplate also behaved linearly, except for
the displacements recorded near the right endplate. Since the experimental
results are observed to be quite repeatable and provide consistent results, the
observed bundle behavior cannot be readily explained as a result of experimen-
tal error. Rather, it would appear to indicate that the bundle characteristics
have an inherent asymmetry. This asymmetric behavior could well be caused by
material property dissimilarities at the endplate-to-endcap welds and should be
more fully explored. Zircaloy-4 fabrication has changed over time and recent
Zircaloy-4 material properties may have drifted from the MATPRO values.
Given the differences in the onset of permanent deformation in the model and
experiment, it is expected that the plastic material properties given in MATPRO
are not reliable for mechanical modeling of the CANDU fuel bundle.

The segmented model that includes the pellets reduces the simulated
bundle displacement towards the experimentally observed values but it does
not quite explain the observed behavior either. It is observed that the seg-
mented pellet model also provides a linear relationship between load and dis-
placement consistent with linear elastic behavior. While addition of the pellets
to the model does approach the general behavior of the observed displacements
near the endplates, it fails to predict the behavior observed for displacements at
the point of application of the load, even though the new predicted values from
the simulation are closer to the observed values and reduce the variance be-
tween observed and predicted displacements at the mid-point of the pulled
element to about 10 %.

At applied forces less than approximately 300 N, there is no observable
difference between the hollow and segmented pellet models. However, as ap-
plied loads exceed 300 N, the pellets act to stiffen the element, which also
appears to be observed in some of the experimental results, primarily the values
from the right end LVDT �Fig. 15�. In general, more displacement was seen
along the element in the simulations than in the experiments. At applied loads
less than 50 N the modeled and experimental results agree within the experi-
mental uncertainty, but the slope of the lines up to the plastic region, between
200 N and 300 N applied force from the experimental data, suggests the mod-
eled fuel elements are not sufficiently stiff.

The results for the modeled endplate LVDT data contain “error bars” asso-
ciated with the values �Figs. 16 and 17�. The plotted values are based on the
displacements of the endplate at the element axis, but in the experiments the
LVDT does not measure this displacement exactly. The error bars are plotted to
indicate the range of possible displacements of the LVDT in the weld region.

Comparison of the endplate LVDT displacements shows that the modeled
endplates are stiffer than the observed in the experiment. At low applied load,
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the results may be the same given the large uncertainty of the measurement
based on LVDT position, but at higher load the endplate behaves very differ-
ently between the model and the experiment.

The permanent displacement for the LVDT at the load point of application
per load cycle is plotted against the experimental data in Fig. 18. Displacements
at other locations of the bundle follow similar trends. From the experimental
data, permanent deformation of the element is first observable in the range
between 200 N to 300 N. However, the modeled results show no indication of
significant plastic deformation.

As indicated earlier, forces applied to the bundles during storage or trans-
portation are normally at the low end of the applied forces used in these tests,
and unlikely to be greater than 100 N. In this range, the model at this time
provides an adequate tool to predict stresses in the bundle relevant to its man-
agement. Further work, however, is being planned to elucidate the observed
behavior and improve the model predictions. In particular, the impact that
material variability and variability at the endplate-to-endcap welds could have
on the developed models.

Conclusions and Recommendations

This paper has discussed the finite element bundle models created for the 28-
element CANDU fuel bundle. The models are being developed to map out the
stress levels and distributions in used fuel bundles during the dry storage pe-
riod. After discharge from the reactors, the bundle elements are usually bowed
and this permanent characteristic deformation of the elements has been ac-
counted for in the models.

Predicted stresses and deformations from the ANSYS fuel bundle models
were validated against experiments on unirradiated 28-element CANDU fuel
bundles. In this instance, results from “pull element” mechanical tests are being
reported and compared with predictions from the models. During all tests the
applied force and deformation of the bundle at five locations were recorded.
Simulations of the tests were run with the fuel bundle models using the ANSYS
finite element package.

A comparison of the simulated results and the experimental results show
that the models currently do not accurately predict the response of the bundle
over the entire load range examined up to 400 N. The model overpredicts dis-
placements for a given load when compared to the test results. However, the
model predictions for bundle behavior during normal storage or transportation
appear adequate. Also, at larger loads it generally appeared that the simulated
endplates were stiffer than the actual bundle endplates.

The disagreement between the mechanical tests and the simulations is not
fully understood. A major assumption in developing the model was to ignore
the Zircaloy-4 material variability throughout the bundle. This was done since
material properties for heat affected Zircaloy-4 are not known. Similarly, the
Zr-4 is modeled with an isotropic elastic modulus, whereas the modulus of the
sheath is anisotropic. The material property values used for the model could
partially account for the different behavior of the simulated results along the
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elements �over-prediction of deformation� compared with the endplate �under-
prediction of deformation�.

In creating the model geometry, nominal fuel bundle design values were
used. The manufactured geometries are likely different than the design geom-
etries within the allowed tolerances. It is possible that some parameters, such
as radial gap between the fuel pellets and the fuel element sheath, have a large
effect on the deformation of fuel elements. The model is fully parametric and
can be used to further explore the parameters of greatest sensitivity to the
response of the bundles. This analysis will be performed in the future to allow
for a better understanding of how the bundle responds to applied loads and
increase the accuracy of stress or strain predictions using the models.

Further work will be undertaken to investigate the impact that material
variability, variability at the endplate/endcap welds, and evolution of specifica-
tions on bundle geometry might have on the observed discrepancies. Incorpo-
ration of irradiated fuel bundle properties and geometries will also be per-
formed in the future.
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