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Foreword 

This publication, Small Specimen Test Techniques Applied to Nuclear Reactor Vessel Ther- 
mal Annealing and Plant Life Extension, contains papers presented at the symposium of the 
same name held in New Orleans, Louisiana, on 29-31 Jan. 1992. The symposium was 
sponsored by ASTM Committee E-10 on Nuclear Technology and Applications. Cochairmen 
were William R. Corwin, Oak Ridge National Laboratory, Fahmy M. Haggag, Oak Ridge 
National Laboratory, and William L. Server, ATI Incorporated. 
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Overview 

The Symposium on Small Specimen Test Techniques and Their Application to Nuclear 
Reactor Vessel Thermal Annealing and Plant Life Extension may have marked a turning point 
in expanding the overall interest in ASTM Subcommittee El0.02 activities in radiation em- 
brittlement for commercial power reactors. The symposium, which was held in New Orleans, 
Louisiana, on 29-31 Jan. 1992, was organized to bring together, in a single meeting, both the 
diverse interests and capabilities of the scientific testing community and the needs of the 
commercial light-water-cooled power-reactor industry. Participants came from all over the world 
with speakers from twelve countries presenting 40 papers covering three wide-ranging topics: 
(1) unique small and miniature specimens, as well as nondestructive, nonintrusive, and in-situ 
test techniques for measuring mechanical and fracture properties; (2) application of those 
techniques to assess irradiation-induced embrittlement; (3) actual examples of the use of these 
techniques to verify results of thermal annealing of vessels and to evaluate potential reactor- 
vessel life extension. The strong interest in the topics addressed at the symposium was apparently 
fueled by the maturing of miniature specimen testing technology and the simultaneous recog- 
nition of the very real need for continued and extended-life operation of installed nuclear reactor 
capacity, which amounts to many billions of dollars. 

This symposium was the third in a related series of meetings on small specimen testing 
technology organized by ASTM Subcommittee El0.02 on Behavior and Use of Nuclear Struc- 
tural Materials. The first was the Symposium on the Use of Small-Scale Specimens for Testing 
Irradiated Materials, which was held in Albuquerque, New Mexico in September 1983 and 
resulted in the publication of The Use of Small-Scale Specimens for Testing Irradiated Materials, 
ASTM STP 888. The primary driving force behind that symposium was the need of the fusion 
reactor materials research community to assess effects of the very high levels of irradiation 
expected in the first wall of a fusion reactor. The severely limited volume of materials which 
can be irradiated in test reactors to high levels of embrittlement results in the need for small 
specimen technology. The second meeting was a Workshop on Subsize Specimen Technology, 
held in New Orleans, Louisiana in January 1986 and sponsored jointly by ASTM Committees 
El0 on Nuclear Technology and Applications, E24 on Fracture Testing, and E28 on Mechanical 
Testing. The thrust of the workshop was to examine the needs for testing the relatively small 
sizes of material available to the irradiation effects research community and to compare those 
needs with the size requirements stipulated by existing testing standards. In contrast with the 
two earlier meetings, which focused exclusively on testing techniques, the recent symposium 
explicitly included the needs of and applications to commercial nuclear power reactors. In 
addition, the program of the recent symposium was strongly augmented by presentations of 
the continued development of testing technology within the fusion reactor research community. 
The final program of the symposium benefited significantly from the incorporation of numerous 
presentations from the International Energy Agency's planned workshop on small specimen 
test techniques, following an agreement to merge their workshop with the already-planned 
ASTM symposium. It is expected that the collection of the papers within this resulting special 
technical publication, which documents the recent symposium, will provide a resource for both 
researchers and end users in this field. 

In the area of applications, a combination of Russian and Finnish authors provided an 
understanding of the usefulness of small specimen test techniques for commercial-nuclear-power 
plant-life extension. Their work described the application of small-specimen testing and sampling 
techniques to evaluate the potential for continued operation of various former eastern block 
pressurized-water-reactor pressure vessels. 

Copyright�9 by ASTM International www.astm.org 



2 SMALL SPECIMEN TEST TECHNIQUES 

In the sessions on nondestructive and nonintrusive testing techniques, novel approaches were 
described for obtaining materials information on thermal aging and embrittlement by electro- 
magnetic and electrochemical techniques with little or no damage to the piece of material being 
sampled. A novel automated ball indentation technique was successfully applied to measure 
yield strength and flow properties in a range of metallic materials including welds and heat- 
affected zones and was further applied to nondestructively examine a structural component in 
situ (a circumferential weld in a stainless steel pipe). Application of these types of techniques 
will be very valuable in determining the degree of  recovery following thermal annealing of 
nuclear pressure vessels. 

Numerous novel and improved methods for obtaining and applying data from small specimens 
was described in the various sessions on testing techniques. Improvements in both correlation 
methods with standard-size specimens and test techniques were described by the authors of 
papers dealing with impact testing of subsize Charpy V-notch type specimens. The portion of 
the symposium related to fracture toughness provided new insight into both the limitations and 
possible ways to correct and utilize measurements made using very small fracture toughness 
specimens. Innovative experimental approaches to obtaining fracture toughness data with small 
amounts of test material included techniques for using very small-sized compact tension spec- 
imens as well as those describing radically new specimen designs. Improvements and innovations 
in some of the punch and disk testing, which had been described at the previous symposium 
on small-scale specimen testing in Albuquerque, were reported. New approaches for automating 
the remote testing and evaluating the preparation of irradiated tension specimens were described 
as well as new means of obtaining their required elongation information by techniques as 
sophisticated as laser interferometry. 

As a result of the keen interest in and obvious applications for the small-specimen, nonde- 
structive, nonintrusive, and in-situ testing techniques described at the meeting, it was agreed 
to initiate a follow-on activity with the explicit purpose of evaluating the type of materials 
property data generated by these various methods. ASTM Subcommittee El0.02 plans to 
coordinate such activities, which will include the distribution of one or more common sets of 
material for examination by interested parties. The eventual goal is to compare results from 
numerous nonstandard techniques with results from standardized tests and with each other. 
While this activity might eventually involve comparisons of material before and after irradiation, 
it is anticipated that the variations in materials properties, such as would result from irradiation- 
induced embrittlement, would initially be simulated (possibly by thermal treatments or cold 
work) to minimize handling of activated materials and to facilitate a much wider degree of 
participation in comparison testing. 

Once the level of overall accuracy and the degree of reproducibility of data generated by 
the techniques described in this volume can be more fully evaluated among themselves and 
against other standardized tests, it will be possible to better ascertain and potentially improve 
the confidence of application of that data for integrity evaluations of reactor pressure vessels 
or any other structures. In the meantime, these testing techniques continue to provide a means 
of obtaining materials property information for situations where extraction of samples from 
vessels of other structural components is not desirable or possible and when the amount of 
available material is too limited to utilize conventional, standardized techniques. 

William R. Corwin 
Oak Ridge National Laboratory, Oak Ridge, 

TN; symposium co-chairman and editor 

Fahmy M. Haggag 
Oak Ridge National Laboratory, Oak Ridge, 

TN; symposium co-chairman and editor 

William L. Server 
ATI Incorporated, San Ramos, CA; 

symposium co-chairman and editor 
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James F. Stubbins, t Wei-Ja Shong, 1 Michael Giacobbe, 1 
Abderrafi  M. Ougouag, 1 and John G. Williams 2 

Pressure Vessel Steel Embrittlement 
Monitoring by Magnetic 
Properties Measurements 

REFERENCE: Stubbins, J. F., Shong, W.-J., Giacobbe, M., Ougouag, A. M., and Williams, 
J. G., "Pressure Vessel Steel Embrittlement Monitoring by Magnetic Properties Measure- 
ments," Small Specimen Test Techniques Applied to Nuclear Reactor Vessel Thermal Annealing 
and Plant Life Extension, ASTM STP 1204, W. R. Corwin, E M. Haggag, and W. L. Server, 
Eds., American Society for Testing and Materials, Philadelphia, 1993, pp. 5-15. 

ABSTRACT: The magnetic properties of specimens of one heat of A533B nuclear pressure 
vessel grade steel have been examined in the as-received condition and after neutron irradiation 
to various fluence levels up to 4 x 10 TM cmz (E > 0.1 MeV) in the University of Illinois 
advanced TRIGA reactor core at two temperatures, approximately 120 and 260~ The effect 
of certain heat treatments was also investigated. The magnetic properties were measured by 
an automated hysteresis curve-tracing method using a miniature transformer which incorpo- 
rated the specimens in its core. Changes in magnetic hysteresis energy loss were correlated 
with neutron fluence in the case of certain irradiated specimens and with microhardness 
measurements in the case of heat-treated specimens. At the higher irradiation temperatures, 
no significant changes in either the magnetic hysteresis properties or the microhardness were 
noted for the present fluences. The relationship between the observed magnetic properties 
response and irradiation-induced embrittlement is discussed. 

KEYWORDS: magnetic properties, hysteresis loss, coercivity, remanence, radiation effects, 
nuclear pressure vessel steels 

The potential for the use of magnetic properties as an indication of the degree of accu- 
mulated radiation-induced damage in ferromagnetic materials is virtually unexplored. While 
past irradiation damage studies [1,2] have established that some features of the magnetic 
hysteresis response of ferromagnetic materials are effected by irradiation, they did not 
attempt to correlate the observed magnetic properties changes with other materials me- 
chanical properties changes. The understanding of irradiation-induced properties changes 
has progressed markedly since those studies, and a much better understanding of the mi- 
crostructural response of materials to irradiation now exists. Furthermore, the earlier mag- 
netic properties work centered on a few select materials, none of which are directly relevant 
to structural applications. In the present work, nuclear pressure vessel steels are studied to 
determine the effects of irradiation on both mechanical and magnetic properties. Radiation- 
induced magnetic properties changes in this class of materials have received scant attention 
[3-5], though there is potential for the use of magnetic properties as an indication of bulk 
properties changes which would also influence mechanical performance. 

Department of Nuclear Engineering, University of Illinois, 103 S. Goodwin Ave., Urbana, IL 61801. 
2 Department of Nuclear Engineering, University of Arizona, Tuscon, AZ 85721. 
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6 SMALL SPECIMEN TEST TECHNIQUES 

Steels, including those grades employed for nuclear pressure vessels and support systems, 
are ferromagnetic. In fact, this ferromagnetism extends to temperature well in excess of 
those where they are employed for nuclear applications; the Curie temperature of Fe is 
770~ This may provide a means for recording and analyzing materials properties changes 
over a range of temperatures of interest to operating nuclear reactors. Furthermore, magnetic 
properties measurement techniques are relatively simple and amenable to automation, even 
in adverse environments; thus real-time monitoring may be possible. 

The aim of the present work was to correlate changes in magnetic properties of nuclear 
pressure vessel steels with the onset and evolution of irradiation-induced embrittlement of 
those materials. As far as the authors are aware, there is no precedent for the application 
of magnetic properties such as remanence, coercivity, saturation magnetization, or hysteresis 
loss for the monitoring of damage dosimetry and pressure vessel embrittlement. The basis 
for a correlation between magnetic and mechanical properties stems from the fact that the 
principal feature controlling magnetic hysteresis response is the pinning of magnetic domain 
walls. The microstructural features capable of pinning these walls are the same as those 
which influence the flow of dislocations. Thus, the level of materials hardening should 
correlate directly with the energy to move magnetic domain walls and align magnetic do- 
mains. 

While scant theory exists regarding the precise effects of fine microstructural features on 
magnetic hysteresis response, a few recent studies on hard magnetic materials show that 
magnetic remanence, at least, was dramatically affected by very low doses of neutrons. Cost 
and Brown [6-8] found that Fe-Nd-B and Co-Sin permanent magnets lost their field strength 
when subjected to (epithermal) neutron irradiation. The changes were very sensitive to dose, 
so sensitive that large changes in magnetic remanence were found after only 10 ~s or 10 ~6 
n/era 2 (E > 0.1 MeV). No similar data are available for the response of magnetic properties 
of low alloy steels to irradiation. 

Experimental 

Definitions 
The magnetic hysteresis is a familiar property of ferromagnetic materials. Several features 

of the hysteresis response are a possible means of judging the degree of domain wall pinning 
and the level of domain alignment under an applied magnetic field. In particular, the 
magnetic remanence, coercivity, saturation magnetization, and the hysteresis loss are readily 
quantifiable with standard magnetic properties measurement techniques. These are defined 
as follows (see Fig. 1). Saturation magnetization, Ms, is the upper limit to the magnetization 
of the material that can be achieved by an externally applied field, H. The magnetic rem- 
anence, Br, is the level of magnetism remaining in the specimen after the applied field, H, 
is removed, that is, set to zero. The coercivity, He, is the further field which must be applied 
to remove the magnetic remanence, that is, set back to zero. The hysteresis loss is the area 
of the hysteresis curve. It should be noted that it is often difficult to reach full magnetic 
saturation; values of B are found to increase with the increase of H even after the tips of 
the hysteresis loop are closed [9]. In the present work, only small changes in the hysteresis 
response were found by increasing the applied field beyond the point where the hysteresis 
loop closes at the tips even though the value of B continued to rise with H. Alternate 
definitions of effective or technical magnetic saturation have been proposed based on the 
width of the loop at B = 0, that is, the coercivity [10] or by an extrapolation of the closed 
part of the loop back to the H = 0 axis [9]. 
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FIG. 1--Typical hysteresis loop of A533B pressure vessel steel. The positions of the remanence, 
coercivity, and effective magnetic saturation are indicated. The hysteresis loss is the area of the curve. 

Magnetic Properties Measurement Technique 

A major point in the development of present measurement techniques is that magnetic 
properties are bulk properties and are amenable to measurement in very small volumes of 
materials. In fact, the development of eddy currents during such measurement can be a 
major disadvantage to the use of large sample volumes. Small specimen sizes have additional 
advantages in that only small volumes of material are activated during irradiation and that 
self-shielding effects are minimized during irradiation. Low specimen activity allows magnetic 
property measurements to be performed after only short "cooling" periods, and also aids 
other handling processes. 

While several specimen configurations are possible, the present technique employed spec- 
imens in the shape of cylindrical pins with a diameter of 1.51 mm and a length of 12.8 mm. 
The specimen and yoke configuration for measurements is depicted in Fig. 2, where the 

 12.so 

FIG. 2--Magnetic properties measurement specimen, yoke, and sensing reel arrangement. For magnetic 
properties measurement, the specimen is inserted into the yoke~reel apparatus on the right-hand side. 

primary winding 
secondary winding 
s p e c i m e n  



8 SMALL SPECIMEN TEST TECHNIQUES 

primary windings on the yoke and the secondary winding coil for properties measurement 
are also shown. The primary windings around the yoke, 40 turns, were to sustain the heavy 
current necessary to generate strong magnetic flux. The secondary loop coil, a plastic reel 
with 800 turns of fine copper wire, was designed to induce a large, more accurately mea- 
surable voltage from its interaction with the magnetic field generated in the specimen. 
Specimens were inserted through the yoke and reel arrangement for measurements. This 
specimen and yoke arrangement was linked between a primary driver circuit where the 
magnetic field was applied to the yoke and a secondary monitoring circuit where the hys- 
teresis response of the specimen was measured. 

The circuit for magnetic properties measurement is depicted in Fig. 3. The primary side 
current was provided by a programmable power supply operated in a current control mode. 
The current source amplified a 60-Hz sinusoidal input signal from a signal generator. The 
maximum current intensity was set sufficiently high to extend the hysteresis loop beyond 

sinusoidal 
signal 
generator 

primary winding 

4o~ 

programmable 
power supply 
(current mode) 

s e c o n d a ~  winding 

~le / 

/ 

c u ~ t  p r o b e  

" . . . . .  , l - - ,  t 
~ D  

conveyor 

z j  
numerical 
program: 
1)phase shift 
2)integration 
3)cal~lation 

of 
be. loss 
coercivity 
reNanenca 

t._ . . . . . .  

Computer  C o n ~ o l  

FIG. 3 - - The  primary circuit and the secondary or integrating circuit for  making magnetic property 
measurements. 
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the point of closure at the tips. It was found that, while true magnetic saturation was not 
reached, the values of magnetic properties of interest were influenced to only a minor extent 
by increasing the applied field toward full saturation once the loop doses. The maximum 
and minimum values of the H field which meet the above criterion were then used for all 
subsequent measurements. The primary current was monitored using a current probe which 
was not directly connected to the circuit. This avoided any direct heating effect which might 
induce inaccuracy in measuring under high current conditions. The signal sensed by the 
current probe was out of phase with the primary current; however, the phase shift was 
constant and was adjusted numerically in the data acquisition and processing stage. 

During measurement, it was necessary to apply the high current intensity for only a few 
seconds to allow the diagnosis of required signals on both primary and secondary sides of 
the circuit. Prior to and following measurement, the current source was disconnected to 
decrease potential heating of the yoke and specimen. Further cooling was applied by a 
cooling fan directed across the yoke-specimen assembly. Measurements of the operating 
temperature of the yoke reveal that heating was minimal; temperature rises of 2 to 3~ 
above ambient were typical. 

The secondary circuit is a simple system which monitors the potential (voltage) across the 
pick-up coil windings. The variation in voltage is a direct measure of the magnetic response 
of the specimen. The integration of the current produced in the pin, a necessary step for 
the determination of the hysteresis response, was performed by the data acquisition and 
analysis system. Repeated tests on a standard specimen showed acceptable standard devia- 
tions of all measured parameters and established the reliability and applicability of this 
numerical integration method. Variations in measurements were less than 2.5% in all cases. 

In a previous description of magnetic properties monitoring techniques [5], a secondary 
integration circuit was employed to monitor magnetic hysteresis response. This circuit was 
found to have the useful feature that the hysteresis response could be monitored directly 
from the charging and discharging of the capacitor in the circuit. However, the components, 
principally the capacitor, on the secondary side were found to provide possible inaccuracies 
in the desired measurements. While the results were amenable to correction, a simpler 
means of avoiding such difficulties was available, that is, the elimination of the secondary 
side circuit. The change to measure only the voltage variation across the specimen coil also 
eliminated any possibility of mutual inductance in the secondary circuit, which could also 
have complicated the measurements. 

Material and Irradiation 

Specimens for magnetic properties measurements were cut from a plate of A533B nuclear 
pressure vessel steel. The composition of the plate and its heat treatment history are given 
in Table 1. These steel specimens were fabricated in the shape of cylindrical pins with 

TABLE 1--Chemical composition (wt. %) of A533B CI. 
I plate." 

C Mn P S Si Mo Ni Cu Cr 

0.19 1.32 0.013 0.013 0.22 0.54 <0.05 0.12 <0.05 

" Plate donated by Combustion Engineering; the plate had re- 
ceived a post-weld heat treatment cycle to simulate typical nuclear 
pressure vessel fabrication practices. 
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diameter 1.51 mm and length 12.8 mm and blocks with dimensions of 2 by 2 by 6 mm. The 
cylindrical specimens were designed to be inserted in the slot of a miniature yoke, Fig. 2, 
to take magnetic properties determinations, while blocks were used to measure the micro- 
hardness of the material. 

Specimen were irradiated for varying numbers of cycles at full power (1.5 MW) in the 
University of Illinois advanced T R I G A  reactor. Irradiation periods were typically 8 h, and 
several irradiation periods were required to reach the desired fluences. The maximum total 
accumulated fluence was 4 • 10 TM n/cm 2 (E > 0.1 MeV). Prior to irradiation, samples were 
vacuum encapsulated. Samples were placed both in the central core region and in a cadmium- 
lined location at the periphery of the core to obtain two flux and fluence levels. Nickel wires 
were employed to determine neutron fluences. 

Besides the dose rate difference, the irradiation temperature was higher in the core central 
position than in the peripheral position. Thermal paint was applied to separate block spec- 
imens to estimate the irradiation temperature. From color changes of the paint, the tem- 
perature at the central core location was determined to fall between 250 and 280~ Tem- 
perature in the core peripheral region was approximately 120~ 

In addition to the irradiations, specimens were heat treated either to intentionally alter 
the steel microstructure or to establish whether the thermal cycles associated with the 
irradiations at 250 to 280~ had any influence on the materials hardness or magnetic prop- 
erties in the absence of radiation. The former heat treatments were described previously 
[5] and are listed as HT1 through HT4 in Table 2. The latter heat treatments were carried 
out on six batches of specimens, aged at 260~ for a number of 8-h aging cycles. Magnetic 
parameters and hardness values were determined following each of the cycles. The specimen 
with the most cycles at 260~ is listed as HT5 in Table 2. A complete listing of the irradiation 
and heat t reatment parameters are provided in Table 2. 

Results and Discussion 

Results of the magnetic properties measurements are shown in Fig. 4 for two pins irradiated 
in the core peripheral region to doses of 5.22 x 1017and 6.34 x 1017 n/cm 2 (E > 0.1 MeV) 
where the irradiation temperature was on the order of 120~ A loop from the as-received 
condition is also shown for comparison. The loops showed a notable increase in the effective 
magnetic saturation point; however, similar values for the remanence, B, (value of B at 
H = 0), and the coercivity, Hc (value of H at B = 0), were nearly identical within exper- 
imental error. The hysteresis losses, noted in Table 2, increased with the dose for the 
irradiated specimens. 

For specimens irradiated at higher temperatures, smaller changes in magnetic response 
following irradiation were observed. Figure 5 shows the hysteresis loops for two of ten 
specimens irradiated to doses up to 4 • 10 TM n/cm 2 (E > 0.1 MeV). Both specimens again 
exhibited higher saturation magnetization than the as-received pin, though in these cases 
the differences were very small. Similar values of coercivities and remanences were found 
again regardless of specimen exposure. Furthermore, while the two irradiated conditions 
were very different neutron doses, the hysteresis loops nearly overlapped, suggesting that 
effects other than radiation damage had influenced magnetic properties. This is consistent 
with no notable changes in hardness measured at those conditions. 

To separate temperature and irradiation effects, specimens were heated and cooled to 
simulate the thermal cycles which the pins irradiated at 260~ experienced. The results of 
two specimens from the set which received the heat treatments only are depicted in Fig. 6. 
The changes in the hysteresis response due to heat treatment are similar to those found 
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TABLE 2--Properties of irradiated and heat treated A533B steel specimens. * 

,Condition 

Fluence 
(10El8 
n/cm 2) 

Hysteresis Loss, 
10E6 erg/cm 3 Coercivity, Oe Remanence, kG 

Pre Post Ratio Pre Post Ratio Pre Post Ratio DPHt  

Control 1.81 1.81 
Irradiation Temperature, 260~ 

1.00 17.47 17.47 1.00 17.35 17.35 1.00 291 

0.65 1.70 1.80 1.06 16.51 17.46 1.06 16.56 17.24 1.07 ... 
0.65 1.79 1.83 1.02 17.22 17.95 1.04 17.74 17.40 0.98 
1.32 1.82 1.82 1.00 17.73 17.42 0.98 17.80 17.40 0.98 334 
1.32 1.64 1.70 1.03 16.49 17.32 1.05 16.69 16.94 1.01 341 
2.28 1.72 1.88 1.09 16.12 17.54 1.09 15.93 17.47 1.10 328 
2.28 1.80 1.82 1.01 17.17 18.0l 1.05 18.10 17.62 0.97 319 
2.98 1.82 1.83 1.01 17.56 17.63 1.00 18.24 17.56 0.96 258 
2.98 1.62 1.68 1.03 16.57 16.96 1.02 16.54 16.96 1.02 276 
3.64 1.84 1.82 0.99 17.55 17.76 1.01 18.39 17.59 0.96 291 
3.64 1.83 1.82 0.99 17.74 17.27 0.97 18.27 17.38 0.95 291 

Irradiation Temperature, 120~ 
0.52 ... 1.86 . . . . . .  17.03 . . . . . .  17.42 . . . . . .  
0.63 ... 1.93 . . . . . .  17.15 . . . . . .  17.53 . . . . . .  

Heat Treatments 
HT1 . . . . . .  1.70 . . . . . .  17.22 . . . . . .  14.76 ... 85 
HT2 . . . . . .  1.70 . . . . . .  17.15 . . . . . .  17.27 ... 81 
HT3 . . . . . . .  1.74 16.92 16.26 83 
HT4 ... 1.79 1.81 l~(Jl 17156 17.90 l~(J2 17133 17.50 1~01 271 
HT5 ... 1.83 1.8l 0.99 17.65 17.05 0.97 17.44 17.32 0.99 234 

* To avoid oxidation or loss of carbon, each specimen was vacuum encapsulated for heat treatment. 
r Measured with a 100 gm load. 
HTI: 910~ for 30 min, furnace cool. 
HT2: 900~ for 20 min, furnace cool to 800~ air cool. 
HT3: 900~ for 20 min, furnace cool to 800~ air cool, 700~ for 48 h, air cool. 
HT4: 260~ for 8 h, air cool. 
HT5: 260~ for 43 h (8 + 8 + 3 + 8 + 8 + 8), air cooled between each interval. 

during irradiat ion at 260~ and were small in all cases. This was again consistent with the 
small observed changes in specimen hardness in those cases. 

Other  heat  t reatments  were carried out to alter the as-received materials microstructure;  
the heat  t reatment  condit ions are noted in Table 2 [5]. These heat  t reatments  resulted in 
substantial softening of  the material.  The hysteresis responses of  these specimens are shown 
in Fig. 7. Observable  changes were  shown in most of  the standard magnetic properties.  

A comparison of  the hysteresis curves f rom unirradiated,  irradiated,  and thermally t reated 
specimens in Figs. 4 to 7 shows that the effective magnet ic  saturation rises with irradiation 
exposure and may be affected by heat  t reatment .  Even  at low neutron dose differences,  
deviations in the values are apparent  in the figures. These changes are best reflected in the 
hysteresis loss, which correlates with increases in the effect ive magnet ic  saturation.  

Values for the hysteresis losses are given in Table 1. The  changes with dose fluctuate for 
the irradiations at higher tempera ture ,  but  rise consistently for the two points available at 
120~ (The value for the control is a useful baseline for the 120~ irradiations.)  These 
trends, however ,  need to be t racked to higher doses in all cases to determine  the full influence 
of  irradiation on magnetic propert ies changes. The doses repor ted  here  are still low in terms 
of  irradiat ion-induced mechanical  propert ies changes. 
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FIG. 4 - - The  hysteresis loops for  specimens irradiated at approximately 120~ A R  = as received 
unirradiated) condition; 1:5.22 x 1017 n /cm 2 (E > 0.1 MeV)  and 2:6.34 x 1017 n /cm 2 (E > 0.1 MeV) .  
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FIG. 5 The hysteresis loops for  specimens irradiated at approximately 260~ A R  = as received 
(unirradiated) condition; 1:6.5 • 1017 n /cm 2 (E > 0.1 MeV)  and 2:2.28 x 101~ n /cm 2 (E > 0.1 MeV).  
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FIG. 6--The hysteresis loops for specimens heat-treated with thermal cycles to simulate the reactor 

exposures at 260~ AR = as received; HTI: 260~ for 8 h and HT2: cycled to 260~C for 8 h twice, for 
3 h once, then for 8 h three times. These thermal cycles were the same the specimens (1 and 2) received 
during their irradiation cycles (see Fig. 5 for comparable irradiation results). 

40' (kGauss) \HT,3 
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FIG. 7--The hysteresis loops for specimens heat treated to various annealing conditions: AR = as 
received, 1." 910~ for 30 rain, furnace cool; 2: 900~ for 20 min. furnace cool to 800~ air cool: and 
3: 900~C for 20 min, furnace cool to 800~ air cool, 700~ for 48 h, air cool. 
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The magnetic properties of the A533B pressure vessel steel examined here were found 
fairly radiation resistant at the higher irradiation temperature and more sensitive to irra- 
diation at the lower temperature.  Earlier work by Gordon and Sery [1] show small irradia- 
tion-induced effects in high purity Fe. However,  the lack of pronounced changes in the 
higher irradiation temperature tests here may be more directly associated with the low 
fiuences. The lower temperature irradiations show a greater degree of sensitivity which is 
consistent with observed temperature dependencies of post-irradiation mechanical properties 
changes. Further work is underway to clarify the temperature and dose effects. 

Conclusions 

A nondestructive method for monitoring irradiation-induced changes in magnetic prop- 
erties of nuclear pressure vessel steels was described, and typical measurements on small 
specimens were carried out. The technique involves the examination of very small volumes 
of material, but measures bulk properties. It was shown to be sensitive to magnetic properties 
changes following irradiation to less than 1 x 10 TM n/cm 2 (E > 0.1 MeV) at approximately 
120~ To date, irradiations to higher doses at approximately 260~ have not produced 
changes in either microhardness or magnetic properties. Changes in both microhardness 
and magnetic properties were found after certain thermal aging studies. In all cases where 
changes were seen, increases in the hysteresis loss correlated with increased microhardness. 
In cases where no irradiation-induced magnetic properties changes were found, the micro- 
hardness was also found not to change. 
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DISCUSSION 

R. Odette' (written discussion)--(1) Does saturation mean fully saturated in your exper- 
iments? (2) Are ther e concerns that the multiple cycles influence the fine scale microstructure 
induced by irradiation? 

J. F. Stubbins et al. (authors" closure)--(1) The specimens are loaded to effective satu- 
ration, the point past where the tips of the hysteresis loop close. Full saturation may not 
be reached to very high applied field strengths, but is not necessary for the determination 
of the hysteresis loss, the remanence, or the coercivity. (2) We have no evidence that the 
fine scale microstructure is influenced by the application of induced magnetic fields. It is 
likely that the fine structure is stable with respect to the applied fields. In the present case, 
we see no change in the hysteresis response in measured properties from the first to the last 
cycle which would indicate that the microstructure has been effected. 

W. R. Corwin 2 (written discussion)--(l) Is there any value in changing the experimental 
parameters of the magnetic measurement (e.g., frequency or amplitude of driving function) 
to enhance measured differences? (2) If adequate magnetic changes occur to correlate with 
embrittlement, would it be possible to also measure them using a flat probe for in-situ RPV 
measurements? 

J. F. Stubbins et al. (authors' closure)--(1) We have not found that changes in frequency, 
over a limited range of frequencies, make a difference in the results. The driver current 
amplitude is set so that the effective saturation magnetization is exceeded. If lower ampli- 
tudes were used, full effective saturation would not be achieved and the results would vary 
with amplitude. However, for amplitudes above the effective saturation level, little, if any, 
changes are found as a function of amplitude. (2) In situ measurements may be possible, 
but would probably be difficult. For instance, the materials properties would vary as a 
function of distance through the wall thickness of a typical pressure vessel due to differences 
in exposure fluences and temperatures during operation. Thus, the technique would have 
to differentiate between properties responses at various vessel wall depths. 

University of California, Santa Barbara, Department of Chemical and Nuclear Engineering, Santa 
Barbara, CA 93106. 

2 ORNL, Oak Ridge National Laboratory, Oak Ridge, TN. 
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A B S T R A C T :  A nondestructive test technique using an electrochemical method was investi- 
gated for evaluating thermal: aging embrittlement of 2VaCr-IMo steel for a nuclear pressure 
vessel. Agings were conducted at temperatures ranging from 400 to 500~ for up to 50 000 h. 
In the anodic polarization curve measured in calcium nitrate solution, a secondary peak, which 
is higher for embrittled materials than for the deembrittled ones, was observed in the passive 
potential region. Changes in the secondary peak can be correlated with the degree of the 
embrittlement evaluated by the shift in Charpy ductile-to-brittle transition temperature 
(ADBTF). 

KEYWORDS: 21/4Cr-lMo steel, electrochemical technique, nondestructive examination, ther- 
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A normalized and tempered (NT) 21/4Cr-lMo steel has been selected as the pressure vessel 
material of the first high-temperature, gas-cooled reactor (HTTR) in Japan. The pressure 
vessel will be subjected to a temperature of about 400~ during normal operation. It is well 
known that low-alloy ferritic steels suffer toughness degradation mainly due to intergranular 
segregation of impurity atoms when they are subjected to temperatures between 375 to 
500~ On irradiation embritt lement of this material, the results of neutron irradiation 
experiments conducted around 400~ to a neutron fluence of 1 x 10 z2 n /m 2 (E > 1MeV), 
which is equivalent to the total fluence of the pressure vessel exposed during the service 
life, showed that NT 2V4Cr-IMo steels did not exhibit significant radiation embritt lement 
[1-3]. Hence, the evaluation of aging embritt lement in terms of the shifts in Charpy ductile- 
to-brittle transition temperature (ADBTT) in service is the main concern for the estimation 
of remaining life of the HTTR pressure vessel. 

In the surveillance program of a reactor pressure vessel (RPV), it is desirable to monitor 
the material degradation directly from the RPV in a nondestructive way. Spatial limitations 
in the reactor core and the expense of a large number of irradiated specimens would be 
alleviated if nondestructive test techniques are found to be reliable. Recent studies have 
demonstrated that the electrochemical technique provides a wide range of applicability to 
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2 Research Institute for Fracture Technology, Tohoku University, Aramaki, Sendal, 980, Japan. 
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the nondestructive detection of several kinds of aging damages in high-temperature com- 
ponent materials [4,5]. The technique makes use of the preferential dissolution of specific 
microstructures due to the presence of carbides and segregated impurity atoms, which often 
cause toughness degradation. The present study was conducted to develop the electrochem- 
ical technique for the nondestructive evaluation of aging embritt lement of 21/4Cr-lMo steel. 
Anodic polarization curves in calcium nitrate solution were measured on aged 2VaCr-IMo 
steels to establish the correlation between the electrochemical parameter  and the degree of 
embrittlement. The dependence of aging temperature on the correlation is also discussed. 

Experimental Procedure 

Material used in the present study was a NT 21/4Cr-lMo steel plate of 160-mm thickness 
designated as A387 Gr.22 C1.2 in accordance with the ASTM Specification for Pressure 
Vessel Plates, Alloy Steels, Chromium-Molybdenum (ASTM A 387/A 387M). Table 1 shows 
the chemical composition at the quarter thickness position and at heat-treatment conditions. 
The microstructure of this steel consists mainly of bainite with a small amount of proeutectoid 
ferrite. 

Isothermal agings in air were conducted at temperatures ranging from 400 to 500~ for 
up to 50 000 h. The blocks for the thermal aging experiment were cut from the quarter 
thickness position of the original plate and had the dimensions of 230 by 60 by 20 mm 3. 
Af t e r  these aging treatments, Charpy V-notch impact specimens (CVN) of 10 by 10 by 55 
mm 3 with a 45 ~ 2-mm-deep notch were machined from the blocks. 

Coupons with dimensions of 10 by 10 by 5 mm 3 for anodic polarization tests were cut 
from the undamaged edge portion of CVN bars fractured in the lower shelf region, as 
illustrated in Fig. 1. An installed copper wire was soldered to one end of the coupon, which 
was mounted in epoxy resin. After  mechanically polishing the surface to a 1-1xm diamond 
finish, the coupon was cleaned with acetone. The edge of the coupon was coated with 
electrically insulated lacquer to prevent crevice corrosion. The schematic diagram of the 
anodic polarization test apparatus is shown in Fig. 2. A solution of 55% Ca(NO3)e deaerated 
by bubbling nitrogen gas at 30~ was used. Anodic polarization curves (potential-current 
density curves) were determined in a three-electrode corrosion cell with a platinum (Pt) and 
saturated calomel electrode (SCE) as counter and reference electrodes, respectively. The 
potential of the specimen was measured with respect to SCE (mV versus SCE). The potential 
of the specimen was scanned from an open circuit potential to transpassive potential at a 
rate of 0.5 mV/s.  

Results and Discussion 

Effect of Thermal Aging on Charpy Impact Properties 

Shifts in the 68 J (50 ft �9 lbf) Charpy ductile-to-brittle transition temperature (AvTrs0) as 
a function of aging time are shown in Fig. 3. Initial embritt lement was most rapid at 500~ 

TABLE 1--Test material (chemical composition weight percent and heat treatment conditions"). 

Chemical Composition, wt% 

Position C Si Mn P Ni Cr S Cu Mo As Sn 

V4 t 0.15 0.05 0.55 0.008 0.11 2.33 0.01 0.07 0.90 0.006 0.008 

" Heat treatment: 900/930~ h, water cooled; 670/690~ h,, air cooled; and PWHT, 680/710~ h. 
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FIG. 1--Shape and dimension of the coupon cut from the undamaged portion of a broken Charpy 
V-notch impact bar for the anodic polarization test. 

whereas for long aging time the lower temperature aging caused more severe embrittlement. 
The most severe embrittlement seems to be at 400~ This temperature dependence of 
embrittlement can be interpreted as one of the characteristics of reversible temper embrit- 
tlement caused by impurity segregation to prior austenite grain boundaries [6]. Figure 4 
shows the fracture surfaces of CVN specimens tested in the lower shelf region for as-received 
and embrittled (450~ • 10 000 h aged) materials. The aging altered the fracture appearance 
from the entirely transgranular to mixed transgranular plus intergranular fracture. Auger 

FIG. 2--Schematic diagram of the electrochemical polarization test apparatus. 
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FIG. 3--Shifts in the 68 J (50 ft-lbf) Charpy ductile-to-brittle transition temperature (AvTrso) as a 
function of aging. 

electron spectroscopy (AES) analysis revealed that phosphorus segregates on intergranular 
facets. Thus, we conclude that the aging embrittlement of this steel is caused mainly by 
phosphorus segregation to prior austenite grain boundaries. 

Anodic Polarization Curves 

As stated previously, electrochemical techniques for evaluating material degradation are 
based on the preferential dissolution due to the presence of precipitates or impurity atoms, 
which often cause embrittlement. It is well known that grain boundaries with segregated 
phosphorus are selectively dissolved in picric acid solution. Hence, chemical etching and 
electrochemical polarization methods on the basis of this phenomenon have been proposed 
to evaluate the degree of embrittlement [5]. However, the sensitivity of these methods was 
insufficient for the precise and quantitative evaluation of embrittlement. Recently, for 1Cr- 
0.5MoV steel aged at 400~ for up to 6000 h, Watanabe and Shoji [4] have shown that the 
change in the anodic polarization curve measured in hot calcium nitrate solution was cor- 
related with the shift of the Charpy fracture appearance transition temperature (AFATT). 
This method was found to be more sensitive for evaluating phosphorus-induced embrittle- 
ment than the picric acid method. 

Figure 5 shows typical anodic polarization curves for as-received and 450~ • 10 000 h 
aged materials. After passing through the primary peak, both materials began to passivate 
around 0 mV. There was no significant change in curves between as-received and aged 
materials up to this potential. Subsequently, a secondary peak, which is higher for aged 
materials than for as-received ones, was observed around 140 mV in the passive potential 
region. To clarify this increase in the secondary peak, potentiostatic etching at 140 mV for 
20 min following the anodic polarization up to this potential was performed for as-received, 
450~ • 3000 h, and 450~ • 10 000 h aged materials. Scanning electron microscopy (SEM) 
photographs of these specimen surfaces shown in Fig. 6 reveal that the preferential disso- 
lution at grain boundaries becomes clearer with increased aging time. In addition, as shown 
in Fig. 6d, an initiation of intergranular penetration in the cross section was observed for 
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FIG. 4--Scanning electron micrographs of fracture surfaces in Charpy specimens; (a) as-received and 
(b) thermally aged (450~ x 10 000 h), both tested in the lower shelf region. Arrows indicate intergranular 
facets. 

450~ x 10 000 h aged material. It was confirmed that this intergranular dissolution did 
not occur up to 0 mV in low-alloy ferritic steels [4]. Therefore, it is concluded that the 
increase in the secondary peak around 140 mV corresponds to the intergranular corrosion. 

Secondary Peak in the Passive Potential Region 

It has been suggested that the intergranular corrosion of iron alloys in hot calcium nitrate 
solution is associated with segregated phosphorus atoms that prevent the formation of a 
passive layer [7,8]. It has been also suggested that carbon (primarily as carbide) at grain 
boundaries is related to intergranular corrosion [7]. Since 2VaCr-IMo steel contains many 
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FIG. 5--Anodic  polarization curves for as-received and 450~ • 10 000 h aged materials in 55% 
Ca(N03)2 solution at 30~ 

FIG. 6--Scanning electron micrographs of  specimen surfaces potentiostatically etched at 140 m V  for 
20 rain: (a) as-receivec~ (b) 450~ x 3000 h age& (c) 450~ x 10 000 h aged; and (d) intergranular 
attack in a cross section of  450~ x 10 000 h aged material. 
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FIG. 7--Secondary peak of the current density of thermally aged materials after deembrittling treatment 
f575~ x 1 h) as a function of aging time. 

types of carbides which have formed during tempering treatments, the carbide evolution 
during the aging may also affect the intensity of the secondary peak. 

Figure 7 shows the secondary peak of the current density of aged materials after deem- 
brittling treatment as a function of aging time. Since this deembrittling treatment of 575~ 
for 1 h lowered the Charpy ductile-to-brittle transition temperature to the initial level [3], 
the decrease in the secondary peak observed on materials aged above 475~ may correspond 
to carbide evolution. Materials aged below 450~ exhibited no significant decrease in the 
secondary peak. This indicates that the aging below 450~ would cause no carbide evolution. 
Cheruvu [9] showed that carbides originally formed in the tempering treatment are stable 
in low-alloy ferritic steels exposed to long-term service below 450~ Figure 8 shows the 
transmission electron micrographs of carbon extraction replicas and the typical energy- 
dispersive X-ray (EDX) spectrum of the carbide observed at grain boundaries. The relative 
peak ratios in the EDX spectra indicated that most of the carbides present at grain boundaries 
of the as-received material were those of MTC 3 [10]. On the other hand, carbides which had 
globular morphology were found in 500~ • 2000 h aged material. These carbides were 
identified as the M2C type from the EDX spectra [10]. No precipitates of the M6C type of 
carbides were detected. Thus we consider that M2C carbides or changes of grain boundary 
chemistry accompanied by this precipitation impeded the intergranular corrosion, resulting 
in the decrease in the secondary peak. 

As expected from the above results, changes in the secondary peak before and after the 
deembrittling treatment (designated as "Alp") represent the degree of phosphorus segre- 
gation regardless of carbide evolution. Alp values are plotted as a function of aging time in 
Fig. 9. For aging above 475~ there was no significant increase in Alp. Alp for the materials 
aged below 450~ increased with increased aging. In particular, Alp as the cause of aging 
at 400~ sharply increased after the longest incubation period. This dependence of Alp on 
aging time and temperature seems analogous to that of ADBTT shown in Fig. 4. Thus, Alp 
is expected to be a representative parameter for evaluating the degree of embrittlement. 
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FIG. 9--Change of the peak current density before and after the deembrittling t r ea tmen t  (AIp) as a 
function of aging. 

Quantitative Evaluation of  Thermal Aging Embrittlement 

Figure 10 shows the correlation between AIp and AvTrs0 for the materials aged at 400 and 
450~ Alp has a good correlation with the degree of embrittlement, although it depends on 
the aging time. Thus, it is suggested that the electrochemical technique, i.e., measuring the 
anodic polarization curve, has the potential to be applied as a nondestructive monitor of 
the embrittlement. It is noted that the aging at 400~ exhibits the larger increase in Alp than 
that at 450~ when the comparison is made for a given AvTrs0. Figure 11 shows the size 
distribution of the intergranular attack in the cross section for 400~ • 30 000 h and 
450~ • 10 000 h aged materials potentiostatically etched at 140 mV. It is clear that aging 
at 400~ for 30 000 h caused the more intergranular attacks and the longer depth, while 

3 0 0  I I 'l i 

i .  40oo  I 
2 5 0  4so~ 

-~'2oo 
< 
E1so~_ �9 �9 
-~1oo 

5 0  

0(:; 1 0  2 0  3 0  4 0  5 0  
A v T r 5 0  ( 'C)  

FIG. lO--Correlation between Alp and AvTrso for 400 and 450~ aged materials. 
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FIG. 11--Size distribution of the intergranular attack in the cross section for 400~ x 30 000 h and 
450~ x 10 000 h aged materials after potentiostatic etching at 140 mV. 

showing less AoTrm than that at 450~ for 10 000 h. Since the service temperature of the 
HTTR pressure vessel will be around 400~ the degree of embrittlement in service can be 
evaluated more sensitively by the Alp measurement in Fig. 10. 

Ktipper et al, [11] have studied the intergranular corrosion of Fe-P alloys with 0.003 to 
2.5 wt% P in a 55% Ca(NO3)2 solution at 60~ The equilibrium for phosphorus segregation 
to grain boundaries was established by annealing at temperatures between 400 and 800~ 
and the curent-time curves at a constant potential in the passive potential region were 
measured for these materials with varying phosphorus concentration. Their results showed 
that the alloy with a high concentration of phosphorus exhibited a short incubation period 
for the onset of intergranular corrosion. From these results, it is assumed that Alp is sig- 
nificantly affected by phosphorus concentration at grain boundaries. Since the potential of 
samples was scanned in the present experiment, those grain boundaries with higher con- 
centration of phosphorus would be more critical for the increase in the secondary peak. 
From the thermodynamics of segregation [12], the equilibrium concentration of phosphorus 
at 400~ would be higher than that at 450~ Consistent with this fact, the most severe 
embrittlement will be achieved at 400~ after long-term aging, as shown in Fig. 3. We believe 
that a high concentration of phosphorus in the scatter of concentration from one grain 
boundary to others builds up even before the equilibrium is attained at 400~ although a 
statistical analysis of phosphorus concentration on intergranular facets was not done in this 
study. Consequently, this high concentration of phosphorus is believed to be related to the 
larger increase in the secondary peak for a given AvTrs0. 

Summary and Conclusions 

A nondestructive test technique based on the measurement of electrochemical properties 
has been described for the evaluation of the degree of embrittlement of 21/4Cr-lMo steel 
for a nuclear pressure vessel. Thermal aging at temperatures from 400 to 500~ for up to 
50 000 h caused phosphorus segregation to grain boundaries, resulting in ADBTT. In the 
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anodic polarization curve in a 55% Ca(NO3)2 solution at 30~ embrittled materials exhibited 
the higher secondary peak of the current density, which may be attributed to the intergranular 
corrosion around 140 mV in the passive potential region. This phenomenon corresponds to 
the presence of intergranular segregation of phosphorus, which prevents the formation of 
a passive layer. However, at higher aging temperatures,  it was found that the precipitation 
of MozC-type carbide decreased the secondary peak. 

The degree of embritt lement in terms of ADBTT was correlated with the change of 
secondary peaks for the aged and deembritt led materials (Alp). This result indicates that 
the aging embritt lement can be evaluated nondestructively by the anodic polarization mea- 
surement. However,  ADBTT predicted by a given Alp decreases with increasing aging tem- 
perature. This discrepancy was inferred in terms of the high concentration of phosphorus, 
which builds up before the higher equilibrium concentration is attained at lower temperature 
aging, and in the scatter of concentration from one grain boundary to others. 
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In-Situ Measurements of Mechanical 
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ABSTRACT: Determination of the integrity of any metallic structure is required either to 
ensure that failure will not occur during the service life of the components (particularly fol- 
lowing any weld repair) or to evaluate the lifetime extension of the structure. A portable/in- 
situ stress-strain microprobe system was developed to evaluate nondestructively in situ the 
integrity of metallic components [including base metal, welds, and heat-affected zones 
(HAZs)]. The microprobe system utilizes an innovative automated ball indentation (ABI) 
technique to determine several key mechanical properties (yield strength, true-stress/true- 
plastic-strain curve, strain-hardening exponent, Liiders strain, elastic modulus, and an estimate 
of the local fracture toughness). This paper presents ABI test results from several metallic 
samples. The microprobe system was used successfully to nondestructively test in-situ a cir- 
cumferentially welded Type 347 stainless steel pipe. Four V-blocks were used to mount the 
testing head of the microprobe system, allowing a 360 ~ inspection of property gradients in the 
weld and its HAZ. 

KEYWORDS: in-situ testing, structural integrity, automated ball indentation, spherical in- 
denter, cyclic loading, partial unloading, field apparatus, microprobe, welds, heat-affected 
zone, yield strength, flow properties, pipes, nuclear pressure vessel steels, nondestructive 
testing 

The ABI test is based on strain-controlled multiple indentations (at the same penetration 
location) of a polished surface by a spherical indenter (0.25 to 1.57-mm diameter). The 
microprobe system and test methods [1] are based on well demonstrated and accepted 
physical and mathematical relationships which govern metal behavior under multiaxial in- 
dentation loading. A summary of the ABI test technique is presented here, and more details 
are given elsewhere [1-14]. The microprobe system currently utilizes an electromechanically 
driven indenter, high-resolution penetration transducer and load cell, a personal computer 
(PC), a 16-bit data acquisition/control unit, and copyrighted ABI software. Automation of 
the test, where a 486 PC and a test controller were used in innovative ways to control the 
test (including a real-time graphic and digital display of load-depth test data) as well as to 
analyze test data (including tabulated summary and macro-generated plots), make it simple, 
rapid (less than 10 min for a complete ABI test), accurate, economical, and highly repro- 
ducible. Results of ABI tests (at several strain rates) on various base metals, welds, and 
HAZs at different metallurgical conditions are presented and discussed in this paper. Ex- 
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FIG. 1--The portable/in-situ stress-strain microprobe system configured for laboratory bench-top 
testing (the testing head has a specimen support platen). 

cellent agreement was obtained between ABI-derived data and those from conventional 
ASTM methods. All ABI tests were performed using a commercially available portable/in- 
situ stress-strain microprobe system, 2 the mechanics of which are described elsewhere [1]. 

A bench-top configuration of the microprobe (Figs. 1 and 2) was used to test laboratory 
base metal and weld specimens (Figs. 2 and 3) and resistance spot welds and their HAZs 
in 1020 carbon steel and 2219 aluminum sheets. A Charpy V-notch (CVN) block is shown 
underneath the ball indenter in Fig. 2. Gradients in the yield strength and flow properties 
and correlations to the material microstructure in the weld and H A Z  areas are discussed in 
Ref 7. A 347 stainless steel (SS) flat specimen was also tested and the ABI results compared 

2 Portable/In-Situ Stress-Strain Microprobe System, Model PortaFlow-Pi, U.S. Patent No. 4,852,397, 
Advanced Technology Corporation, 115 Clemson Drive, Oak Ridge, TN 37830-7665. 
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FIG. 2--Details of the ball indenter and the LVDT of the microprobe system (a Charpy V-notch block 
is shown underneath the indenter). 

to its material certification. The in-situ configuration (Fig. 4) was used successfully to test 
a 114-mm outer diameter 347 SS pipe containing a circumferential weld (308 SS). 

Portable/In-Situ Stress-Strain Microprobe System and ABI Testing 

Figures 1 and 4 show the different components of the microprobe system used in this 
work. These include: (1) a compact testing head (Fig. 1 is the bench-top configuration with 
a support platen for laboratory specimen testing, while Fig. 4 shows the in-situ configuration 
where the testing head is mounted on a stainless steel pipe), (2) a small electronics cabinet 
which contains the data acquisition/control unit, other boards for signal conditioning and 
control, and the driver of the electric servo motor, and (3) a portable 486 personal computer. 
Other testing head mounts such as magnetic holders (either permanent or electric) can be 
used when appropriate. 

The ABI test is based on multiple indentation cycles (at the same penetration location) 
on a polished metallic surface by a spherical indenter. Each cycle consists of indentation, 
unload, and reload sequences. Values of indentation penetration speed (strain rate), data 
acquisition rate. indentation target delta displacement (penetration depth for each cycle), 
unload target delta load. indentation maximum (final) load. and indentation maximum (final) 
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FIG. 3--Example of weld samples used in laboratory automated ball indentation (ABI) tests. 

FIG. 4--The testing head of the microprobe system is mounted on a circumferentially welded 347 SS 
pipe (114 mm diameter) using four 90 ~ V-blocks. 
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displacement (penetration depth) are input before the test starts. The computer program 
checks all test values against limits to detect operator error. Once the test is started, operation 
is automatic until either maximum load or maximum displacement is reached, but the 
operator can abort the test at any time if system malfunction is detected. Current test values 
for indentation load and depth are displayed digitally on the computer monitor in engineering 
units as well as in real-time graphics (penetration depth as X-axis versus indentation load 
as Y-axis) so the operator can monitor the test progress. The ABI  test data are saved in 
memory during the test and then stored on the computer hard disc following test completion 
and full material sample unloading. The applied loads and associated displacements (depth 
of penetration of the indenter into the specimen) are measured using a load cell and a 
spring-loaded linear variable differential transducer (LVDT). The test setup of the current 
work used tungsten carbide ball indenters varying in size from 0.25 to 1.57-mm diameter. 
Appropriate capacity load cells were used for the selected indenter size. Details of the ball 
indenter and the LVDT are shown in Fig. 2. The load-displacement data from each unloading 
sequence are fitted with a first degree polynomial and the fit extrapolated to obtain the 
displacement corresponding to zero load. These displacements and the maximum cycle load 
and displacement values from each indentation sequence are used to determine the yield 
strength, produce the ABI-derived true-stress/true-plastic-strain curve, and to estimate frac- 
ture toughness. The ABI analyses are based primarily on elasticity and plasticity theories 
and some empirical correlations as described in Refs 1 through 14. The primary equations 
used in these analyses are given in the next section. 

ABI Data Analysis 

The main problem in determining yield strength from ball indentation tests is due to the 
inhomogeneous or Ltiders strain behavior. In a uniaxial tension test the Liiders strain is the 
inhomogeneous plateau (horizontal portion) of the stress-strain curve where it is confined 
mostly to a defined volume of the specimen gage section. Hence, the inhomogeneous (Lti- 
ders) and homogeneous (work hardening) behaviors in a tension test are well defined and 
separated from each other. In contrast, in an ABI test the material has less constraint at 
the surface around the indentation. With increasing indentation loads, an increasing volume 
of material is forced to flow under multiaxial compression caused by the indenter, and more 
material pileup and Liiders strain occur around the indentation. Thus, in an ABI test both 
inhomogeneous and homogeneous material behavior occur simultaneously during the entire 
test. Consequently, an accurate determination of yield strength should be based on the entire 
load-displacement curve of the ABI test as explained later. It should be emphasized here 
that, e.g., for an ABI test consisting of eight cycles, there will be eight yielding processes 
of new material each time the indenter has penetrated deeper into the test material, as well 
as eight processes of work hardening of both old and new material. Hence, the yield strength 
analysis in ABI  testing should account for this simultaneous occurrence of yielding and strain 
hardening of test material under ABI multiaxial compression. Schematics of the ABI load- 
displacement plot and the profile of indentation (exaggerated to show material pileup) are 
shown in Figs. 5 and 6, respectively. The ABI toad-displacement curve will not exhibit any 
Ltiders plateau (e.g., as the case in uniaxial tensile tests of carbon steel materials). 

Flow Properties 

The homogeneous plastic flow portion of the true-stress (ty,)/true-plastic-strain (%) curve 
can be represented by the familiar power law equation 

~, = K ~ (1) 
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DISPLACEMENT (h) 
FIG. 5--Schematic representation of the relationship between indentation load and penetration depth 

of the ball indenter as observed by increased cyclic loading. Elastic unloading slopes are not parallel 
because of  increased spherical deformation volume as the load is increased. 

where 

n = strain-hardening exponent,  and 
K = strength coefficient. 

It should be noted that this representation is not a necessary requirement for determining 
the indentation-derived tr,-ep data as will be shown later (Eqs 2 and 3), but it can be used 
to determine the strain-hardening exponent over the % range of interest. Furthermore,  a 
single power curve may not fit the entire tr,-% curve as noted in ASTM Test Method for 
Tensile Strain-Hardening Exponent (n-Values) of Metallic Sheet Materials (E 646-78). 

I--REFERENCE ~ dt ~ r "  MATERIAL 
\ SURFACE dp / PILE-UP 

/ / / I / / / f / / / / / / / ' / - C 3 ~ / , ~ / ~ / / / / / A F T E R  UNLOADING 
" ///.T_ #J /  f//.. " / / / / / /  

"///////[)LIRING LOAD APPLICATION 
FIG. 6--1llustration of ball indentation geometries before and after load application (the material pileup 

is exaggerated). 
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The computer program is used to solve the following equations and to thereby determine 
the flow curve from the ABI data. 

% = 0.2 d p / D  (2) 

where 

or, = 4P/~rd2g (3) 

dp = {0.5 C D  [hZp + (dp/2)2]/[hZp + (dp/2)  z - hpD]} ''3 (4) 

C = 5 .47P(1 /E~  + 1/E2)  

f l . 1 2  + -< 1 
= ~1.12 + ~ln+ 1 < ~ b - < 2 7  

L~max (I) > 27 

(5) 

(6) 

rb = %Ez/O.43cr, (7) 

8=~ = 2.87am (8) 

r = (~max -- 1.12)/ln(27) (9) 

In the above equations, ~, is the true stress, % is the true-plastic-strain, dp is the plastic 
indentation diameter, D is the diameter of the ball indenter, P is the applied indentation 
load, hp is the plastic indentation depth, E1 is the elastic modulus of the indenter, E2 is the 
elastic modulus of the tes t  material, ~ is a parameter whose value depends on the stage of 
development of the plastic zone beneath the indenter, a,, is a parameter proportional to 
the strain rate sensitivity of the test material or specimen (e.g., for low strain-rate-sensitive 
materials ctm = 1.0), and "In" is the natural logarithm: 

It can be seen that dp appears on both sides of Eq 4; the computer program solves this 
equation by iteration. Equations 3, 6, and 7 also have to be solved by iteration, since or, 
depends on 8, which depends on +, which depends on or,. The  computer program is used 
also to fit the ABI-derived or,-% data (calculated using Eqs 2 and 3) by linear regression 
analysis to the relationship of Eq 1 and to determine the strain-hardening exponent (n) and 
the strength coefficient (K). The previous equations provide means for predicting the ho- 
mogeneous portion of the stress/strain curve from indentation data. 

Yie ld  Strength 

For each ABI loading cycle, the total penetration depth (h,) is measured while the load 
is being applied, then converted to a total indentation diameter (d,) using the following 
equation 

d, = 2 (h ,O - h2) ~ (10) 

Data points from all loading cycles up to d , / D  = 1.0 are fit by linear regression analysis to 
the following relationship 

P / d ]  = A ( d , / D )  "-2 (11) 
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where P is the applied indentation load, m is Meyer's coefficient, and A is a test material 
(or specimen) parameter obtained from the regression analysis of test data of d, /D versus 
P/d2,. The test material parameter (A) is then used to calculate the yield strength (~y) of 
the material using the following equation 

~, = B ~  (12) 

where Bm is a material-type constant (e.g., a single value of B~ = 0.2285 (Ref2) is applicable 
to all carbon steels whether cold rolled, hot rolled, or irradiated). The value of Bm for each 
class or type of material is determined from regression analysis of  various tensile yield- 
strength values (measured from specimens with different heat treatments and flow properties 
and machined from different orientations) and their corresponding "A"  values as measured 
from entire ABI curves (up to d, /D = 1.0). In Eq 12 above, the units of A and (ry should 
be the same. The ABI approach to determine yield strength eliminates the need to measure 
material pileup except for residual stress evaluation and thereby significantly reduces testing 
time and thus cost. A major reason for the success of the above ABI procedure for deter- 
mining yield strength from ABI measurements is that the yield strength, strength coefficient, 
Ltiders strain (eL), and strain hardening exponent are governed by the following relationship 
[8] 

In(K/%)  = e L -  n " ln eL (13) 

Previous work by Au et al. [10] on ferritic steel was not successful in determining the yield 
strength of ferritic steels from instrumented ball indentation. In that work, backward ex- 
trapolation of their true-stress/true-plastic-strain curve could result in underestimating the 
yield strength by as much as 70% or more. The current ABI  procedure for calculating the 
yield strength is applicable to all metallic materials whether they exhibit Liaders strain or 
not. However, the value of Bm will be different for each class of materials (e.g., 0.191 for 
SS) and should be determined experimentally. Furthermore, empirical Eq 12 might be 
written in the following generic form 

Cry = bm + B,.A (14) 

where bm is a class-of-material yield-strength offset-constant. The values of bm and Bm can 
be determined from the linear regression analysis of plotting ~ry values from tensile tests 
versus "A"  values obtained from ABI tests on the same materials. 

Results and Discussion 

The bench-top configuration of the stress-strain microprobe was used to test laboratory 
specimens of A533, A537, and A508 nuclear pressure vessel steels obtained from the Electric 
Power Research Institute (EPRI). The ABI-measured yield strength and strain-hardening 
exponent were in very good agreement with those from tension test results (Ref 15) as 
shown in Table 1. It should be noticed that, in Ref 15, tension test results were reported 
from one specimen only for each material. If more tension specimens were tested (e.g., 
duplicates in each of the three orientations), a statistical comparison between average ABI 
and average tension test results could have been made. The ABI-measured strain-hardening 
exponent was compared to the tensile true uniform elongation since for materials exhibiting 
a power-law flow curve, it can be mathematically proven that the two values should be equal 
(see Appendix). Several resistance spot welds made from 1020 carbon steel and 2219 alu- 
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TABLE 1--Comparison of AB1 and uniaxial test results on four heats of nuclear pressure vessel 
steels. 

Heat No. ABI-True Stress/ 
and True-Plastic Strain ABI-Yield 

Specimen No. Equation Strength, MPa 

Uniaxial Tensile (Ref 15) 

Yield, MPa Uniform Elongation, % 

lb K tr,(MPa) = 1006 eo.ls8 428 
EEB-T22 cr,(MPa) = 972 e ~ 426 445 13.9 
SA 533-B  cr,(MPa) = 999 ~oa39 424 

lb L cr,(MPa) = 1060 eo13~ 451 
EFB-T33 tr,(MPa) = 1045 eo.14o 435 453 12.1 
SA 533-B  ~r,(MPa) = 1069 ~p0.139 450 

5b A tr,(MPa) = 912 ~o.143 373 
GCB-T69 cr,(MPa) = 854 co.141 359 355 18.9 
SA 508 CI 1 tr,(MPa) = 829 ~o.~35 362 

cr,(MPa) = 849 ~p0.139 369 

7b A tr,(MPa) = 989 e ~ 424 
GBB-T54 tr,(MPa) = 960 e ~ 435 386 13.6 
SA 537 CI 2 cr,(MPa) = 902 ep ~ 436 

minum sheets were also tested successfully (weld nugget, HAZ,  and base metal) at various 
strain rates. The ABI results and the microstructural evaluation are given in detail in Ref 
7. An example of the true-stress/true-plastic-strain curves of these spot welds is shown in 
Fig. 7. This figure shows that the microprobe system is capable of determining the gradients 
of yield strength and flow properties in very small areas. Such a capability is essential in 
determining the structural integrity of spot welds and in improving the welding procedures. 
Figure 7 shows that the weld nugget and HAZ stress-strain curves are higher than the base 
metal for the 1020 carbon steel (weld over-matching), while the weld nugget and H A Z  
stress-strain curves were lower than the aluminum base metal (weld under-matching). 

In-Situ A B I  Testing of  Structural Components 

A flat 347 stainless steel (SS) specimen obtained from an aerospace alloy (Heat No. F846) 
was tested prior to testing the 347 SS pipe to establish, a comparison between ABI and 
tension test results. The ABI-measured (from one seven-cycle test) yield strength of 315.8 
MPa was in good agreement with the tensile yield strength of 317.2 MPa (indicated on this 
material's test report). A total of five ABI tests were then performed on the 114 mm outer 
diameter 347 SS pipe (5 mm thick) containing a circumferential weld (308 SS). The testing 
head of the portable/in-situ stress-strain microprobe system was clamped on the pipe using 
four 90 ~ V-blocks as shown in Fig. 4. This mounting method allowed the head to be rotated 
360 ~ and clamped rigidly for ABI testing at any location of the weld, HAZ,  or the base 
metal. A value of Bm = 0.191 (Ref 2) was used for all ABI tests on stainless steel samples 
and pipe materials. 

The engineering ultimate strength (UTS) can be calculated from the ABI test results as 
follows 

UTS = K" (n/e)" (15) 
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The Brinell hardness number (HB) can also be determined from the ABI test using the 
maximum indentation load ( P ~  in kg) and the final impression diameter (d r in mm) and 
the indenter diameter (D in mm) using the following equation (from ASTM Test Method 
for Brinell Hardness of Metallic Materials, ASTM E 10-84) 

HB = 2Pmox/[~rD(D - (D 2 - d~)~ (16) 
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An example of the in-situ ABI test results from the welded 347 SS pipe is shown in Fig. 8, 
and the results are summarized in Table 2. 

The above ABI test results show that the flow properties measured by the microprobe at 
three circumferential weld areas are in good agreement with each other and are consistently 
slightly lower than those at the base metal and the H A Z  test locations. The above in-situ 
tests also successfully demonstrate the potential applicability of the microprobe system to 
nondestructively test welded pipes and pressure vessels in the petroleum, fossil and nuclear 
power plants, etc. 

Fracture Toughness 

A simple technique is described [2,4] for estimating the fracture toughness by coupling 
the ABI-derived flow properties with a modified but empirically calibrated critical fracture 
strain model. This technique is currently limited to ductile fracture applications. 

The critical fracture strain model for ductile fracture prediction can be expressed in the 
form [16,17] 

KjI c = constant (~I* " l~' �9 E -  err) ~ (17) 

where Km is the initiation fracture toughness calculated from J~c, ~f' is the critical fracture 
strain, l~' is the characteristic distance ahead of the crack tip over which the strain must 
exceed ~ ,  E is the elastic modulus, and % is the yield strength. The modification [18] of 
this model involved: (1) the use of measured uniform strain from tension tests or the strain- 
hardening exponent from ABI tests instead of the critical fracture strain value required in 
the original model, and (2) the assumption of an empirically calibrated value for the char- 
acteristic distance, l~', for each class of material. The ABI test technique used in this work 
provides an alternative method to determine the yield strength, ~y, and the strain-hardening 
exponent, n, (for most metals exhibiting a power law behavior one can mathematically prove 
that the strain-hardening exponent, n, is equal to the uniform ductility, ~,) in a nondestructive 
manner, which will be more favorable over tension testing for field applications and when 
limited materials are available. 

The determination of the critical fracture strain, ~I*, requires testing of several circum- 
ferentially notched round tension specimens, each having a different value of its notch root 
radius. Since this approach is costly, values of the critical fracture strain, e~*, were not 
determined for the materials used in this work and "n" values were used instead. 

The modified critical strain model can now be written as 

K j I  c = constant (n �9 l~' �9 E �9 %)0.5 (18) 

The characteristic distance, l~', for ductile fracture is usually a multiple of the interparticle 
spacing and should be regarded as essentially an empirically obtained quantity. Although 
this dimension is presumably of relevance to the microstructural aspects of fracture initiation, 
it is plausibly related to the yield strength, strain-hardening exponent (a measure of work 
hardening), and the strength coefficient of the test material. However, more research is 
needed to better quantify and define this dimension in order to be able to use this method 
of estimating fracture toughness for applications where this characteristic distance is expected 
to change (e.g., due to radiation embrittlement). 

Since the critical fracture strain, ~ ,  values were not determined experimentally, strain- 
hardening values were used in the calculations [2,4]. Although such a substitution has no 
theoretical basis, it was considered reasonable since the critical fracture strain is often 
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TABLE 2--Summary of in-situ AB1 test results from welded 347 SS pipe. 

ABI-True Stress/ 
True-Plastic Strain ABI-Yield Ultimate Brinell 

Test Area Equation Strength, MPa Strength, MPa Hardness 

Weld Metal (308 SS) 
Test No. 1 tr,(MPa) = 990 C '198 283 589 169 
Test No. 2 trt(MPa) = 920 ~0190 283 555 164 
Test No. 3 tr,(MPa) = 971 C ~9~ 300 586 172 

HAZ 
Test No. 4 tr,(MPa) = 1060 I~p 0'191 331 638 186 

Base Metal (347 SS) 
Test No. 5 tr,(MPa) = 1097 I~ 0"197 325 654 188 

proportional to the uniform strain for a smooth tensile specimen [19]. The proportionality 
constant would thus be included in the constant coefficient of Eq 18. The value of 3.00 for 
this constant is good for steels whether in the irradiated [18] or deformed [20] condition; 
however, this value might be different for other classes of materials such as titanium or 
aluminum alloys, and further research is needed to determine the appropriate value of this 
constant via empirical calibration. 

For estimating fracture toughness in certain applications, ABI  testing can augment or 
replace tension testing because it is simple, fast, nondestructive, and can be performed in- 
situ, using the field microprobe apparatus, to evaluate deformed components and aged and 
embritt led structural components (provided that characteristic distance values are available 
from open literature). Furthermore, the ABI  technique uses a very small volume of test 
material. Hence, it could prove valuable in new alloy development and when limited amounts 
of material are available. Other applications might include weld characterization and qual- 
ification, testing of near-net-shape manufactured components, and residual life assessment. 

A new empirical model, used successfully in this work for estimating the fracture toughness 
in A508 Class 4 forging, is described by the following equation 

Kjic = constant ( K .  d �9 n �9 ~y)o5 (19) 

where d is the grain size of the test material, K is the strength proportionality constant, n 
is the strain-hardening exponent, and ~ry is the yield strength. The remaining parameter  
needs to be estimated and verified by correlations with more extensive database. This model 
eliminates the need for the characteristic distance and uses three parameters measured from 
ABI  tests (namely, try, K, and n). Furthermore,  the grain size could be determined,  non- 
destructively, in the field for structural components using portable metallography equipment. 
However,  more fracture toughness and ABI  measurements are needed to quantify the 
applicability of this model to many heats of materials. 

A total of twelve ABI  tests were conducted on a 12-mm-thick slice of A508 Class 4 forging 
obtained from Westinghouse Plant Apparatus Division, Pa. The fracture toughness of this 
material measured from 25.4-mm-thick specimen tested at room temperature (Specimen 
I.D.:  BW281, composition F, 2004) was 204 MPa~mm. Using the results from the twelve 
ABI  tests and the model of Eq 18 and using an assumed characteristic distance (l~) of 350 
Ixm (0.01378 in . ) - - a s  reported earlier for A533 Grade B Class I steel by Ritchie et al. [17]-  
the average estimated fracture toughness was 207 MPaV~m with a standard deviation of 4 
MPaX/--~m. 
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Another twelve ABI tests were conducted on the side surfaces far from the fracture planes 
of four 25.4-mm-thick compact specimens (1TCS) of the same A508 Class 4 forging material 
used above. These specimens were tested previously according to ASTM Test Method for 
JIc, m Measure of Fracture Toughness (E 813-89), and their fracture toughness values for 
Specimens 1 through 4 were 292, 249, 196, and 180 MPaV/-m, respectively. The results are 
summarized in Table 3, where a value of 350 txm was assumed for the characteristic distance 
for the model of Eq 18. For estimating fracture toughness from ABI test results using the 
model of Eq 19, the constant was taken as 97 and measured grain size values of 50, 41, 52, 
and 39 Ixm were used for Specimens 1 through 4, respectively. Table 3 shows a fair agreement 
between 13 each ABI-estimated fracture toughness values using the models of Eqs 18 and 
19 and those measured from four Jlc tests. These results also demonstrate the need for further 
development of the proposed models. 

In summary, the results of the ABI tests on several metallic samples and structural 
components (including welds and HAZs) are reproducible and show excellent agreement 
with the results from standard tension tests. Furthermore, automation of the ball indentation 
test makes it accurate, simple, strain rate controlled, fast (less than 10 min per test), and 
economical (cheaper than a destructive tension test, particularly for irradiated materials) 
for both field and laboratory applications. It should be emphasized here that results from 
ABI tests conducted under multiaxial compression loading may not correlate with results 
from uniaxial tension tests conducted on materials that exhibit different behavior under 
tensile or compression loading, such as those fabricated from powder compacts. Some 
fracture toughness values estimated from ABI data are in good agreement with those mea- 
sured using the unloading compliance technique. For others, better correlations need to be 

TABLE 3--Comparison of estimated (using AB1 data) and measured fracture toughness values for 
A508 class 4 forging tested at room temperature. 

ABI Estimated 
Fracture 

Toughness, 
MPaVm Measured 

Specimen/ ABI Yield ABI Flow Properties Fracture Toughness, 
ABI Test No. Strength, MPa Equation, MPa Eq 18 Eq 19 MPa~mm (From J~c) 

Specimen No. 1 
Test No. 13 560 or, = 1275 eo.134 220 212 
Test No. 14 547 cr, = 1276 %0.138 221 213 
Test No. 19 538 (r, = 1330 IEp 0"141 221 218 

Specimen No. 2 
Test No. 22 578 (r, = 1319 e ~ 225 199 
Test No. 23 565 (r, = 1371 ~o.~40 227 204 
Test No. 21 555 (r, = 1330 e ~ 220 196 

Specimen No. 3 
Test No. 27 561 or, = 1350 ~o140 226 227 
Test No. 28 567 cr, = 1421 ~o.143 229 237 
Test No. 25 576 ~, = 1198 e ~ 214 203 
Test No. 24 585 cr, = 1182 eo~24 217 204 

Specimen No. 4 
Test No. 16 566 cr, = 1175 ~o~24 214 174 
Test No. 29 574 cr, = 1248 %0iz7 217 182 

292 

249 

196 

180 
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developed and verified. A larger database is needed to quantify the accuracy of estimated 
fracture toughness values. Furthermore, the microprobe capabilities for nondestructive in- 
situ testing of structural components (base metal, weld, HAZ)  have been demonstrated. 
Such capabilities will be very useful in testing nuclear pressure vessels during their design 
service life and before and after their thermal annealing. Moreover, the use of the microprobe 
for in-situ testing could eliminate both cutting of boat samples from nuclear pressure vessel 
and machining of irradiated specimens. For nuclear pressure vessels with a thin layer of 
inside stainless steel cladding, local areas (approximately 3 mm in diameter) of the cladding 
can be ABI tested and then removed (drilled) such that the thick ferritic steel material 
underneath can be ABI tested successfully. 

Conclusions 

1. The ABI technique was very successful in accurately determining the yield strength 
and measuring the flow properties of welds in several metallic materials (e.g., A533- 
B-l ,  A508, A537, 1020, 347 SS, 308 SS, and 2219 aluminum). 

2. The gradients in mechanical properties of weld metals and their HAZs were successfully 
determined from ABI tests conducted on both laboratory specimens as well as on 
structural components (114 mm outer diameter 347 stainless steel pipe containing a 
circumferential weld). 

3. The ABI results from tests conducted on curved structures were in excellent agreement 
with those from tests conducted on similar fiat specimens. 

4. In-situ (field) ABI tests on pipes were proven to be nondes t ruc t i ve ,  accurate, repro- 
ducible, and fast (less than 10 min per test). Hence, the microprobe system could be 
used for life-time extension evaluation of nuclear power plant components (e.g., pres- 
sure vessels and their supports). One prime example could be to determine the degree 
of ductility recovery of aged nuclear pressure vessels following their thermal annealing. 

5. Preliminary results of fracture toughness estimation methods from ABI measurements 
show varying degrees of agreement with conventional data and should be investigated 
further. 

A P P E N D I X  

Relationship between True Uniform Elongation and Strain-Hardening Exponent 
The homogeneous plastic flow portion of the true-stress (cr,)/true-plastic-strain (%) curve can be 

represented by the familiar power law equation 

where 
n = strain-hardening exponent 
K = strength coefficient 

Load = P 
Cross-sectional area of tensile specimen = A 
Instantaneous specimen gage length = l 
Volume of specimen gage section = V 

tr, : K ~7, (A1) 

P = cr,A (2) 

dP = tr,dA + A dcr, (3) 
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Since necking occurs at maximum load, dP = 0 

&r,/cr, = - dA/A 

From constancy of volume (V = Al), dV = A dl + I dA = 0 

Since dill =- dE.p 

Combining Eqs 4, 5, and 6 

From Eqs 1 and 7 

- d A / A  = dill 

(4) 

(5) 

(6) 

~, = da,/d% (7) 

K~g = K n ~-1 (8) 

At necking, the true-plastic strain (%) equals the true uniform elongation (e.). 
Therefore from Eq 8 

n = ~. (9) 

Hence, the true uniform elongation is numerically equal to the strain-hardening exponent. 

References 

[1] Haggag, E M., "Field Indentation Microprobe for Structural Integrity Evaluation," U.S. Patent 
No. 4,852,397, 1 Aug. 1989. 

[2] Haggag, E M., Nanstad, R. K., Hutton, J. T., Thomas, D. L., and Swain, R. L., "Use of 
Automated Ball Indentation Testing to Measure Flow Properties and Estimate Fracture Toughness 
in Metallic Materials," Applications of  Automation Technology to Fatigue and Fracture Testing, 
A S T M  STP 1092, A. A. Braun, N. E. Ashbaugh, and E M. Smith, Eds., American Society for 
Testing and Materials, Philadelphia, 1990, pp. 188-208. 

[3] Haggag, E M., Nanstad, R. K., and Braski, D. N., "Structural Integrity Evaluation Based on an 
Innovative Field Indentation Microprobe," Innovative Approaches to Irradiation Damage and 
Failure Analysis, D. L. Marriott, T. R. Mager, and W. H. Bamford, Eds., PVP Vol. 170, American 
Society of Mechanical Engineers, New York, 1989, pp. 101-107. 

[4] Haggag, E M. and Nanstad, R. K., "Estimating Fracture Toughness Using Tension or Ball In- 
dentation Tests and a Modified Critical Strain Model," Innovative Approaches to Irradiation Dam- 
age and Failure Analysis, D. L. Marriott, T. R. Mager, and W. H. Bamford, Eds., PVP Vol. 170, 
American Society of Mechanical Engineers, New York, 1989, pp. 41-46. 

[5] Haggag, E M., Wong, H., Alexander, D. J., and Nanstad, R. K., "The Use of Field Indentation 
Microprobe in Measuring Mechanical Properties of Welds," Recent Trends in Welding Science and 
Technology, TWR'89, Proceedings of the 2nd International Conference on Trends in Welding 
Research, Gatlinburg, TN, 14-18 May, 1989, 1990, pp. 843-849. 

[6] Haggag, E M., "Application of Flow Properties Microprobe to Evaluate Gradients in Weldment 
Properties," International Trends in Welding Sciences and Technology, S. A. David and J. M. 
Vitek, Eds., ASM, Metals Park, OH, 1993, pp. 629-635. 

[7] Haggag, E M. and Bell, G. E. C., "Measurement of Yield Strength and Flow Properties in Spot 
Welds and Their HAZs at Various Strain Rates," International Trends in Welding Science and 
Technology, S. A. David and J. M. Vitek, Eds., ASM, Metals Park, OH, 1993, pp. 637-642. 

[8] Haggag, E M., "The Role of Liiders Strain in Predicting Flow Properties in Steels from an 
Instrumented Hardness Test," M.S. thesis, Department of Chemical and Nuclear Engineering, 
University of California, Santa Barbara, CA, 1980. 

[9] Haggag, E M. and Lucas, G. E., "Determination of Liiders Strains and Flow Properties in Steels 
from Hardness/Microhardness Tests," Metallurgical Transactions A, Vol. 14A, 1983, pp. 1607- 
1613. 



44 SMALL SPECIMEN TEST TECHNIQUES 

[10] Au, P., Lucas, G. E., Sheckherd, J. W., and Odette, G. R., "Flow Property Measurements from 
Instrumented Hardness Tests," Non-destructive Evaluation in the Nuclear Industry, American 
Society for Metals, Metals Park, OH, 1980, pp. 597-610. 

[12] Tabor, D., The Hardness of Metals, Clarendon Press, Oxford, 1951. 
[13] Francis, H. A., "Phenomenological Analysis of Plastic Spherical Indentations," Transactions of 

the ASME, July 1976, pp. 272-281. 
[14] George, R. A., Dinda, S., and Kasper, A, S., "Estimating Yield Strength from Hardness Data," 

Metal Progress, May 1976, pp. 30-35. 
[15] Server, W. L. and Oldfield, W., "Nuclear Pressure Vessel Steel Data Base," EPRI Report NP- 

933, Electric Power Research Institute, Palo Alto, CA, 1978. 
[16] Pandey, R. K., and Banerjee, S., "Strain Induced Fracture in Low Strength Steels," Engineering 

Fracture Mechanics, Vol. 10, 1978, pp. 817-829. 
[17] Ritchie, R. O., Server, W. L., and Waullaert, R. A., "Critical Fracture Stress and Fracture Strain 

Models for Prediction of Lower and Upper Shelf Toughness in Nuclear Pressure Vessel Steels," 
Metallurgical Transactions A, Vol. 10A, 1979, pp. 1557-1570. 

[18] Haggag, E M., Reuter, W. G., and Server, W. L., "Recovery of Fracture Toughness of Irradiated 
Type 347 Stainless Steel Due to Thermal Stress Relief: Metallographic and Fractographic Studies," 
Proceedings of the 2nd International Symposium on Environmental Degradation of Materials in 
Nuclear Power Systems-Water Reactors, Monterey, CA, 9-12 Sept. 1985, pp. 509-514. 

[19] Pavinich, W. A., "The Effect of Neutron Fluence and Temperature on the Fracture Toughness 
and Tensile Properties for a Linde 80 Submerged Arc Weld," Proceedings of the 2nd International 
Symposium on Environmental Degradation of Materials in Nuclear Power Systems-Water Reactors, 
Monterey, California, 9-12 Sept. 1985, pp. 485-495. 

[20] Haggag, E M,, Server, W. L., Lucas, G. E., Odette, G. R., and Sheckherd, J. W., "The Use of 
Miniaturized Tests to Predict Flow Properties and Estimate Fracture Toughness in Deformed Steel 
Plates," Journal of Testing and Evaluation, JTEVA, Vol. 1, No. 1, January 1990, pp. 62-69. 



Charpy Impact Testing 



Arvind S, Kumar, 1 Brian S. Louden, 1 Frank A. Garner, 2 and 
Margaret L. Hamilton 2 

Recent Improvements in Size Effects 
Correlations for DBTT and Upper Shelf 
Energy of Ferritic Steels 

REFERENCE: Kumar, A. S., Louden, B. S., Garner, E A., and Hamilton, M. L., "Recent 
Improvements in Size Effects Correlations for DBTT and Upper Shelf Energy of Ferritic 
Steels," Small Specimen Test Techniques Applied to Nuclear Reactor Vessel Thermal Annealing 
and Plant Life Extension, ASTM STP 1204, W. R. Corwin, F. M. Haggag, and W. L. Server, 
Eds., American Society for Testing and Materials, Philadelphia, 1993, pp. 47-61. 

ABSTRACT: Currently available correlations for the effects of specimen size on the upper 
shelf energy (USE) were developed for relatively ductile steels and do not serve as well when 
the steels become embrittled. Size effects correlations were developed recently for the impact 
properties of less ductile HT9 to be applied to other initially more ductile steels as they lose 
their ductility during irradiation. These new correlations successfully predict the ductile brittle 
transition temperature (DBTF) and USE of full-size Charpy specimens based on subsize 
specimen data. The new DBTT and the USE correlations were tested against published ex- 
perimental data on other ferritic steels and shown to perform successfully at lower USE, 
particularly when both notched and precracked specimens as well as notched-only specimens 
were employed. 

KEYWORDS: upper shelf energy, ductile brittle transition temperature, normalization, cor- 
relation, HT9 size effect, precrack, embrittlement 

Neutron-induced embrittlement of ferritic steels is of great importance for pressure vessels 
of existing fission reactors and for structural applications in breeder reactors and future 
fusion reactors. The development of a comprehensive database on embrittlement, however, 
requires large irradiation volumes at uniform temperatures and neutron fluxes. The current 
irradiation facilities are extremely limited in irradiation space. In addition, there is invariably 
only a limited amount of archival material available for irradiation. 

It generally requires approximately ten full-size Charpy specimens to obtain the ductile 
brittle transition temperature (DBTT) and the upper shelf energy (USE) of steels. Acquiring 
data at several neutron fluences, compositions, and temperatures for a comprehensive da- 
tabase, therefore, is not possible in a reasonable period of time. Therefore, it is necessary 
to rely on subsize specimens for determining the impact properties of irradiated materials. 
The volume occupied by one full-size specimen is equivalent to eighteen third-size specimens, 
almost sufficient to provide two impact energy versus temperature curves. 

For fusion and breeder reactor applications, both the temperatures and displacement 
levels required are larger than those of fission reactor pressure vessel steels. The use of high 
flux facilities, such as the High Flux Isotope Reactor (HFIR) and the Fast Flux Test Facility 
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(FFTF),  is associated with other experimental difficulties. HFIR  is a highly thermalized 
reactor with a large gamma heating rate (20 to 50 W/g) .  This can cause large temperature 
differences across full-size (1 by I by 5.5 cm) Charpy impact specimens, leading to difficulties 
in maintaining a uniform specimen temperature.  Fast reactor facilities, such as the FFTE 
do not suffer as much from the large gamma heating problem, since the gamma heating 
rate is lower (4 to 5 W/g).  However,  the minimum irradiation temperature for FFTF is 
360~ above the values relevant for current fission reactor surveillance work and for some 
fusion reactor applications. 

Another  option is to irradiate specimens in relatively low-power (1 to 10 MW) research 
reactors and to develop size effects correlations that are valid for all similar steels at com- 
parable service temperatures and levels of embrittlement. 

The subsize Charpy specimens used in this study and others [1-9] are considerably smaller 
than the full-size specimens. Decreasing the specimen dimensions lowers both the USE and 
the DBTT. Furthermore,  the reduced dimensions of subsize specimens lead toward a plane 
stress condition, in contrast to the approximately plane strain conditions operating in full- 
size specimens. A plane strain condition promotes brittle failure, whereas plane stress pro- 
motes ductile failure, thereby reducing the apparent DBTT. In addition, the reduced fracture 
volume of subsize specimens reduces their USE. The reductions in USE and DBTT due to 
reduced specimen dimensions require that methodologies be developed for predicting USE 
and DBTI" of full-size specimens from subsize specimen data since it is the properties of 
full-size impact specimens that are used in structural design. A number of attempts have 
been made in the past to develop the required methodologies, including the development 
of correlation factors that can be used to normalize USE and DBTT. The normalized values 
are equal to the ratios of the measured values and the respective normalization factors and 
are intended to be invariant with specimen size. 

Prior efforts to correlate subsize and full-size USE involved the use of mainly ductile 
materials (USE > 200 J) in the unirradiated state [3-10]. A normalization factor equal to 
the fracture volume below the notch root has worked well to normalize the USE of these 
materials. The fracture volume was taken as Bb 2 in the studies of Lucas et al. [5,6] and as 
(Bb) 3/2 in the studies of Corwin et al. [3,4], where B is the specimen width and b is the 
ligament size. Neither of these normalization factors was successful in correlating subsize 
and full-size specimen data for ferritic materials HT9 and A533B when they were tested 
[10,11] in a relatively brittle condition (USE - 100 J). 

In an earlier stage of the current study, a normalization factor was developed for correlating 
the USE of full-size and subsize specimens of brittle materials [10]. The normalization factor 
worked well for HT9 in the T-L orientation, having a full-size USE of 129 J. The normal- 
ization factor also worked well for other materials in a relatively brittle state (USE - 100 
J), such as the 9Cr-IMo-V-Nb in the quenched T-L and L-T conditions [4] and 12Cr-IMo- 
V-W steel in the L-T orientation [3] used by other investigators. It has been found that the 
same normalization factor also works well for A533B pressure vessel steel [12] in a brittle 
state (USE - 60 J). The success of this correlation relies on the fact that all of the specimen 
dimensions and the stress concentration factor at the notch root are important in the fracture 
of brittle materials, and these are all taken into account in the correlation. 

However,  none of the correlations developed so far work well for both ductile and brittle 
materials. Figure 1 shows how the earlier correlations of Corwin et al. [3,4] and the current 
authors [10] compare. Proximity of the normalized USE of full-size (marked 1), half-size 
(marked 2), and third-size (marked 3) specimens shows a good correlation. Note that Cor- 
win's model works better at high USE and our earlier model worked better at low USE. 
Such a situation exists when a normally ductile steel, such as a reactor pressure vessel, 
embrittles significantly under neutron irradiation. 
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FIG. 1--Comparison of normalized USEs of  various materials. The numbers 1, 2, and 3 refer to 
full-, half-, and third-size specimens. All specimens are notched-only except those labeled precracked. 
TL means that the specimen axis is perpendicular to the rolling direction. LT  means that the axis of the 
specimen is parallel to the rolling direction. The specimen geometries are shown in Fig. 2: (a) normalization 
of Louden et al. [10]; (b) normalization of Corwin et al. [3,4]. 

A normalization factor was developed in this study to correlate the USE of full-size and 
subsize specimens without regard to the ductile or brittle nature of the material. Th i s  
approach is based on the partitioning of the USE into two contributions, that is, that required 
for crack initiation and that for crack propagation. To accomplish this partition, both pre- 
cracked and notched-only specimens were used. Whereas the USE of notched-only speci- 
mens is the sum of both crack initiation and propagation energies, the USE of precracked 
specimens reflects only crack propagation. The difference in USE values for the two types 
of specimens is thus a good estimate of the crack initiation energy. The utility of this partition 
will be expanded on in later sections of the paper. 

In addition to the correlation for USE, a correlation methodology is alsQ presented to 
predict the shift in DBTT for full-size specimens based on subsize data. No other correlations 
in the published literature have been successful. 
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Experimental Procedure 
Dimensions for both full-size and subsize specimens are given in Fig. 2. The full-size 

specimen dimensions are in accordance with ASTM Methods for Notched Bar Impact Testing 
of Metallic Materials (E 23-92). While there are no standards available for subsize speci- 
mens, the dimensions used in this study for half- and third-size specimens are similar to 
those used in other investigations [1-8]. Note that the half-size and third-size specimens 
have the same length in order to allow sufficient span for the striker to pass through the 
specimen placement apparatus. 

All specimens used in this study were machined from HT9 plate material of heat 9607R2, 
which was manufactured by Electralloy Corporation for the U.S. DOE fusion materials 
program. The chemical composition and tensile properties of this heat are given elsewhere 
[13]. A series of heat treatments was performed on the plate stock to produce a tempered 
martensitic structure with a hardness of 255 DPH and a prior austenite grain size of ASTM 
5 to 6. All specimens were taken from the base material in the transverse (T-L) orientation, 
in which the long axis of the specimen lies perpendicular to the rolling direction and the 
direction of elongation of the grains is the same as the direction in which the crack propagates. 
Specimens in this orientation will have the least resistance to fracture and will therefore 
provide a minimum estimate of fracture energy. 

Adjustable anvils and interchangeable crossheads made possible the testing of different 
size specimens on the same instrumented drop tower. Data from each test were recorded 
on a digital oscilloscope and transferred to a desktop computer for storage and analysis. 

Calibration of the instrumented hammer was performed by adjusting the load signal gain 
so that the maximum load obtained during dynamic testing was the same as the maximum 

FULL SIZE SPECIMEN [,t SS,0 

I ~  17.6 

~ .2S R IMAX)  

HEDL HALF SIZE SPECIMEN I_ =6 I 
t ~ '  11.0 

HEDL ONE-THIRD SIZE SPECIMEN 
I ~ 23.6 ~ I 

ALL DIMENSIONS IN mm 

HEDL 83~-03E.15 

FIG. 2--Dimensions of full-size and subsize Charpy specimens. 
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load determined during the slow bend testing of a strain-rate insensitive alloy (6061 aluminum 
in the T51 heat-treatment) [1]. In addition, a static calibration of the load cell was performed 
to ensure that its response was linear over the desired range. 

The impact velocity of the crosshead was calibrated by attaching a 1-cm-long flag to the 
crosshead positioned so that the flag passed an infrared sensor just prior to impact, causing 
a change in voltage during interruption by the flag. The duration of this change was measured 
and the velocity was calculated as the average of at least ten calibration runs. 

Temperature control for full-size specimens was accomplished in a conditioning chamber  
where high temperatures were attained with a heated stream of air and low temperatures 
were reached by using cold nitrogen gas. Temperature control was achieved by adjusting 
the rate of gas flow into the conditioning chamber. Each specimen was kept at the test 
temperature for 5 to 10 min prior to testing to ensure temperature stabilization to within 
2~ Temperature control for the subsize specimens used the same sources of heated or 
cooled gas as the full-size specimens, but because the conditioning chamber was designed 
specifically for full-size specimens, the miniature specimens were manually placed and 
aligned in the testing position and the gas was directed across the specimen surface. A 
thermocouple spot-welded across from the notch (opposite the surface being impacted) was 
used to monitor the temperature for each test. The uncertainties in temperature were 
measured to be very small (<5~ as documented by Hu and Gelles [1]. 

Specimen placement for full-size specimens was achieved by air-driven pistons that moved 
the specimen from its initial position into and out of the conditioning chamber and finally 
into the testing position using a rotary positioning arm. ASTM E 23-92 provides for a 
maximum 5-s delay between obtaining the desired temperature and impacting the specimen. 
For full-size specimens, the elapsed time between the exit of the sample from the conditioning 
chamber and the impact was approximately 0.2 s. For subsize specimens, no specimen 
transfer was involved. 

Results and Discussion 

The results of the impact testing on HT9 in the T-L orientation are shown in Fig. 3 and 
Tables 1 and 2. The methodologies of correlating the DBTI" and USE of full-size and subsize 
data are presented below. The DBTT is defined as the temperature at which the impact 
energy is equal to half of the sum of USE and lower shelf energy. Since the lower shelf 
energy is very small in comparison to USE, DBTT is determined at half of USE in those 
cases in which lower shelf energy data are not available. 

DBTT Correlation 

The DBTT shift due to irradiation-induced embrittlement in some ways is similar to the 
shift induced by precracking the Charpy specimens since the precracking increases the DBTT 
in a manner similar to irradiation. The DBTT shifts due to precracking are larger for subsize 
specimens than for fuU-size specimens. The smaller the size, the larger the shift in DBTF. 
Figure 3 shows the fracture energy of full-, half-, and third-size specimens as a function of 
the test temperature. Both notched-only and precracked specimen test results are presented. 

The assumptions underlying the DBTT correlation are as follows. It is assumed that the 
fracture is controlled by the maximum elastic tensile stress, ~r', ahead of the crack tip. The 
maximum tensile stress can be raised to the critical stress for crack propagation, cry*, by the 
strain hardening in the plastically deformed zone at the crack tip. When the stress at the 
crack tip reaches the critical value, cU*, also called the fracture stress, the crack propagates. 
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FIG. 3 Dependence of fracture energy on temperature for both notched, precracked, and notched- 
only specimens: (a) full-size; (b) half-size: (c) third size. 

It has been shown by Lucas et al. [5] that this fracture stress is a material  proper ty  and is 
independent  of  specimen size. 

It is proposed that a normal ized value of  D B T T  can be def ined as the ratio of the measured 
value of  D B T T  and ~ ' .  Fur thermore .  it is hypothesized that  or' controls the fracture process. 
Therefore .  tr '  is assumed to be the same for notched and precracked specimens. 

TABLE 1 HT-9 Charpy data DBTT [10]. 

DBTT. K 
Specimen ADBTI." 

Size Notched-only Precracked K 

Full size 259 266 7 
Half size 226 246 20 
Third size 209 239 30 

ADBTT = precracked DBTI" - notched DBTI'. 
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TABLE 2--HT-9 Charpy data--USE [10]. 

USE, J 
Specimen 

Size Notched-only Precracked Ratio a 

Full size 129 44 2.9 
Half size 19 8 2.4 
Third size 6 2 3 

" Ratio = notched USE/precracked USE. 

In order to calculate tr '  we must know the specimen dimensions, the stress concentration 
factor, K,, at the notch root, and Pro, the maximum load developed in the Charpy impact 
test. tr '  is given by 

or' = (K , ) (3PmL) / (2Bb  z) (1) 

where B is the specimen width and b is the ligament size. The value of Pm was not investigated 
in this study. In addition, the value of P,o was not available from other published studies. 
An alternative approach was used to calculate it based on the fracture stress, cD*, data of 
Lucas et al. [5]. In another paper.  Lucas et al. [6] showed that the fracture stress is related 
to Pm by the equation 

trf* - 6 . 5 2 P ~ / B b  

which leads to tl ~ equation 

P m =  cr,*Bb/6.52 (2) 

Equation 1 then reduces to 

tr' = 0.23K,Lcr,*/b (3) 

The stress concentration factor. K,, is given by the following equation [14] 

K, - 

f _ 

2 ( b / R  + 1) - f ( b / R  - 1) 1/2 

4 ( b / R  + 1)/g - 3 f  

2 ( b / R -  1) (b /R)  I'2 

( b / R  + 1)arc tan  ( b / R )  1/2 - ( b / R )  1/2 

4 ( b / R )  3/2 

g = 3[ (b /R)  1/2 + ( b / R  1) arctan ( b / R )  1/2] 

where R is the radius of the notch root. and b is defined above. The calculated values of 
K, are 4.8.7.6.  and 6.3 for full-, half-, and third-size specimens, respectively. Note that K, 
for the third-size specimen is smaller than that for the half-size specimen. 

Figure 4 shows the normalized DBTT of the full-size specimens plotted against the nor- 
malized DBTT of the subsize specimens. The data of Lucas et al. [6] for three steel com- 
positions are shown in addition to the notched-only and precracked specimen data for HT9 
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FIG. 4--Comparison o f  normalized DBTT  for various materials. All  subsize specimen data points 
correspond to third-size specimens except those marked half size. The dimensions for H7 x ) are given in 
Fig. 1; the third-size specimens o f  all of  the other materials used by Lucas et al. were 3.3 by 3.3 by 18.3 
mm with a 0.67-mm-deep notch and a root radius o f  0.076 ram. Note that for specimen groups o f  one 
size and one material, the data points can be connected with a line o f  slope near unity. 

used in this study. The DBTT data for HT9 are presented in Table 1. The data of Lucas et 
al. were only available for full- and third-size specimens. 

The topmost line joins data points marked (A) and (A) where /k represents notched 
third-size specimens and �9 represents the precracked third-size specimens of HT9. The line 
has a slope of approximately unity. Similarly, the notched and precracked half-size data of 
HT9 are joined by a line of slope -1 .  

The data of Lucas et al. [6] on A710, in four different thermally aged conditions, are also 
connected by a line of slope unity. In addition, the data on the A508 in the two conditions 
also lie on a line with a slope approximately equal to unity. 

The above-mentioned variation of the normalized values of DBTT (DBTT,) with pre- 
cracking or thermal aging leads to the conclusion that 

(DBTT,)~u, s~zo = (DBTY,)sub~iz~ + constant (4) 

Alexander and Klueh [15] reached a similar conclusion with one exception. In their case 
the DBTT was not normalized. The constant in Eq 4 is dependent on both specimen size 
and material. For a given material and specimen size, however, the constant is independent 
of the alloy pretreatment condition (thermomechanical treatment). In this context, the 
embrittlement introduced by precracking represents another alloy condition. Therefore, the 
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shifts in DBTT. due to thermal treatment or precracking are equal for full-size and subsize 
specimens 

A(DBTT.)f.,I s~r = A(DBTT.)~ub~,~ e (5) 

Because the embritt lement introduced by precracking can be considered a simulation of 
the embritt lement introduced by a thermomechanical treatment or by irradiation, the shift 
in DBTI ' ,  due to neutron irradiation will probably be the same for full-size and subsize 
specimens. Tests are in progress to confirm this proposal [12]. 

Hu and Gelles [1] irradiated precracked half-size specimens of HT9 base metal to 3 • 
10 '-z n/cm 2 (E > 0.1 MeV) or - 1 5  dpa in EBR-II  at temperatures ranging from 390 to 450~ 
The results are shown in Fig. 5. The choice of precracked specimens in these experiments 
was based on the observations that the precracked data had less scatter than the  notched 
data had in tests of the unirradiated material. The shift in DBTT, ADBTT, was 124~ for 
irradiation at 390~ but with increasing irradiation temperature,  the ADBTT decreased. 
Based on the ADBTT correlation methodology described above, the predicted ADBTT for 
precracked full-size specimens at 390~ and 3 • 1022 n/cm 2 would be -83~ since the ratio 
of ADBTT and ~r' must be the same for full-size and half-size specimens. The values of tr ' 
for full-size and half-size HT9 specimens are 13.25 and 20.31 GPa, respectively, as calculated 
by Eq 4. 

USE Correlation 

For correlating the upper shelf energy (USE) of full-size and subsize specimens, testing 
of both notched and precracked specimens is required. The difference (AUSE) between the 
USE of notched and precracked specimens provides an estimate of the energy expended in 
plastic deformation and strain hardening to raise the maximum normal stress below the 
notch root to the fracture level. AUSE is thus an estimate of the crack initiation energy and 
should scale with the fracture volume equal to Bb 2, where B is the specimen width and b 
is the ligament size. The USE of Charpy specimens can thus be written as the sum of two 
terms as follows 

USE = AUSE + USEp (6) 

where AUSE is the crack initiation energy and USEp is the crack propagation energy. USE,  
is equal to the upper shelf energy of precracked specimens. The crack initiation energy can 
be written from the above equation as the difference between the upper shelf energy of 
notched-only and precracked specimens and is given by 

AUSE = USE - USEp (7) 

A normalized value of AUSE (AUSE,) is defined as the ratio of the measured AUSE and 
the fracture volume. It is proposed that AUSE, be equal for full-size and subsize specimens. 

(AUSE/Fracture volume)~ull st~e = (AUSE/Fracture volume)s,~ize (8) 

The measured values of USE and AUSE, are presented in Table 3 for the HT9 specimens 
used in this study. The last column in the table is the ratio of the AUSE, and the average 
of the AUSE, values of full-, half-, and third-size specimens. The normalized values are 
within -+7% of the average value, showing an excellent correlation. 
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TABLE 3--HT-9 Charpy--USE [11]. 

Specimen 
Size Notched-only, J 

&USE 
Fracture Volume, AUSE,, ~ 

Precracked, J J/cm 3 Average b 

Full size 129 44 133 1.01 
Half size 19.1 8.0 123 0.93 
Third size 5.9 2.3 140 1.06 

" &USE. = &USE/fracture volume. 
b Average of AUSE. of full-, half-, and third-size specimens. 

A similar agreement between AUSE, of full-size and subsize specimens of A533B pressure 
vessel steel was observed in the work of Rosinski et al. [12]. The normalized values were 
within +-8% of the average values of AUSE,, showing once again an excellent correlation. 

Having determined &USE, of full-size specimens from subsize data, one must determine 
USEp in order to predict USE of full-size specimens. It is shown in Table 2 that the ratio 
of USE and USEp is invariant with specimen size. Therefore 

(USE/USEp)fulj si~ = (USE/USEp)~.bsi~e (9) 

Equations 7 through 9 are three equations in three unknowns, USE, AUSE, and USEp, for 
full-size specimens. The corresponding values for subsize specimens are to be determined 
by experimental measurements. USE of full-size specimens can thus be determined by testing 
subsize specimens and using Eqs 7 through 9. 

Alexander and Klueh [15] have also analyzed the effects of specimen size on the USE of 
a number of steels. The data were obtained from the work of Corwin and Houghland [4], 
A b e  et al. [9], Lucas et al. [6], Alexander and Klueh [15], Klueh et al. [16-19], and Corwin 
et al. [3]. The analysis of Alexander and Klueh [15] involves normalization of USE val- 
ues by the fracture volume equal to (Bb)3/2; The normalization works well for steels having 
USE > 150 J. 

However,  when we examine their normalized data for those steels that have low values 
of USE, the normalized values of full-, half-, and third-size specimens are substantially 
different. In addition, Alexander and Klueh [15] did not include two steel conditions from 
the work of Corwin and Houghland [4]. These were 9Cr-IMo-V-Nb steels in the quenched 
T-L and L-T orientations. The USE for these steels was quoted to be 111 and 72 J, re- 
spectively. Table 4 compiles the USE for five steels with low USE selected from the tables 
of Alexander and Klueh [15]. It also includes the 9Cr-IMo-V-Nb steels in the quenched 
T-L and L-T orientations from Corwin and Houghland [4]. The full-size USE of these steels 
ranges from 64 to 115 J. When these values are normalized by the fracture volume, the 
largest difference between the full-size and su'bsize normalized values is 76%. This occurs 
when the full-size USE is 72 J for the Alloy 30176, as shown in the last column of  Table 4. 

The variation of the normalized USE values of subsize specimens with those of the full- 
size specimens in the work of Alexander and Klueh [15] is presented in Figs. 6 and 7. It is 
to be emphasized that USE values in the figures are normalized and not the actual values. 
Proximity of the data points to the diagonals in the figures represents a perfect correlation. 
It is important to note that all of the data points lie considerably above the diagonal, i.e., 
the subsize specimens exhibit a substantially higher ductility than the full-size specimens. It 
is evident that the volume normalization used by Alexander and Klueh [15], Corwin et al. 
[3], and Corwin and Houghland [4] is not adequate for normalizing the USE values of low- 
ductility steels. 



5 8  SMALL SPECIMEN TEST TECHNIQUES 

TABLE 4--Steels with low USE compiled from tables in Refs 4 and 15. 

Nominal Specimen Upper Shelf Normalized 
Alloy Composition Size Energy, J USE, J/cm 3 

3 5 8 9  12Cr-IMo-V-W-2Ni Full 106 148 
3 5 8 9  12Cr-IMo-V-W-2Ni Half 17.8 182 

3 5 9 2  12Cr-IMo-V-W-2Ni" Full 101 141 
3 5 9 2  12Cr-IMo-V-W-2Ni" Half 16.5 169 

9607-R2 12Cr-IMo-V-W Full 115 161 
9607-R2 12Cr-IMo-V-W Half 20.8 213 
9607-R2 12Cr-IMo-V-W Third 5.9 206 

A302B 1.5Mn-0.2C Full 64 89 
A302B 1.5Mn-0.2C Third 3.8 131 

A508Bb 0.6Mn-0.6Ni-0.6Mo-0.2C Full 74 103 
A508Bb 0.6Mn-0.6Ni-0.6Mo-0.2C Third 4.1 143 

3 0 1 7 6  9Cr-IMo-V-Nb c Full 111 153 
3 0 1 7 6  9Cr-IMo-V-Nb c Half 18.9 194 
3 0 1 7 6  9Cr-IMo-V-Nb c Third 5.7 199 

3 0 1 7 6  9Cr-IMo-V-Nb d Full 72.0 100 
3 0 1 7 6  9Cr-IMo-V-Nb d Half 15.3 156 
3 0 1 7 6  9Cr-IMo-V-Nb d Third 5.1 176 

" Adjusted. 
b Reaustenitized. 
c Quenched, L-T. 
d Quenched, T-L. 
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FIG. 6--Normafized USE of half-size specimens as a function of normalized USE of full-size specimens 
from Corwin and Houghland [4] and Alexander and Klueh [15]. 
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FIG. 7--Normalized USE of third-size specimens as a function of normalized USE of full-size spec- 
imens from Corwin and Houghland [4] and Alexander and Klueh [151. 

Conclusion 
Volume normalization of USE works well for correlating the USE of full-size and subsize 

specimens of only high-ductility materials (USE > 150 J). The technique proposed in this 
paper is expected to be applicable to materials over a wider range of USE values (200 J > 
USE > 50 J). 

This technique uses the difference, AUSE, between the USE for notched-only and pre- 
cracked specimens (USEp) and correlates it with fracture volume. A normalized value of 
AUSE (AUSE,) is defined as the ratio of the measured AUSE and the fracture volume. 
AUSE, is invariant with specimen size. 

(AUSE/Fracture volume)f,, ~izo = (AUSE/Fracture volume)s.~size 

where 

AUSE = USE - USEp 

Furthermore, it is shown experimentally that, 

(USE/USEp)f..~o = (USE/USEp)~.b~i~e 

The above equations with the unknowns, USE and USEp, can be solved to obtain USE 
for full-size specimens if USE and USEp for subsize specimens are known from experimental 
measurements. 
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In addition, the normalized DBTT shifts due to thermomechanical treatments were found 
to be independent of specimen size. Normalized DBTT is the ratio of the measured value 
of DBTT and or', the maximum elastic tensile stress ahead of the crack tip. If or' for subsize 
specimens is known from experimental data, then or' for full-size specimens can be calculated 
from Eq 3. The shift in DBTT due to environmental exposure or thermomechanical treat- 
ments for full-size specimens can be determined using the following equation if the exper- 
imental value of the shift in DBTT for subsize specimens is known. 

A(DBTT/cr')ful~s~z~ = A(DBTT/or')s,~s~z~ 
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D. J. Alexander I (written discussion)--Your transition temperature, To, is defined at the 
midpoint of the hyperbolic tangent function, that is, midway between the upper and lower 
shelves. The example you showed for full-, half-, and third-size specimens indicates a lower 
shelf of about 30 J for full-size specimens. This seems very high. If additional specimens 
had been tested at lower temperatures, I am sure the lower shelf would be reduced. This 
will shift To for full-size specimens to lower temperatures and increase the shift in transition 
temperature due to precracking for full-size specimens. Please comment on the effects of 
this change. 

A. S. Kumar et al. (authors' closure)--Thank you for your comment. We have recalculated 
the transition temperatures, assuming that the lower shelf is close to zero. The effect of this 
assumption leads to a shift in the transition temperature of 7 K due to precracking. This 
value is slightly larger than the value calculated earlier, but is still within the uncertainties 
of any Charpy data. 

A. Kohyama 2 (written discussion)--Do you have data indicating some effect of the pre- 
cracking condition? In other words, how do you optimize the precracking condition to obtain 
a sufficiently sharp crack with a negligibly small determination zone? How much concern 
do you have about this variable after neutron irradiation? 

A. S. Kumar et al. (authors' closure)--The precracking conditions employed in this study 
were in accordance with ASTM Test Method for Plane-Strain Fracture Toughness of Metallic 
Materials (E 399), and are described for this study in great detail in Ref l .  We have confidence 
in these procedures, which were originally developed by the U.S. breeder reactor program. 
We have no data from our studies in EBR-II  [2] that indicate any problem after neutron 
irradiation. 
[1] "Alloy Development for Irradiation Performance Quarterly Progress Report for Period Ending 

June 30, 1980," compiled and edited by B. G. Ashdown, Oak Ridge National Laboratory, DOE/ 
ER-0045/3, U.S. Department of Energy. 

[2] Hu, W. L. and Gelles, D. S., in Proceedings, Conference on Ferritic Alloys for Use in Nuclear 
Energy Technologies, Snowbird, UT, June 1983, published by the American Institute of Mining, 
Metallurgical, and Petroleum Engineers, Warrendale, PA, 1984, p. 631. 

Oak Ridge National Laboratory, PO Box 2008, Oak Ridge, TN 37831-6151. 
2 University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan. 
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ABSTRACT: As nuclear power plants approach end-of-license (EOL) and consideration is 
given to license renewal, there is an ever increasing need to expand the amount of data 
obtainable from the original surveillance specimens. A laser welding technique to reconstitute 
broken Charpy specimens is being developed to produce both conventional and miniaturized 
Charpy specimens. This paper reports on early laser welding development efforts and sum- 
marizes previous proof-of-principle experiments on a 1/16 scale miniaturized Charpy test. In 
order to benchmark the laser welding procedure, the laser-reconstituted specimen data have 
been compared with the original specimen data. In addition, the microstructure after welding 
has been examined to ensure that the material in the vicinity of the notch is essentially 
unchanged after the welding process. Data which characterize the thermal transient during 
welding are obtained by attaching thermocouples to the specimens. Other important consid- 
erations include perturbation of the stress field near the notch, dynamic stress waves, and 
contact of the weld region with the tup. 

Precise control of welding parameters has been demonstrated, heat-affected zones as small 
as 0.25 mm can be achieved, and sufficient penetration depth can be obtained to enable welding 
thick sections (1T or greater) to yield conventional Charpy specimens or fracture toughness 
specimens and thin sections (-5 mm) to yield Miniaturized Notch test (MNT) 4 specimens. 

KEYWORDS- Miniaturized Notch Test, Charpy test, laser weld, reconstitution 

Miniaturized specimen technology (MST) permits the characterization of mechanical be- 
havior while using a minimum volume of material. Hence, it has many applications, such 
as nuclear pressure vessel surveillance, failure analysis, and post-irradiation testing. It can 
also be used to characterize the mechanical behavior of in-service structures and components 
in cases where small pieces of material can be safely cut out. This paper focuses on the use 
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of innovative test techniques and the application of laser welding to obtain dynamic Charpy 
data from very small samples of material. 

Reference 1 reported the first successful Charpy specimen miniaturization at a 1/16 size 
scale (as compared to conventional Charpy specimens). Since this specimen was designed 
close to the continuum limit of the material, further miniaturization in the cross-sectional 
dimensions is not possible. However, it may be possible to decrease the length requirement 
provided a suitable welding procedure can be perfected. To this end, several candidate 
welding technologies have been investigated and the laser welding process has been pursued. 
The laser welding approach also has the advantage of easy adaptation to larger cross sections 
for welding Jic specimens. An example application is welding 1T Jxc specimen blanks used 
in surveillance capsule reinsertion programs [2]. This paper presents the results of a laser 
weld benchmark study using conventional Charpy specimens and summarizes the Minia- 
turized Notch Test (MNT). Based on the data reported herein, it is feasible to apply laser 
welding to fabricate MNT specimens using very small volumes of irradiated material. 

Laser Weld Reconstitution 

Although laser welding was chosen as the preferred method for reconstitution of radio- 
active materials, several other candidate methods were investigated. The welding approaches 
considered include: laser welding, electron beam welding, flash welding, arc stud welding, 
and friction welding. Since reconstitution is geared towards high-activity, hot-cell applica- 
tions, an important requirement for the welding process is that it should be amenable to 
remote handling. Another key concern is the amount of material disturbed during the welding 
process. Two important parameters are the heat-affected zone (HAZ) and the net disturbed 
material (NDM). We have defined the NDM as the maximum distance (measured normal 
to the fracture surface) over which metallurgical transformation and/or microstructural 
changes have occurred. This distance is larger than the HAZ since most welding processes 
do not produce a planar HAZ which is parallel to the fracture plane. For laser welding, 
narrow HAZs can be obtained by optimization of three key weld process parameters: laser 
power, beam velocity, and focal length. 

Laser Weld Penetration and H A Z  

For the reconstitution of conventional Charpy V-notch specimens, it is desirable to have 
a single pass weld depth of at least one half of the Charpy thickness (5 mm). This minimum 
depth enables welding using a two-pass approach. Since the material ablation profile is 
parabolic, it is possible to adjust the welding parameters to achieve an essentially planar 
weld parallel to the fracture surface by using a two-pass procedure. In addition, it is best 
to use run-on and run-off tabs to avoid material distortion as the laser exits the material. 
The desired 5-mm depth was successfully achieved using a 3.0 kW CO2 continuous wave 
laser at a power of 2700 W and speeds of 1.27 and 1.54 cm/s, respectively. 

The peak temperature during welding was measured experimentally by attaching ther- 
mocouples to the specimen. A computer-controlled data acquisition system was used to 
collect data at small time intervals during welding to determine the peak of the thermal 
transient. For nuclear pressure vessel applications, the critical temperature of the fracture 
process region is taken to be 288~ to ensure that the radiation damage has not been affected. 
However, future work should focus on determining the maximum temperature allowable 
for short duration temperature pulses. Based on these measurements, we have concluded 
that a region extending 4 mm on either side of the weld plane contains material which is 
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above reactor  operat ing tempera ture  for a short t ime during laser welding.  Therefore ,  a 10- 
mm insert was chosen as the smallest insert for laser welding research on convent ional  
Charpy specimens. 

Plastic Z o n e  Size  Considerations 

Other  researchers have exper imented  with inserts as small as 10 m m  using arc stud welding 
and had only l imited success [3,4]. The poor  results obtained using a 10-mm insert may be 
due to metallurgical changes, plastic zone interference,  and /o r  contact  of  the tup with the 
hard H A Z  region. A t  the present  t ime, there are not  sufficient data  available to come to a 
definitive conclusion. The concern is that in minimizing the insert size, the weld planes, 
along with their  H A Z s ,  will per turb  the plastic zone and influence the local stress field. The  
Belgians [4] have repor ted  a t runcat ion of the plastic zone for the arc stud welding approach 
when using a 10-mm insert. 

The  plastic zone normal to the crack plane (PZN)  was calculated for test tempera tures  
ranging through the transition region to the upper  shelf. These results are summarized in 
Table 1 for the A302B steel. Based on these P Z N  data, it was es t imated that plastic zone 
and H A Z  interact ion will not  occur for a 20-mm insert until a 130~ (266~ test t empera ture  
has been reached.  For  the unirradiated modified A302B material  used in the current  study, 
we concluded that inserts larger than about  15 mm would be needed  to test on the upper  
shelf. 

The  P Z N  data were compared  with earlier arc stud weld data. Bat tel le  Laborator ies  
conducted a study for E P R I  on reconst i tuted Charpy specimens for insert sizes of  22.5 and 
10 mm [3]. S C K - C E N  of Belgium conducted a reconsti tut ion study on A533B HSST 03 
steel with 10-mm inserts [4]. Both studies used unirradiated A533B steel for Charpy recon- 
stitution, and limited irradiated data  were generated in the Bat tel le  work.  Overal l ,  appli- 
cation of the P Z N  criterion for defining the min imum insert size is consistent with the 
l i terature data. 

At  the present  t ime, it is not  possible to draw firm conclusions concerning the importance 
plastic zone and H A Z  interaction effects. The  prel iminary analysis repor ted  here seems to 
suggest that when the PZN distance is approximately equal  to the distance from the crack 

TABLE 1 Change in the plastic zone normal to the crack plane (PZN) as a function of  temperature, 
strain rate. and irradiation for A533 Type B steel with an N D T  = -17.8~ (~ 

Plastic Zone Normal to Crack Plane (PZN) a 

Temperature Unirradiated Static. b Irradiated Static. Unirradiated Dynamic. c Irradiated Dynamic, 
~ (~ PZN. mm fin.) PZN. mm (in.) PZNo,mm (in.) PZNo, mm (in.) 

-73.3 (-100) 0.913 (0.0360) 0.574 (0.0226) 0.374 f0.015) 0.229 (0.009) 
-45.6 (-50) 1.24 (0.0489) 0.657 (0.0259) 0.510 (0.020) 0.269 (0.0106) 
- 17.8 (0) 2.27 (0.0894) 0.752 [0.0296) 0.806 [0.032) 0.325 (0.0128) 
l0 (50) 6.52 (0.257) 0.973 (0.0383) 1.56 (0.062) 0.425 (0.0167) 
37.8 (100) 29.34 (1.15) 1.65 (0.0649) 3.95 (0.156) 0.637 (0.0251) 
65.6 (150) 34.91 (1.37) 4.32 (0.170) 12.41 (0.489) 1.18 (0.0463) 
93.3 (2001 35.96 (1.42) 17.98 [0.708) 28.33 HA1) 2.79 (0.109) 
121.1 (250) 36.95 (1.451 28.28 (1.11) 29.23 (1.15) 8.34 (0.328) 
148.9 (300) 37.88 (1.491 29.02 (1.14) 30.07 (1.18) 22.9 (0.901) 

PZN = ~ cos 2 1 + 3 sin 2 sin (0); where: 0 = 70.83 for PZN = PZN (max). 

Static strain rate = 1 • 10-2/s: dynamic strain rate = 3 • 102/s. 
c Fluence = 3.2 x 10 TM n/cm 2. 
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plane to the HAZ, energy loss may occur. However, other phenomena such as stress wave 
reflection during dynamic impact, residual stresses, and the interaction of the relatively hard 
HAZ with the tup must be carefully assessed in the future. 

Comparison of Laser Weld and Conventional Charpy Data 

Figure 1 shows the comparison of the laser weld reconstituted data with the conventional 
specimen data. The laser weld specimens were prepared from the broken halves of the 
conventional specimens. As shown in Fig. 1, the laser weld specimens prepared using 14 
and 20-mm inserts compare well with the conventional specimen data. However, the laser 
weld specimens prepared using 10-mm inserts yield Charpy energy data below the conven- 
tional specimen level above the mid-transition temperature region. Future work should be 
focused on validating the use of 10-mm inserts for characterization of the 41 J transition 
temperature. 

Miniaturized Notch Test (MNT) 

Progress on the development of the MNT has been reported in References 1, 5, 6. This 
section briefly reviews the key findings related to the MNT. It is anticipated that laser weld 
reconstitution technology will evolve and eventually be used to reconstitute miniature spec- 
imens. 

Laser  We ld  Reoormti tuted Charpy  Data 
Modified AS01B Steel 
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FIG. 1 Comparison of laser weld data with conventional Charpy specimen data. 
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In order to achieve successful test results at the 1/16 size scale, two key developments 
were necessary: (1) modify the stress field in the vicinity of the crack plane; and (2) develop 
an energy-based parameter and index that can be related back to the standard specimen 
test (energy and the 41 J index). An important limitation in miniaturizing any specimen is 
the extent of the material's microstructural inhomogeneities. The usual guideline dictates 
that the specimen be at least five to ten times as large as the characteristic heterogeneity 
dimension. Material for this work was taken from a special heat of ASTM A508 steel provided 
by Oak Ridge National Laboratory (ORNL) for crack arrest research as part of the Heavy 
Section Steel Technology (HSST) Program. Conventional mechanical property and micro- 
structural data are available for three different heat treatments, designated 6, 5A, and 6R, 
in order of increasing toughness and increasing tempering temperature. Microscopy analysis 
indicated carbon segregates in slender bands about 0.25 mm wide. As a result of these 
findings, the minimum specimen dimension should be in the range of 3 to 5 mm. For a 
tension specimen, this minimum size limits the diameter or thickness, and, for a fracture 
behavior specimen, this minimum limits the dimensions of the crack plane. 

Stress Field Modification 

Early MNT tests demonstrated that 1/16 size scale miniature Charpy specimens, when 
tested in the transition region or upper shelf, yield data which cannot be properly analyzed 
nor related to conventional Charpy data. Figure 2 illustrates the severe nonplanar fracture 
surface which results. Therefore, to overcome this difficulty, the stress field in the vicinity 
of the crack plane must be modified. Stress field modification to achieve plane-strain con- 
ditions is discussed in Ref 7 in these proceedings. In the case of the MNT, achieving plane 
strain is neither necessary nor desirable. The fundamental objective is to modify the stress 
field so that fiat fracture is obtained. In the current research, this is accomplished by side 
grooving the MNT specimen and locating the root of the side-groove notch such that the 
tensile fields at the root of the notch overlap and produce through thickness tensile stress. 
MNT specimens which have been stress field modified are shown in Fig. 2. Thus, the 
experimental hurdle of achieving fiat fracture in MNT specimens designed at the continuum 
limit has been overcome. 

FIG. 2--Photograph of MNT specimens tested at the same temperature showing the effects of stress 
field modification. 
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M N T  Energy-Based Parameter 

Several ductile-brittle transition temperature (DBTT) criteria are used in different in- 
dustries. Since nuclear pressure vessel surveillance is the application of current interest, the 
4i-J  (30 ft-lb) energy absorption level was used as a reference. For the three heat treatments,  
the Charpy DBTTs are as follows: heat treatment 6, 40~ heat treatment 5A, -7~  and 
heat treatment 6R, -29~ The key element of data interpretation is to be able to find a 
physically based parameter  and an appropriate index that relate the miniature and conven- 
tional specimens. In this context, the term "parameter"  means the range variable (e.g., 
energy, fracture appearance,  lateral expansion) and the term "index" means the transition 
temperature indicator (41-J, 0.89-mm lateral expansion). 

The criterion by which the parameters and indices were judged is that the fracture mode 
in the miniature specimen must be the same as that in the conventional specimen for a given 
parameter  and index level. As shown in Table 2 for the material tested, the MNT specimen 
exhibits 70% shear at the 41-J index level compared to the conventional CVN specimen, 
which exhibits only 4% shear. Therefore,  the absorbed energy alone is not considered to 
be a valid parameter  for DBTT characterization with MNT specimens for the A508 steel. 

It is well established [8] that the total energy absorbed in fracturing a Charpy specimen 
can be further partit ioned into pre- and post-maximum load energies. The pre-maximum 
load energy can be partit ioned into elastic stored energy, crack formation energy, and plastic 
deformation energy. The miniature specimen differs from the conventional one in size and 
in geometry. Since the miniature specimen has a different span-to-width ratio, different 
anvil and punch geometry, and has side grooves, the crack initiation energy and its ratio to 
total energy is different in the two specimen types and, therefore, is not a useful parameter.  

The post-maximum load energy (PME) can be partitioned into elastic stored energy, 
plastic deformation energy, and stable crack propagation energy. The elastic stored energy 
is available to drive the cleavage fracture for tests conducted in the transition region. The 
remaining PME is associated with the plastic deformation work and work that goes into 
propagating a stable crack. Therefore, the PME would be less sensitive to differences in 
specimen geometry and correlates well with fracture appearance (i.e., percent shear). In 
the present study, it has been assumed in the analysis that the onset of the maximum load 
corresponds to crack initiation. While this assumption is reasonable for some materials and 
test temperatures,  it was not actually measured in the test program. In future studies, this 
question should be resolved by using the electric potential method during testing. 

By partitioning the total energy into pre- and post-maximum load energies and plotting 
these data against test temperature,  it can be shown that the pre-maximum load energy does 
not show a conspicuous transition in fracture behavior. As stated earlier, pre-maximum load 
energy is associated with elastic stored energy, crack initiation, and plastic deformation near 
the notch. On the other hand, the PME exhibits a distinct transition because this parameter  

TABLE 2--Percent shear fracture appearance for MNT and 
conventional Charpy specimens for two indices. 

Percent Shear 
Fracture Percent Shear 
Area at Fracture Area 

512 kJ/m 2 a t  41 J 

Standard specimens" - 4  - 4  
Miniature specimens" - 1  >70 

"All three materials. 
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is directly associated with the fracture process. Figures 3 and 4 illustrate this behavior for 
the Heat Treatment 6 material. The other two materials, 5A and 6R, exhibit the same 
behavior. 

Crack initiation was defined as the complete formation of a full-width crack across the 
length of the notch. If crack initiation, as defined here, is complete when maximum load is 
reached, the PME should correlate with percent shear for various specimen sizes and shapes 
regardless of material. Assuming this to be the case, it was thus considered theoretically 
sound to use PME as a parameter  for ductile fracture transition characterization. Differences 
in specimen size result in the absolute values of PME being different among specimen types. 
However,  the relative proportion of the energy that goes into crack propagation and plastic 
deformation should correlate with fracture appearance for specimens of different sizes and 
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ABSORBED ENERGY IN 6 0 R - 9 3  
(FOR MINIATURE SPECIMENS) 
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FIG. 4--Pre- and post-maximum load energies compared (miniature specimens, Heat Treatment 6). 

shapes. Therefore, the absolute values of PME can be converted to percentages by dividing 
by the total energy (excluding shear lip formation energy). As stated previously, the total 
energy used in the calculations is defined as the sum of the absorbed energy up to the onset 
of cleavage. Therefore, any energy absorbed in the formation of shear lips was not included. 
A MCFRAC [9] plot of percent shear fracture appearance versus percent PME is given in 
Fig. 5. This figure shows that the data for all three materials in both specimen geometries 
fit the same curve. A correlation o f  this kind now allows the use of two criteria, one based 
on energy and the other on fracture appearance. It is recognized that this correlation is most 
likely base alloy dependent. 
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100 

M N T  Indices 

As discussed in Ref 1, either percent shear or present PME can be used as valid MNT 
parameters. Since the regulations within the nuclear industry are based on the 41 J index 
with absorbed energy as the parameter, the percent PME is preferable since it can be related 
directly to the conventional specimen absorbed energy and does not require tedious fracture 
surface analysis. Figure 5 provides the correlation for obtaining these indices for both 
specimen dimensions. This technique can be used to relate any specimen geometries that 
yield notched specimen fracture transition data. In particular, a Charpy energy level of 41 
J corresponds to ~4% shear fracture appearance. Referring to Fig. 5, this level of shear 
corresponds to ~15% PME. Thus, when fracture appearance is used as the MNT parameter, 
the corresponding index is 4% shear. When percent PME is chosen as the MNT parameter, 
a value of 15% PME is used as the index. Therefore, when the PME parameter is plotted 
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against test temperature (Figs. 6-8), transition temperatures for each material may be 
obtained at the 15% PME level. Table 3 summarizes these transition temperatures. 

On comparing these transition temperatures with the standard dynamic CVN transition 
temperatures, correction factors due to rate effect and size effect are obtained. This is 
illustrated schematically in Fig. 9. The average shift due to rate effect for the conventional 
CVN is 45.3~ [10]. This shift was determined by averaging the static to dynamic shift at 
the 41-J level for the three materials using conventional Charpy specimens. As discussed 
earlier, this is in reasonable agreement with the correlation presented in Ref 11. 

Table 4 presents the shifts due to rate and size effect. These data can be used to relate 
the MNT data with conventional, dynamic Charpy data for the ASTM A508 steel. The 
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dynamic 41-J transition temperature is obtained by adding the rate effect shift (44. I~ and 
the size effect shift (21.3~ to yield a 41-J dynamic conventional Charpy transition tem- 
perature. This is the approach that would be used in cases where the MNT is used to test 
irradiated pressure vessel steels and there is no archival material available for testing. 

In cases where unirradiated archival material is available, it is possible to machine unit- 
radiated and irradiated MNT specimens and measure the shift directly. The strategy would 
be to first develop the unirradiated MNT data, test the surveillance capsule Charpy speci- 
mens, machine the irradiated MNT specimens from the broken Charpy sPecimens, and test 
and/or reinsert the MNT specimens back into thereactor  to generate plant life extension 
data. 
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TABLE 3 Standard CVN and MNT slow-bend transition temperatures. 

Heat Treatment 

6 5A 6R 

Standard CVN. Standard CVN. Standard CVN. 
Indices ~ (~ MNT, ~ f~ ~ (~ MNT. ~ (~ ~ (~ MNT. ~ (~ 

15% PME -18 (0) -37 (-35) -57 (-70) -65 (-85) -54 (-65) -90 (-130) 
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FIG. 9--Relationship between reference Charpy transition temperature and irradiated miniature Charpy 
slow-bend transition temperature. 

Summary and Conclusions 

Study of alternative weld technologies revealed that laser welding is readily adaptable for 
hot cell applications. Preliminary work has demonstrated that the required penetration depth 
can be realized and the control parameters adjusted to yield fairly flat weld planes parallel 
to the fracture surface. Comparison of laser-welded specimen data with that of conventional 
specimens showed excellent agreement. Continued successful development will enable re- 
constitution of 1/16 size scale MNT specimens as well as thicker section J~c bend specimens. 
The miniaturized specimen design required only 6% of the volume of a standard Charpy 
specimen. These specimens have proven satisfactory for measuring transition temperature 
shifts due to heat treatment of a reactor-grade pressure vessel steel. Fracture appearance 
has been demonstrated to be a useful miniature specimen parameter. For applications in 
the nuclear industry, conventional dynamic ASTM A508 steel Charpy specimens exhibit 
- 4 %  shear at the 41-J energy level. Therefore, the appropriate index for miniature specimens 
is 4% shear for this material. 

A new parameter, percent normalized PME, has been benchmarked for an ASTM A508 
steel. This parameter is easier to use than fracture appearance since the data analysis can 
be easily automated. Like fracture appearance, percent normalized PME can be used to 
relate miniature specimen data with conventional dynamic, ASTM Test Methods for Notched 
Bar Impact Testing of Metallic Materials (E 23) specimen data. For the ASTM A508 material 
investigation, the result is a 41-J DBTF with accuracy equal to that obtained using conven- 
tional ASTM test practices. The data obtained thus far are sparse at the 15% normalized 
PME level. Future studies should provide data at the 15% normalized PME level to more 
accurately assess the uncertainty of the method. 
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Irradiated Composites by a Miniaturized 
Charpy Test 

REFERENCE: Hamada, K., Sato, S., and Kohyama, A., "Fracture Toughness Evaluation 
of Neutron-Irradiated Composites by a Miniaturized Charpy Test," Small Specimen Test Tech- 
niques Applied to Nuclear Reactor Vessel Thermal Annealing and_Plant Life Extension, ASTM 
STP 1204, W. R. Corwin, F. M. Haggag, and W. L. Server, Eds., American Society for Testing 
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ABSTRACT: The impact properties of advanced metal matrix composites (MMCs) such as 
unidirectionally reinforced silicon carbide (SiC)/aluminum (A1) and C/AI have been investi- 
gated based on recent improvements in their mechanical properties. This paper details the 
effects of test temperature and neutron irradiation on the fracture toughness of these MMCs. 
The materials used were sheets of PCS-SiC/Al and PAN-C/AI. Miniaturized Charpy V-notched 
specimens were tested in an instrumented Charpy impact tester. Neutron irradiation was 
performed in the Japanese Materials Testing Reactor (JMTR), a light water reactor (LWR) 
at Oarai. The fracture energy increased with increasing test temperature and with neutron 
irradiation. SiC/Al was rather more insensitive to neutron fluence than C/AI, which was 
related to the difference in interfacial structure between the two systems. 

KEYWORDS: metal matrix composites, aluminum matrix, silicon carbide fiber, carbon fiber, 
Charpy impact test, fracture toughness, strength properties, miniaturized specimens, minia- 
turized testing 

Metal matrix composites (MMCs) with aluminum (Al) alloy matrices are known to be 
superior in strength-to-weight ratio, in stiffness-to-weight ratio, and in resistance to a variety 
of environments. They are, therefore, being considered as future aeronautic and space 
materials. In addition, aluminum matrix composites are also considered potential materials 
for nuclear applications because of their good mechanical properties at elevated temperatures 
and low radio activation characteristics [1,2]. Aluminum matrix composite wires, reinforced 
with either silicon carbide (SIC) fiber or carbon (C) fiber, have been developed as advanced 
structural materials for operation in such severe environments. Tensile strength as high as 
1.7 and 1.5 GPa have been observed at room temperature and at 723 K, respectively [3]. 
Sheet-forming processes have been successfully developed and have been applied to produce 
composite plates, the largest of which is 2 by 200 by 1000 mm. The plates were produced 
from composite wires by a hot rolling [4] method and by a hot pressing [5] method with a 
degradation in strength of less than 10 and 5 %, respectively, from the original wire strength. 
A number of studies have been performed on the fracture toughness of high-performance 
composites [6]. It is important to understand the effects of neutron irradiation for potential 
nuclear applications, but data other than that of the authors  have not yet been published 
[71. 

1 Department of Materials Science, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan. 
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Attempts to utilize small specimens for mechanical testing have had a long history [8] 
with recent emphasis on radiation studies, where the major motivation to reduce specimen 
size derives from the limited availability of irradiation space, the high cost of irradiation, 
and the need to miniaturize the radiation dose to personnel involved in post-irradiation 
tests. Miniaturized mechanical tests on thin plates of aluminum matrix composites are also 
used to evaluate the mechanical properties of full-size structural components in aerospace 
applications. 

The objectives of this study are first to establish an impact test technique using small 
specimens as a valid testing method for evaluating the fracture toughness of high-performance 
composites and second to investigate the effects of test temperature and neutron irradiation 
on the fracture toughness of aluminum matrix composites. 

Experimental 

The materials used were sheets made from wire preforms of MMCs with pure aluminum 
matrices, as summarized in Table 1. Reinforcement was in the form of the multi-filament 
continuous fibers referred to as Nicalon and Torayca, which are a polycarbosilane (PCS) 
type of SiC fiber and a polyacrylonitril (PAN) type of C fiber, respectively. The composite 
wires were made using a liquid metal infiltration method from the test plants of Nippon 
Carbon (for SiC/AI) and Toray (for C/A1) [9]. The sheet materials of the MMCs were made 
from the composite wires by a hot rolling method [4] for SiC/A1 and a hot pressing method 
[5] for SiC/A1. The maximum temperatures in both processes were 770 K for the hot rolling 
process and 803 K for the hot pressing process. The sheet insert method was used in the 
hot pressing process, where foils of the aluminum alloy A2017 were inserted among the 
layers of aligned composite wires and then the stack of the sandwiches was encapsulated in 
an evacuated metal container [5]. 

Mechanical properties were measured using an instrumented Charpy tester recently de- 
veloped for testing miniaturized specimens [10]. The machine was a hydraulic drop tower, 
and the capacity of the load washer was 600 kg. The maximum loads encountered were 
about 25 kg. The miniaturized Charpy V-notched (CVN) specimens, with dimensions of 2 
by 2 by 20 mm, were cut out from the sheet materials and were tested at temperatures 
ranging from 150 to 530 K. The geometries of the specimen and the test stage and the tap 
cross-section for the miniaturized Charpy test are shown in Fig. 1. 

Neutron irradiation was performed in the Japan Materials Testing Reactor (JMTR) at 
Oarai establishment, JAERI  under the following irradiation conditions: neutron flux (E > 
0.1 MeV)--4.2 x 1017 n/m ~ s; irradiation temperature---438 +- 15 K; irradiation time--533 
equivalent full power  hour; and total neutron fluence--8.0 x 1023 n/m 2. Post-irradiation 
examinations such as Charpy tests and SEM observations were carried out at the Oarai 
Branch of the Institute for Materials Research, Tohoku University. 

TABLE 1--Materials used. 

Reinforcement Fiber Volume 
Material (fiber diameter) Matrix Forming Method Fraction, % 

SiC/AI PCS-SiC A1050 Hot roll 40 
C/AI (q~ = 12 Ixm) 

M40J A1080 Hot press (A2017 Sheet Insert) 45 
(~ = 5 ~m) 
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FIG. 1--Miniaturized specimen and test component. 

Results and Discussion 

A typical load-displacement curve for the instrumented Charpy test is shown in Fig. 2. 
A gradual transition in the deformation process from elastic to plastic was not evident in 
the figure, and the sharp transition from increasing to decreasing loads observed at the 
maximum load suggests catastrophic crack initiation and propagation immediately after 
micro-yielding. The jagged appearance of the toad-displacement curve during the fracture 
process seems to correspond to crack arrest followed by instantaneous crack initiation at 
interfaces or in the vicinity of interfaces. The absorbed energy, E, is divided into two parts, 
E1 and E2, at the point of load maximum as shown in the figure. The former should 
correspond to the elastic stored energy up to the initiation point of catastrophic cracks, 
while the latter should correspond to the absorbed energy during crack propagation to failure. 
Dynamic flexural strength, ors, was calculated in the following discussion as 

FIG. 2--Typical load-displacement curve from an instrumented Charpy test. 
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where P is the maximum load, L is the flexural span, x is the specimen width, and y is the 
specimen thickness at the bottom of the notch. 

SiC/AI 

The absorbed energies, E, El ,  and E2, are shown in Fig. 3. Although the number of 
specimens tested was quite limited and the intrinsic nature of data scattering made it difficult 
to draw trend lines, trend zones of test temperature dependence were indicated. They have 
a tendency to increase gradually with increasing test temperature over the temperature range 
tested, both before and after neutron irradiation. For unirradiated specimens, the total 
absorbed energy, E, was approximately 1.3 times larger at 530 K than at 150 K. The limited 
neutron irradiation data indicate a fair amount of improvement in fracture toughness at the 
higher temperatures. The majority of this improvement is attributed to an increase in E2 
without significant changes in El .  The slight increase in E 1  with test temperature in unir- 
radiated specimens is due to the increase in the displacement to the point of load maximum 
because of the temperature-dependent softening of the matrix. The corresponding temper- 
ature dependence of flexural strength is shown in Fig. 4. The E1 values and the flexural 
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FIG. 4--Test temperature dependence of flexural strength in PCS-SiC/AI050. 

strength for irradiated specimens are within the trend zones indicated in the figures, which 
suggests the weak irradiation effects on these propertie s . The tension test results on the 
same materials [11] showing the slight irradiation strengthening of fibers and the flexural 
test results showing no detectable irradiation strengthening may indicate irradiation-induced 
softening of the matrix. Although the temperature dependence of the flexural strength looks 
larger than that of E l ,  this difference is reasonable since the E1 value is proportional to 
the product of the maximum load and the displacement at the point of load maximum, and 
while the displacement increases with the temperature-dependent softening of the matrix, 
the decrease of the maximum load with increasing temperature is less significant. 

For SiC/AI, a characteristic fracture behavior has been confirmed by "in situ" observation 
under a scanning electron microscope [12] and is briefly reviewed as follows. 

The process of macroscopic failure: the main crack from the bottom of the saw notch 
propagated forward by linkage of the deformed regions near the main crack tip with that 
at the fracture surface of the fiber that was fractured prior to the matrix failure. Failure of 
fibers along the pass of the main crack was not introduced directly by the main crack 
propagation, and any evidence of crack bridging during the process was hardly seen. 

As the strain at failure of the fiber was smaller than that of the matrix, fibers were fractured 
prior to matrix failure and even prior to plastic deformation of the matrix, in general. Fiber 
failure should introduce an increase in matrix stress due to the failure of responsible fiber 
to sustain a major part of the local stress. Together with the stress concentration at the fiber 
failure location, the formation of a large deformation zone was predicted and proved. As 
the size of these regions strongly affects the maximum distance between the main crack and 
a neighboring deformed region, larger deformed regions resulted in larger distance of link- 
age. As the E2 value strongly depends on crack propagation distance, the size change of 
the deformation regions has a great influence on the change of E2. In general, the larger 
strength difference between fibers and matrix produces the larger deformation regions. Thus, 
the temperature dependence of the E2 values for the unirradiated specimens was correlated 
with that of the size of the deformation regions, which was caused by the temperature- 
dependent softening of the matrix and the temperature-insensitive strength of the fibers. In 
the same way, the largest E2 value observed in the irradiated specimen at 530 K could be 
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interpreted by the largest strength difference caused mainly by strengthening of the fibers 
[11]. 

Figure 5 shows the fracture characteristics seen in the CVN specimens tested. At 530 K, 
however, the uneven and granular surface became more significant and the distances of 
crack linkage became greater than those at the lower temperature. This result is consistent 
with the explanation of the process mentioned above. The significant lateral expansion 
observed in the irradiated specimen tested at 530 K also supports the explanation because 
larger deformed regions of matrix were correlated with the large total deformation of the 
matrix near the fracture surface. Another important feature of the fracture surface is the 
lack of fiber pullouts both with and without neutron irradiation. This is due to the strong 
interfacial strength and sound interracial microstructure, as reported in Ref 3. 

These results suggest that there is no degradation in fracture toughness during irradiation 
at about 440 K up to 1 x 10 z4 n/m z, but Ref 11 suggests that there is a risk of degradation 
at higher neutron fluences due to the fluence dependence of fiber strength. On the other 
hand, at about 723 K, the interracial reaction induced by irradiation [3] may cause a deg- 
radation in fracture toughness. At intermediate temperatures, the successful application of 
these materials is likely. The results from recent three point bend tests on an irradiated 

FIG. 5--Fracture surfaces o f  PCS-SiC/AI050 after Charpy testing at 300 and 530 K: (A, B) unirra- 
diated; (C, D) irradiated to 8.0 x 1023 n /m  2 at 438 +- 15 K in JMTR.  
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specimen from the Fast Flux Test Facility at 645 K [13] suggest that the strength will be 
maintained to fluences as high as 3.5 x 1026 n/m 2. 

C/Al  

Figures 6 and 7 detail the results of tests on C/A1 specimens. The figures are analogous 
to Figs. 3 and 4 for SiC/A1. The absorbed energies increased gradually with increasing test 
temperature above 450 K both with and without neutron irradiation. For unirradiated spec- 
imens, the total absorbed energy, E, was approximately 1.3 times larger at 530 K than at 
150 K. Although the limited amount of data on irradiated specimens limit the insights that 
can be made with respect to neutron irradiation effects, there was some indication that 
fracture toughness improved with irradiation, independent of test temperature. The majority 
of this improvement is attributed to an increase in E2, while E1 did not change. The E2 
values obtained for the unirradiated specimens were consistent with the softening of the 
matrix at higher temperatures. Figure 8 illustrates the characteristics of the fracture surfaces 
seen in the CVN specimens tested. At 300 and 530 K, uneven and granular surfaces were 
observed for specimens both with and without irradiation, while lateral expansion was not 
observed in either condition. There is no clear evidence as to the reason for the increase in 
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FIG. 7--Test  temperature dependence of  flexural strength in M 4OJ / A I  080. 

FIG. 8--Fracture surfaces o f  M4OJ/AI080 after Charpy testing at 300 and 530 K: (A, B) unirradiated; 
(C, D) irradiated to 8.0 x 1023 n/m 2 at 438 +- 15 K in JMTR. 
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E2 with irradiation, but the change in the number and length of fiber pullouts on the fracture 
surface and the flatness of the matrix surface suggest a change in the interracial strength 
that could be related to the fracture toughness changes. The weaker interracial strength of 
M40J/A1080 than SiC/AI induced debonding of the interface near the fiber fractures that 
occurred prior to propagation of the main crack, and the long debonded interface promoted 
flat crack propagation [12]. For the irradiated specimens, the improvement in interracial 
strength implied by the reduction in the number of fiber pullouts was responsible for the 
increase of E2 independent of test temperature. The short debonding interface results in 
an increased distance between the main crack and the prior area of deformation, and the 
longer crack propagation distance causes an increase in E2. The increase in flexural strength 
at higher temperatures is related to a reduction of the high residual thermal stress at the 
interface that arises from the negative coefficient of linear expansion of the fiber. It is known 
that the tensile strength of M40J/A1080 composite wires improved from 1.2 to 1.6 GPa 
after heat treatment at 543 K for 1 h [14], and it would appear that the radiation-induced 
improvement in E2 can be attributed to this type of reduction of the high residual thermal 
stress at the interface. Another important feature of the fracture surface is the long fiber 
pullouts that appear after neutron irradiation, as shown in Fig. 9. These are most likely due 
to the weaker interracial strength at the area near the inserted sheet, A2017. But this 
happened in the most optimized materials presently available, and the improvement of the 
interracial strength near the inserted sheets was known to degrade the strength of the 
composites [5]. Neu t ron  irradiation and the thermal history during the irradiation were 
believed to induce degradation of the interracial strength. The origin of this degradation is 
not clarified yet, but the radiation and/or thermally induced diffusion of some detrimental 
elements from the A2017 sheet inserts or from their surfaces might be a possibility. 

FIG. 9--Fracture surface of  M4OJ/AI080 showing the bonded structure o f  the wire preforms: 
(A) unirradiated, tested at 300 K; (B) irradiated to 8.0 x 102~ n /m 2 at 438 +- 15 K in JMTR (tested 
at 530 K). 
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Future Application 

Dynamic Fracture Toughness 

Instrumented impact testing methods were investigated for evaluating the dynamic stress 
intensity factor at rupture initiation, K~c [15]. The K~c values for some ceramic matrix 
composites are reported for composite materials in Ref 16, where instrumented Charpy 
impact testing was applied. In this work, the same testing method was selected and ASTM 
Test Method for Plane Strain Fracture Toughness of Metallic Materials (E 399) was applied 
to evaluate K~c. In this study, the depth of saw notch was accounted as the precrack length 
defined in E 399. This treatment was based on the fact that mostly the fibers at the bottom 
of the notch were cracked in the process of saw cutting and on the assumption that the 
cracks at the bottom of the saw notch are sharp enough to be treated as the precrack. The 
maximum load was treated as the load at the rupture because the lack of plastic deformation 
and the sharp load drop at the point of load maximum showed that the specimens were 
under plane strain conditions and that the point of load maximum was the point of cata- 
strophic crack initiation. Thus, K~c is defined as 

Kic = (PL/x3ny) x f ( t )  

where P, L, x, and y are as defined as above, t = a/x, a = crack length, and f(t) = 
3t"2[1.99 - t(1 - 0(2.15 - 3.93t + 2.7t2)]/[2(1 + 20(1 - 03'2]. 

Figure 10 shows the temperature dependence of Kjc for SiC/AI and C/A1. The dependence 
is similar to that of the flexural strength, reflecting that the maximum load was the sole 
variable in the data set of Kic in the figure. Yet, the values at room temperature for 
unirradiated specimens seem quite reasonable compared with values from ceramic matrix 
composites [15], and this may rationalize the assumption to treat the notch depth as the 
precrack length. Although the trend zones in Fig. 10 are drawn based on the trend seen in 
the maximum load, the K~c values look nearly temperature independent and show no de- 
tectable effect of neutron irradiation. The possible slight temperature dependence at the 
higher temperature region, shown as trend zones, may correspond to the softening of the 
matrix and/or changes in interfactial properties at the higher temperature region, but there 
is no clear evidence for their effect on the Kic of these composites. Despite the importance 
and strong need for this type of data, the authors have not seen any explanation for the 
temperature and irradiation dependence of Kxc for metal matrix composites. Future work 
will involve testing precracked specimens and in-situ observations of crack propagation to 
arrive at clearer insights. 

Size Effects and Normalization 

It is well known that Charpy impact data on metals exhibit a dependence on specimen 
size. The major motivation for specimen size considerations are to reduce specimen size for 
neutron irradiation and to evaluate thin plates with a variety of plate thickness. Previous 
investigations of stainless steels have provided methods to compensate size effects by nor- 
malizing the absorbed energy [17,18]. After trials, the following equation was selected 

normalized E = E/(Bb) 3n 

where E is the absorbed energy, B is the specimen width, and b is the ligament size. Figure 
11 shows the dependence of absorbed energy on specimen size together with the normalized 
values. The absorbed energies for the SiC/AI composite show a similar dependence on 
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FIG. lO--Test temperature dependence of KIc for PCS-SiC/AI050 and M4OJ/AI080. 

specimen size as those for ferritic steels. Furthermore, after the normalization, the two sets 
of data for steels and composites indicate the independency on specimen size. Thus, these 
sets of data indicate that it is appropriate to apply this equation to metal matrix composites. 
But the data are still too limited to be conclusive. An ongoing study that includes neutron- 
irradiated specimens will hopefully provide affirmative data. 

Conclusions 

The fracture toughness of high-performance composites was investigated using an instru- 
mented Charpy impact tester for miniaturized specimens. This method has proved successful 
in research on the effects of test temperature and neutron irradiation on the fracture tough- 
ness of such materials. 

Advanced aluminum matrix composites exhibited an increase in fracture toughness with 
neutron irradiation in a fission reactor, JMTR. The improvement was attributed primarily 
to an increase in E2, the energy absorbed after the maximum load, usually taken to be the 
energy of crack propagation. For SiC/AI, the increase in E2 with temperature was inter- 
preted to be due tO an enhancement of the difference in strength between the matrix and 
the fiber. This phenomenon was more pronounced after neutron irradiation. E2 increased 
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steels [10,16] and SiC/Al [6, this study]. 

with neutron irradiation for C/A1, primarily due to the radiation-induced modification of 
the C/A1 interface, where the interracial strength was weaker before irradiation than after. 
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ABSTRACT: Loss of constraint triaxiality with plastic deformation severely limits the appli- 
cability of small specimens to fracture toughness measurement in the ductile-brittle transition 
region. In earlier work, the authors developed a framework for correcting cleavage fracture 
toughness data for constraint loss. The present article presents a simple constraint correction 
equation that increases the measuring capacity of fracture toughness specimens, that is, i t  is 
now possible to measure higher valid toughness values with small specimens than was previously 
possible. At present, the constraint correction can be applied only to the low-to-mid transition 
region, but ongoing work is aimed at extending the approach to the upper transition region, 
where cleavage is preceded by stable tearing. Current work is also addressing three-dimensional 
effects. 

KEYWORDS: fracture toughness, cleavage, constraint, size effects, J integral 

Fracture toughness tests on small specimens are common in the nuclear power industry, 
where limited material is available from surveillance capsules. The relevance of these data 
to large structures is unclear, however, since fracture toughness can be size dependent.  
Small fracture toughness specimens often experience a loss in crack tip triaxiality, which 
typically results in an apparent elevation of material toughness. 

Most of the existing ASTM standards for fracture toughness include size requirements 
which are designed to ensure that measured values are not influenced by constraint loss. 
For example, the standard for Klc testing, the ASTM Test Method for Plane-Strain Fracture 
Toughness of Metallic Materials (E 399-83), specifies the following minimum specimen 
dimensions for valid results 

B,a>_2 .5 (K~c l2  - -  ( l a )  
\try,s/ 

0.45 -< a / W  <-- 0.55 ( lb)  

where B is specimen thickness, a is crack length, W is specimen width, and ~vs is the yield 
strength. For all practical purposes, the above size requirements preclude the use of small 
specimens for Klc measurements on ferritic steels. Consider, for example, a steel with 
K1c = 100 MPaV'-mm and trys = 400 MPa, where the assumed Klc value corresponds to the 
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lower transition region of a typical pressure vessel steel. For this material, the specimen 
thickness and crack length must be at least 156 mm (6.1 in.) for a valid test. The size 
requirements would be even more prohibitive in the upper transition region and the upper 
shelf. 

Standard tests based on the J integral have considerably more lenient size requirements. 
The current ASTM Test Method for Jm, A Measure of Fracture Toughness (E 813-87) 
includes the following requirements on specimen dimensions 

25Jm 
B, b -> - -  (2) 

O'g 

where b (=  W - a) is the uncracked ligament length and ~rr is the flow stress, defined as 
the average of yield and tensile strength. One reason for the relaxed size requirements is 
that the J integral takes account of nonlinear material behavior, while the KIr methodology 
is based on a linear elastic material assumption. Another important factor is the fracture 
mechanism. The J~c test, as defined in ASTM E 813-87, quantifies the resistance to initiation 
of stable crack growth in metals. This ductile crack growth mechanism is predominantly 
strain controlled and is relatively insensitive to stress triaxiality at the crack tip. Stress- 
controlled fracture mechanisms such as cleavage, however, are very sensitive to in-crack tip 
constraint. Consequently, the authors [1,2] have proposed the following size limits for critical 
J values measured at the onset of cleavage 

200Jc 
B, b -> - -  (3) 

O'u 

Equation 3 is eight times more restrictive than Eq 2, but is typically five to ten times more 
lenient than Eq 1. This size requirement has been incorporated into several draft standards, 
including an update of ASTM E 813. 

Upper shelf toughness measurements with subsize specimens are usually feasible because 
Eq 2 does not place significant restrictions on specimen dimensions in most cases. However, 
it is more difficult to obtain valid measurements of cleavage fracture toughness in the 
transition region because the size requirements are more stringent. 

The recommended size limits in Eq 3 are based on a micromechanics model combined 
with elastic-plastic finite element analysis and experimental validation [1-4]. This recent 
work not only provides the basis for setting size limits for data that are not affected by 
constraint loss, but also includes a framework for correcting the data when the size limits 
are not met. Consequently, it is possible to infer useful information from subsize specimen 
data that ordinarily would be considered invalid. This article describes the basis of this 
methodology, provides simple equations to correct fracture toughness data for constraint 
loss, and outlines limitations of the approach. 

Scaling Model  for Cleavage Fracture 

The model for characterizing constraint effects on fracture toughness is based on a local 
criterion for cleavage failure [1,2]. This model assumes that cleavage fracture is controlled 
by the volume of material at the crack tip that is subject to a high stress level; the larger 
the stress volume, the more likely cleavage will initiate from a critical microstructural feature 
such as a carbide or inclusion. This assumption is relatively general, e.g., it is not necessary 
to assume weakest-link fracture, nor is it necessary to obtain an independent measure of 
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the critical fracture stress. The model merely assumes that cleavage is controlled by the 
principal stress distribution near the crack tip. 

Unlike other micromechanics models, the present methodology does not attempt to make 
absolute predictions of fracture toughness; rather, the results are scaled to a reference 
solution. The crack tip stress fields in a specimen of interest are compared to the limiting 
condition of small-scale yielding, where the plastic zone is small compared to length di- 
mensions. A J-like parameter is defined from this comparison between the configuration of 
interest and the reference solution. This "small scale yielding J"  (J,,y) can be interpreted as 
follows: 

1. An amplitude parameter that describes the principal stress distribution near the crack 
tip. 

2. The effective driving force for cleavage. 

A critical value of J , ,  represents the fracture toughness of an infinitely large specimen. The 
ratio J/J,  sy corresonds to the elevation in Jc due to constraint loss. (See the Appendix for 
further background on the definition and significance of  J,,y.) 

Figure 1 shows a plot of J/J,,y versus normalized specimen size for three-point bend 
specimens with a / W  = 0.05, 0.15, 0.50 and n = 10, where n is the strain hardening exponent 
in the Ramberg-Osgood stress-strain equation 

(/n 
s = o + a o- (4) 
Go Cro Vro/ 

where G is strain, ~r is stress, or0 is a reference stress (yield strength in this case), G0 = 
m~/E, and ~x is a fitting parameter. As the specimen size increases (or as J decreases), the 

FIG. 1--Effect of crack length and a/W on the J / J~y ratio for cleavage fracture in an SE(B) specimen. 
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FIG. 2--Comparison of effective and apparent driving force for cleavage fracture in an SE( B) specimen. 

J/J,,~ ratio approaches unity, as expected. For a given absolute crack length, deeply notched 
specimens (a/W = 0.5) are more highly constrained and exhibit lower toughness than 
specimens with shallow cracks. Figure 1 provides a graphic illustration of the size dependence 
of fracture toughness. For example, suppose that a specimen fails at Jc = 200 kPa m, but 
that the J/J,,y ratio at failure was 2.0. This specimen would have failed at a Jc value of 100 
kPa m had its dimensions been sufficiently large. 

Figure 2 shows the results of Fig. 1 replotted in a different form. The effective driving 
force for cleavage fracture, J,,y, is plotted against the apparent driving force for cleavage, J. 
The dashed line indicates the 1 : 1 trend, where J = J, , .  (Note that the horizontal axis has 
an expanded scale.) At  low loads (i.e., small J values), J = J,,y by definition. As load 
increases, however, constraint loss causes the effective driving force to increase at a slower 
rate than the applied J. Under large-scale yielding conditions, the curves become flat, 
indicating that further increases in J will have no effect on J,,y. Thus, the driving force for 
cleavage saturates at a maximum value. If the material does not cleave prior to reaching 
the saturation value of J,,y, cleavage is unlikely with subsequent loading. 3 

Figure 3 illustrates the effect of strain hardening on the J/J, sr ratio in deeply notched bend 
specimens. The low hardening material (n = 50) exhibits the most sensitivity to specimen 
size. All three curves approach unity when the nondimensional quantity on the horizontal 
axis exceeds approximately 200. This plot is the source of the recommended size requirements 
in Eq 3; these requirements appear to be valid both for bend and compact specimens provided 
a/W >- 0.5. Note that when the ratio btry/J = 25 (the ASTM E 813 size limit in Eq 2), the 
J/J,,y ratio exceeds 3.0 for n = 10, indicating a three-fold increase in toughness over the 

3 In such cases cleavage is possible only after ductile crack growth, where the crack tip "searches" 
for material that contains a critical cleavage nudei. The stress volume, and therefore J,,y, increase with 
crack growth. However, the present analysis considers only stationary cracks. 



ANDERSON AND DODDS ON CONSTRAINT CORRECTIONS 97 

FIG. 3--J/J~y for cleavage as a function of strain hardening, J, and flow stress. 

small-scale yielding limit. Thus, it is clear from Fig. 3 that the current size requirements for 
Jic are inadequate when fracture is stress controlled. 

The present methodology has been validated experimentally for a wide range of steels. 
Figure 4 illustrates the ability of the constraint model to quantify geometry effects on fracture 
toughness. This plot shows Jc data for an A 36 steel plate at two temperatures in the ductile- 
brittle transition region. At each temperature, the shallow notched specimens ( a / W  = 0.15) 
tend to have higher toughness than the deeply notched specimens. This geometry dependence 
disappears, however, when the data are corrected down to J, sy values. An added benefit of 
this constraint correction is a reduction in data scatter. Referring to Fig. 2, we see that a 
small variability in J, sy can be magnified when the data are plotted in terms of the applied 
J at failure. 

Constraint Correction Equations 

The curves in Fig. 3 have been fit to the following equation 

= 1 + ~b\bcrvs] 

where + and ",/are constants that depend on the strain-hardening exponent. Table 1 lists + 
and ~/values for n = 5, 10, and 50. This equation can be expressed in terms of flow stress 
rather than yield strength by multiplying + by (errs/cry) ~. The following equations express 
+ and -,/as a function of the Ramberg-Osgood exponent 

~b = 0.8425(n) z.z6z (6a) 

",/ = 1.126 + 0.01925n - 8.333 • 10-5(n) 2 (6b) 
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[1,2]. 

These equations are valid for 5 -< n -< 50. Wallin [5] has also fit our results to an equation 
of the form of Eq 5, but his expressions for d~ and ~/are different from Eq 6. 

Of course, the Ramberg-Osgood expression (Eq 4) is merely an idealization of flow 
behavior. Moreover,  there are many instances where it is not possible to fit Eq 4 to a stress- 
strain curve because data for the entire curve are not available. In such cases, an approximate 
relationship between n and the tensile/yield ratio can be applied 

(N)N 
I~TS - 0 ~  
O'vs exp(N) 

(7) 

where N = 1/n. This expression was derived by solving for the tensile instability point in 
Eq 4 and converting true stress to engineering stress. Since the Ramberg-Osgood exponent 
appears in three places in Eq 7, an iterative solution for n is required. 

TABLE 1--Parameters for the constraint correction for three 
Ramberg-Osgood exponents. 

n 0 

5 32.08 1,217 
10 154.2 1.310 
50 5867 1.882 
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FIG. 5--Schematic variation of the effective driving force for cleavage, Jssy, with the apparent driving 

force, J. The effective driving force reaches a plateau, but the simple equation ( Eq 5) exhibits a maximum 
and thus is not valid beyond the maximum point. 

L i m i t a t i o n s  o f  t h e  A p p r o a c h  

Figure  2 indica tes  that  the  e f fec t ive  dr iving force  for  c l eavage ,  Jssy, r eaches  a p la t eau  w h e n  
J is large re la t ive  to  l i gamen t  l eng th  and  yield s t rength .  T h e  s imple  e q u a t i o n  for  J ,  sy ( E q  5),  
h o w e v e r ,  exhib i t s  a m a x i m u m ,  as Fig. 5 i l lustrates .  T h u s  this e q u a t i o n  is only  val id  up  to  
its m a x i m u m .  F igu re  6 i l lus t ra tes  the  val id  range  o f  E q  5 as a func t ion  o f  s t r a in -ha rden ing  
e x p o n e n t .  T h e  val id  range  is l a rges t  for  high h a r d e n i n g  mater ia l s  ( low n).  
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FIG. 6--Nondimensionalized measuring capacity as a function of strain-hardening exponent. The 
limiting J and Jay values correspond to the plateau in Jssy and the maximum in the simple equation (see 
Fig. 5). 
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TABLE 2--Measur ing  capacity for  cleavage fracture in a 1 T 
compact specimen, where b = 25 mm.  Assumed  f low properties: 

n = 10, trvs = 450 MPa, GrTS = 550 MPa. 

K jc , MPa~mm 

IT Compact Specimen Measured Corrected 

Without correction 119 .-- 
With correction 358 178 

Even without the limitations of Eq 5, constraint corrections are not currently possible 
beyond the onset of the Js,y plateau. If a specimen reaches this plateau without failing by 
cleavage, subsequent loading can produce cleavage only if the crack grows by ductile tearing, 
thereby increasing the stress volume and, in turn, increasing Jssy. The present analysis con- 
siders only stationary cracks. Wallin [5,6] has considered the effect of crack growth on Jssy, 
but he makes simple assumptions about the stress field in front of a growing crack. The 
authors are currently performing finite element analysis of growing cracks in an effort to 
extend the existing model into the upper transition region. 

The aforementioned restrictions on the existing constraint correction impose an upper 
limit on the measuring capacity of laboratory specimens, that is, a test specimen is capable 
of quantifying cleavage fracture toughness only up to the plateau in Js~y. Consider, for 
example, a material with n = 10, trys = 450 MPa, and trrs = 550 MPa (typical properties 
for A 533 grade B steel). Table 2 lists the measuring capacity of a 1T compact specimen 
(b = B = 25 mm) made from this material. Fracture toughness is expressed in terms of 
K~r the K equivalent of Jc, defined as 

/ 
LE 

Kjc = ~/1 v 2 (8) 

The first row in Table 2 corresponds t o  the maximum toughness that meets the size re- 
quirements in Eq 3. while the second row lists the K equivalents of the Jc and critical J~sy 
values at the plateau. Note that the constraint correction increases the measuring capacity 
of the specimen. The toughness values in Table 2 correspond roughly to the mid-transition 
region of a reactor pressure vessel steel. Table 3 lists the same information for a precracked 
Charpy specimen, with b - 5 ram. The measuring capacity is more limited in the smaller 
specimen. Without the constraint correction, the maximum K jr value that can be measured 
is 53 MPaX/--mm. which is near the lower shelf. The largest corrected toughness that can be 

TABLE 3 Measuring capacity for  cleavage fracture in a 
precracked Charpy specimen, where b = 5 mm. As sumed  f low 

properties: n = 10, trvs = 450 MPa, trTs = 550 MPa. 

Precracked Charpy Specimen 

Kjc, MPaVm 

Measured Corrected 

Without correction 53 --- 
With correction 160 80 
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measured in the precracked Charpy specimen is 80 MPa~mm. Thus, it is not possible to 
characterize toughness in  the mid to upper transition region with specimens of this size. 

The constraint corrections presented here are based on two-dimensional finite element 
analysis and consider only the effect of finite crack length and ligament effects. The effect 
of the thickness dimension is not explicitly considered here. Experimental data indicate that 
thickness is less important than in-plane effects [4]. Thickness does, however, influence the 
stress volume at the crack tip. The authors are currently performing three-dimensional finite 
element analysis to incorporate thickness effects. 

Summary and Conclusions 

A simple constraint correction was introduced that increases the cleavage fracture tough- 
ness measuring capacity of small specimens. Even with this correction, however, valid 
cleavage fracture toughness measurements are limited to the lower or mid-transition region, 
depending on the specimen size. Current research is aimed at extending this methodology 
to the upper transition region, where cleavage is preceded by stable tearing. The authors 
are also investigating three-dimensional constraint issues. 

A P P E N D I X  

Theoretical Basis of the Constraint Model 

Under small-scale yielding conditions, the crack tip stresses and strains are uniquely 
characterized by J, and the onset of fracture is uniquely defined by a critical value of J, 
irrespective of the micromechanism of failure. When J dominance is lost, the stresses and 
strains no longer increase in proportion to one another, and critical J values are size de- 
pendent. The magnitude of this size dependence depends on the micromechanism of failure. 
For example, a material that fails when a critical strain is reached locally would exhibit a 
different fracture toughness size dependence from a material that fails at a critical local 
stress. 

In order to quantify size effects on fracture toughness, one must assume a local failure 
criterion. In the case of cleavage fracture, a number of micromechanical models have recently 
been proposed, most based on weakest-link statistics. The weakest-link models assume that 
cleavage failure is controlled by the largest or most favorably oriented fracture-triggering 
particle. The actual trigger event involves a local Griffith instability of a microcrack which 
forms from a microstructural feature such as a carbide or inclusion: the Griffith energy 
balance is satisfied when a critical stress is reached in the vicinity of the microcrack. The 
size and location of the critical microstructural feature dictate the fracture toughness: thus 
cleavage toughness is subject to considerable scatter. 

The Griffith instability criterion implies fracture at a critical normal stress near the tip of 
the crack; the statistical sampling nature of cleavage initiation (i.e., the probability of finding 
a critical microstructural feature near the crack tip) suggests that the volume of the process 
zone is also important. Thus, the probability of cleavage fracture in a cracked specimen can 
be expressed in the following general form 

F = F{V(O'l) } (9) 

where F is the failure probability, crl is the maximum principal stress at a point, and V(g~) 
is the cumulative volume sampled where the principal stress is ->g~. Equation 9 is sufficiently 
general to apply to any fracture process controlled by maximum principal stress, not just 
weakest link failure. For a specimen subjected to plane strain conditions. V = BA.  where 
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A is cumulative area on the x-y plane. (This article uses the conventional fracture mechanics 
coordinate axes, where x is the direction of crack propagation, y is normal to the crack 
plane, and z is parallel to the crack front.) For small-scale yielding, dimensional analysis 
shows that the principal stress ahead of the crack tip can be written as 

cr~ = f (  J-J-, 0) (10) 
cro Vror 

where J is the applied J integral as defined by Rice [7], r is the radial distance from the 
crack tip, and 0 is the angle from the crack plane. It can be shown that the HRR singularity 
[8,9] is a special case of Eq 10. When J dominance is lost, there is a relaxation in triaxiality; 
the principal stress at a fixed r and 0 is less than the small-scale yielding value. 

Equation 10 can be inverted to solve for the radius corresponding to a given stress and 
angle 

r(cr,/cro, O) = ~o g(cr, l~o, O) (11) 

Solving for the area inside a specific principal stress contour gives 

j2 
A(e,/Cro) = ~cr---; h(cr,/Cro) (!2) 

where 

= J'2 0)d0 (13) 

Thus for a given stress, the area scales with j2 in the case of small-scale yielding. Under 
large-scale yielding conditions, the specimen or structure experiences a loss in constraint, 
and the area inside a given principal stress contour (at a given J value) is less than predicted 
from small-scale yielding 

12 
A(cr,/cro) = ~---; h(cr,/cro) 

if6 
(14) 

where d9 is a constraint factor that is -<1. Let us define an effective J in large-scale yielding 
that relates the area inside the principal stress contour to the small-scale yielding case 

A(cr,/cro) = (js,y).......~z h(cr, lcro) (18) 

where Jssv is the effective small-scale yielding J, i.e., the value of J that would result in the 
area A(cr~/~o) if the structure were large relative to the plastic zone. Therefore, the ratio 
of the applied J to the effective J is given by 

] ~ (16) 
Lsy 

The small-scale yielding J value (&y) can be viewed as the effective driving force for cleavage, 
while J is the apparent driving force. 
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FIG. 7--Procedure for determining the effective small-scale yielding J integral, J~y for cleavage. 

The procedure for determining J,,y is illustrated schematically in Fig. 7. The dimensionless 
quantity A ~r~/J 2 is plotted against cry/or0 for both the small-scale yielding solution (i.e., 
infinite body) and a finite-size specimen. In the latter case, each value of J gives a different 
curve because d~ varies during deformation; the small-scale yielding curve is invariant since 
~b = 1. The ratio J/J,,y is determined for a given J and g~ value through the ratio of A 
cr~/J 2 values for small- and large-scale yielding, as illustrated in Fig. 7b. 
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DISCUSSION 

Dr. M. P. Manahan,~ (written discussion)--The constraint correction enables testing fur- 
ther into the transition region. How do the results of constraint correction for laboratory 
specimens compare with full section behavior? 

T. L. Anderson and R. H. Dodds (authors ' closure) This depends on what is meant by 
full section behavior. The constraint correction predicts limiting toughness for an infinite 
body. In practical terms, this means that the structural dimensions and the crack size are 
> >  the plastic zone size. However, a structure that contains a shallow crack will lose 
constraint, particularly if the loading is predominantly membrane (as opposed to bending). 
In such cases, the critical J (or K) value in the structure may be higher than in the laboratory 
specimen, and the constraint-corrected value from the laboratory will be overly conservative 
when applied to the structure. Thus, in order to predict structural behavior, we must account 
for constraint loss in both the structure and specimen. Our early work focused on specimen 
geometries, but we are now considering structural geometries such as semi-elliptical surface 
cracks. 

D. J. Alexander 2 (written discussion) (1) Since all of your finite element analyses are 
done in plane strain, how can you justify your comment that thickness effects are second 
order effects? (2) Your finite element meshes are very fine near the crack tip, but quickly 
become much coarser. Is there any possibility that the coarseness of the mesh artificially 
restricts the growth of the plastic zone away from the crack tip and so suppresses the 
development of general yield in your specimens? 

T. L. Anderson and R. H. Dodds (authors' closure) (1) The comment on the relative 
unimportance of thickness is based in part on 3-D finite element results recently obtained 
at the California Institute of Technology. In addition. Kirk et al. [3] performed a series of 
tests in which they systematically varied both thickness and a/W: they observed that tough- 
ness was far more sensitive to crack length. (2) We have performed convergence studies 
which indicate that the mesh design is adequate to capture both the local crack tip stresses 
and the global plastic deformation. Note that although the mesh transitions from very small 

MPM Research and Consulting, 213 Teaberry Circle. State College, PA 16803. 
2 Oak Ridge National Laboratory, PO Box 2008. Oak Ridge, TN 37831-6151. 
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elements to fairly large elements, the transition in size between neighboring elements is 
relatively modest. 

A. Kohyama 3 (written discussion)--What is your impact-tup geometry and how do you 
compensate or normalize the effect of tup geometry? 

T. L. Anderson and R. 14. Dodds (authors" closure)--The present analysis applies only 
to quasi-static loading of cracked specimens. The tup geometry is not a factor here because 
we were considering slow bending of precracked Charpy specimens. We are currently ap- 
plying the methodology to dynamic loading, in which case the tup geometry may prove an 
important variable. 

W. SchmitP (written discussion)--In which way does your J-correction factor take into 
account stable tearing prior to cleavage (i.e., the changing stress-strain field from blunting 
to crack formation)? 

T. L. Anderson and R. H. Dodds (authors' closure)--The constraint correction presented 
in this article applies only to stationary cracks. We have recently extended the model to the 
upper transition region , where ductile tearing precedes cleavage. The results will be published 
in the near future. 

G. Lucas 5 (written discussion)--How sensitive is the mapping of J to Js,y to the assumption 
of the magnitude gx (threshold stress for change)/tr0 (yield stress)? 

T. L. Anderson and R. H. Dodds (authors' closure)--See Fig. 10 of Ref 1 (which was 
not included in this article due to space limitations). This figure illustrates that the ratio 
J/Js,r is insensitive to tr~/cr0 up to roughly a~ro/J = 30. The crack tip stress fields retain a 
self-similar character as long as the crack tip opening displacement (CTOD) is small relative 
to the crack length and ligament length. It is this self similarity which gives rise to a nearly 
constant J/J,,y value over a range of ~r~/~0. 

3 University of Tokyo, Hongo Bunkyo-ku, Tokyo 113, Japan. 
4 Fraunhofer-lnstitut for Werkstoff Mechanik (IWM), Freiburg, Federal Republic of Germany. 
5 Department of Chemical and Nuclear Engineering, University of California, Santa Barbara, Santa 

Barbara, CA 93106. 
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ABSTRACT: The safety assessment of nuclear components requires that fracture mechanics 
material data or curves are available. These data must be measured with suitable specimens 
of the original material for the given condition, i.e., temperature and irradiation. Especially 
for reactor pressure vessel (RPV) weld material, fracture mechanics specimens are not available 
within the irradiation surveillance programs in sufficient number, or, if available, the per- 
formance of accurate fracture mechanics tests in hot cell facilities is extremely difficult. 

New developments in the field of micromechanical material models taking into account the 
ductile damage process characterized by nucleation, growth, and coalescence of voids make 
it possible to determine micromechanieal material parameters from tension tests and finite 
element analyses of notched and smooth specimens. If, in addition, a characteristic length, lc, 
is considered, the ductile fracture resistance behavior of fracture mechanics specimens and, 
hence, J-resistance curves may be predicted. 

Here, the modified Gurson model is applied to calculate a static J-resistance curve for 
irradiated weld material from the results of smooth static tension tests out of the irradiation 
surveillance program of a specific nuclear power plant. Since original material was not available 
in sufficient quantity for fracture mechanics tests, a verification program was conducted com- 
prising tests and analyses of smooth tension specimens and side-grooved compact (CT) and 
wedge opening loading (WOL) X-type specimens of two unirradiated and one irradiated weld 
materials. In every case, the predicted resistance curves are in good agreement with the 
measured curves. 

Following the successful evaluation of static material tests, the first experimental and nu- 
merical steps are presented towards the evaluation of dynamic J-R curves from the results of 
instrumented Charpy tests. 

KEYWORDS: micromechanical material models, fracture toughness, J-resistance curves, 
steel, weld material, irradiation surveillance program, primary circuit, CT specimens, WOL- 
X-specimens, tension test, Charpy test 

In order  to complement  the fracture toughness database for the pressure vessel of a specific 
light water  nuclear  power  plant, the modified Gurson  model  for ductile fracture analysis 
has been applied to tension test data of irradiated weld material  out  of  the surveillance 
program. This rather  new method  is based on developments  by Need leman  and Tvergaard  
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[1] on the basis of the yield condition suggested by Gurson [2]. In this material model the 
plastic flow is influenced by microscopic voids which are represented by a single damage 
parameter, the volume fraction of voids, f .  Numerical and experimental investigations with 
this model [3-5] show that the development of microscopic damage and global plastic 
deformation are well described by the model. 

Gurson introduced a plastic potential applicable to porous solids with the volume fraction 
of voids, f ,  given by 

3(r~(r~ (r _ (1 + f2) = 0 (1) th - 2tr~ + f cosh \2trm] 

where ~r~, is the flow stress of the material, % and tr~ are the components of the stress tensor 
and the deviator, respectively; Einstein's summation convention applies. If no voids are 
present, f = 0, the plastic potential (Eq 1) is identical with the well-known von Mises 
potential. For f = 1, that is, the material consists entirely of voids, all stress components 
have to vanish in order to satisfy Eq 1: the material loses its load-carrying capacity. For 
most of the materials investigated, the coalescence process starts at critical void volume 
fractions, fc, much smaller than one. 

The increase of the volume fraction of voids is caused by the nucleation of new voids and 
by the growth of existing voids. It is described by the following growth rate of f ,  j~ 

= fnur + fgrowth (2) 

3~.~,~,~o. = B(dr m + drkd3) + D ~  (3) 

fg.o~. = (1 - f)'h~k (4) 

where -q~ is the plastic part of the strain tensor. 
The first term in Eq 3 models void nucleation controlled by the maximum normal stress 

at the boundary between second-phase particles and the matrix. The second term models 
void nucleation controlled by the equivalent plastic strain, e~. For the ductile materials of 
this study only strain-controlled void nucleation is considered, B = 0. Equation 4 is derived 
from the plastic incompressibility of the matrix material. 

The Gurson model was implemented in the commercial finite element program ADINA.  
The finite element models of the fracture mechanics specimens consist of 440 isotropic plane 
strain elements with 1461 nodal points in the case of the CT-specimen (628 elements and 
2155 nodes for the WOL-X specimen). A total number of 56 (80) time steps with full Newton 
equilibrium iterations were used. The assumption B = 0 ensures that the total stiffness 
matrix remains symmetric. 

In the vicinity of stress or strain singularities, i.e. in the neighborhood of cracks, the 
critical void volume fraction would be exceeded even at negligibly small loads. Therefore, 
the numerical model must include a characteristic length, Ic, such that the process of coa- 
lescence is active only if f~ is exceeded at least over this distance. The characteristic length, 
It, of this study is evaluated by adjusting the size of the elements around the original crack 
tip in a numerical prediction of cracked (e.g., CT) specimens to fit the experimental results. 
With eight-noded quadratic elements and the 2 by 2-integration scheme, the typical element 
size is about 60 by 100 tam. 

All parameters of the Gurson model have a physical meaning and must be evaluated for 
every material under consideration. For the prediction of the fracture toughness it is in 
many cases sufficient to enter best estimates for some of the parameters which are kept 
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constant throughout the analysisl For the ferritic base material, e.g., the initial volume 
fraction of voids has been identified with the volume fraction, determined from metallo- 
graphic sectioning, of second-phase MnS particles capable of forming voids; according to 
Ref 6, it is assumed that void nucleation follows a normal distribution. The material pa- 
rameter, lc, is related to the distance between the void-forming inclusions. This complete 
set o f  parameters is applied to predict the behavior of cracked specimens, thus yielding 
different J-resistance curves for different specimen geometries. 

Within the irradiation surveillance program of the plant under investigation, not only 
were the usual tension and Charpy specimens included but also fracture mechanics specimens 
of the WOL-X type. All available specimens had been tested in the transition temperature 
range. Due to the relatively small specimen thickness of 25 ram, valid toughness values, 
Kt~, according to the ASTM Test Method for Plane-Strain Fracture Toughness of Metallic 
Materials (E 399-8i) were obtained only at low temperatures. At higher temperatures, 
initiation values of the J-integral, J~, were determined using a potential-drop technique and 
were then converted into toughness values, Kji. Especially for the specimens tested at higher 
temperatures (i.e., 100~ and above), this testing and evaluation method turned out to be 
unreliable and over-conservative, requiring further investigationl Consequently, available 
test records of smooth tension specimens had to be used as a basis for the application of 
the modified Gurson model in order to obtain plant-specific fracture toughness values. 

Validation Program 

Although the method had successfully been applied in a number of cases for ferritic steels 
(base material), the extension to weld material and in particular to irradiated weld material 
implies additional problems because of material inhomogeneities and reduced accuracy of 
measurements in hot-cell facilities. Therefore, a validation program was conducted including 
two unirradiated and one irradiated weld materials typical for German RPVs. 

Material 1 of the first program step is from a simulation weld used in a previous study to 
investigate the warm-prestress effect. Notched and smooth tension tests were performed 
and analyzed. Figure 1 shows the measured and calculated force versus displacement curves 
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FIG. 1--Material  1, smooth tension test: measured and calculated force versus displacement curves. 
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FIG. 2--Material 1, compact specimen: measured and calculated force versus displacement curves. 

for the smooth specimen. From the finite element analysis the set of micromechanical 
material parameters, in particular a critical volume fraction of voids, fc = 0.045, was de- 
termined. These parameters were used to predict the behavior of a compact specimen, Fig. 
2. The calculated J-resistance curve is compared with the evaluation of two experiments in 
Fig. 3. Considering a substantial variation in the experiments, the agreement is satisfactory. 
The length in ligament direction of the near-tip elements was 80 Ixm. 

Since the study of the irradiated weld material (Material 3, below) is complicated by the 
fact that the available fracture mechanics specimens are of the WOL-X type, a number of 
WOL-X specimens of Material 1 were included in the test program. The aim of these 
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FIG. 3--Material 1, compact specimen: measured (two experiments) and calculated J-resistance curves. 
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FIG. 4--Material 1, WOL-X specimen: measured and calculated force versus displacement curves. 

additional tests was not only to check the numerical models employed, but also to optimize 
design of the loading grips for use in the hot cells. Finally, these tests gave an impression 
of the relatively large scatter to be expected from fracture mechanics tests with WOL-X 
specimens. Figure 4 compares the force-displacement diagram of one experiment with the 
numerical prediction: the predicted curve is in good qualitative agreement with the measured 
curve, but the calculated forces exceed the measured forces consistently by about 5%. The 
three measured J-resistance curves for one specimen size and the same material in Fig. 5 
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FIG. 5--Material 1, WOL-X specimen: measured (three experiments) and calculated J-resistance curves. 
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F I G .  6--Material 2, W O L - X  specimen: measured and calculated force versus displacement curves. 

show significant differences in the slopes. As could already be expected from Fig. 4, the 
curve which was predicted from the micromechanical material parameters forms an upper 
bound. The length in ligament direction of the near-tip elements was again 80 txm. 

In the second step, unirradiated specimens out of the original weld material of the plant 
surveillance program were tested (Material 2). From the analysis of a smooth tension test, the 
critical volume fraction of voids, fc = 0.06, was determined. The predicted force-displacement 
curve of a WOL-X specimen in Fig. 6 agrees well with the experimental curve. Figure 7 shows 
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F I G .  7--Material 2." measured (WOL-X) and calculated (CT and WOL-X)  J-resistance curves. 
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FIG. 8--Material 3, smooth tension test: measured and calculated force versus displacement curves. 

good agreement also for the J-resistance curves, at least for small amounts of crack extension, 
Aa. The numerical simulation was also performed for a fictitious compact specimen. The 
resulting J-R curve also agrees very well with the other curves for small Aa. The length in 
ligament direction of the near-tip elements was now 64 Ixm, indicating a smaller value of lc than 
for Material 1. 

Finally, irradiated weld material (Material 3) out of the irradiation surveillance program of 
a different power plant was examined. The experiments were performed by SIEMENS/KWU 
in their hot-cell facilities [7]. Figure 8 shows the measured and calculated force versus diameter- 
change curves of a smooth tension specimen tested at room temperature. From this calculation 
the set of micromechanical material parameters of the material was determined. The critical 
volume fraction of voids was found to be fc = 0.004. At 100~ a fracture mechanics test was 
performed with a WOL-X specimen, yielding a force-displacement curve shown in Fig. 9 and 
a J-resistance curve shown in Fig. 10. The results of the numerical prediction using the micro- 
mechanical material parameters obtained from the tension test agree fairly well with the ex- 
perimental results. 

Summarizing the validation program, it may be concluded that the numerical models em- 
ployed systematically overestimate the stiffness of WOL specimens, especially in the elastic- 
plastic regime, so that the calculated resistance curve in Fig. 10 lies above the measured curve. 
However, bearing in mind that the experimental evaluation scheme of J-resistance curves from 
WOL-type specimens is not very well established because of uncertainties concerning the stiff- 
ness of the loading system, that coincidence is acceptable. However, within the class of materials 
investigated, it was possible to extract relevant micromechanical material parameters from 
smooth tension tests. The characteristic material length, lc, showed only small differences. If 
experiments with CT specimens could be performed, the agreement of prediction and exper- 
iment was usually very good, also quantitatively. 

Evaluation of EOL Weld Material Properties 

The micromechanical material parameters were extracted from the test record of a smooth 
tension specimen tested at 120~C. The specimen had seen a neutron flux of 1.7 �9 ]019 n/cm 2, 
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FIG. 9--Material 3, W O L - X  specimen: measured and calculated force versus displacement curves. 

representing end-of-life conditions. Figure 11 shows the force-displacement diagram of this 
test together with the result of the numerical simulation, yielding a critical volume fraction 
of voids, fc = 0.025. In contrast to the former studies, no fracture mechanics test is available 
to define the characteristic material length, lc. Since lc is assumed to be closely related to 
the average spacing of void-forming inclusions which is not changed by neutron irradiation. 
the near-tip model employed for Material 2. i.e. the original weld material in the unirradiated 
state, was used. 
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FIG. 10 Material 3, W O L - X  specimen: measured and calculated J-resistance curves. 
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FIG. l l - - O r i g i n a l  irradiated weld material, smooth tension test at 120~ measured and calculated 
force versus displacement curves. 

Figure 12 shows the calculated J-resistance curve in comparison with an estimation ac- 
cording to Ref 8, but using plant-specific material data. The calculated curve lies well above 
the conservative estimation and has an initiation value of Ji = 115 N/mm.  As in the ex- 
perimental program mentioned in the introduction, this initiation value was converted into 
a pseudo fracture toughness, Kji = 159 MPaV'--mm. This value is plotted together with Kj~ 
values not rejected from the WOL-X experiments in Fig. 13. It extends the measured values 
to higher temperatures in a very reasonable way. 

In order to evaluate the influence of a few model parameters,  two additional calculations 
were made. First, the influence of the stress-strain curve was examined. Since the curves 

& 

ff 
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0.00 

calculated, new ~ , . . , ~  ~ 

~ ~ -  HSST-correlation 

i i i i ! i 

1 . 0 0  2 . ~  

crack propagation [mm] 
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FIG. 12--Original  irradiated weld material: Calculated ( CT) J-resistance curve compared with con- 
servative approximation. 
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FIG. 13--Original irradiated weld material: Kji value converted from the calculated resistance curve 
in Fig. 12, together with measured data at lower temperatures. 

available for different tests at 120~ do not show much variation, the original curve (Fig. 
11) was arbitrarily changed so that the strain at fracture was reduced by 10%, representing 
a decrease in area reduction by about 30%. Although the decrease in the J-resistance curve 
in Fig. 14 is significant, the initiation value is practically unaffected. 

Finally, the analysis was repeated using the characteristic material length,/c, from (irra- 
diated) Material 3. Again, the calculated resistance curve is lower than the original curve, 
Fig. 15, but in this case the initiation value also seems to be fairly insensitive to the choice 
of l~. 
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FIG. 14--Original irradiated weld material, sensitivity study: influence of arbitrarily reduced fracture 

strain on the calculated J-resistance curve. 
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length, It, on the calculated J-resistance curve. 

Further Activities 

The successful evaluation of the tension test gives rise to the hope that it will be possible 
to extract micromechanical materialparameters in a similar way from instrumented Charpy 
V-notch tests. To achieve this goal, instrumented Charpy tests must reliably be modeled in 
finite element analyses taking into account the rather complicated loading situation and the 
strain rate sensitivity of the material. 
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As first steps in this direction, tension bars machined from a reactor pressure vessel steel, 
German designation 22 NiMoCr 37, equivalent to ASTM 508 C1 2, have been loaded in a 
drop-weight tower at room temperature with initial strain of about 40/s, resulting in strain 
rates of up to 400/s in the necking part. The stresses have been measured with pairs of strain 
gages fixed on the bar, The deformation pattern including the necking process have been 
observed with a Cranz-Schardin high-speed camera throughout the whole loading history 
[9]. Figure 16 compares dynamic true stress versus true strain curves obtained from five 
experiments with a static curve of the same material. Two strain-rate-dependent material 
models are available to analyze these dynamic tests and will now be applied to the numerical 
simulation of the Charpy V-notch test. 
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ABSTRACT: Brittle-to-ductile transition behavior is one important aspect in the material 
behavior of ferritic steels. Because of the many influencing parameters involved, the transition 
behavior is known to cause great difficulties in its theoretical treatment and modeling as well 
as in the development of a sufficiently reliable empirical correlation. In spite of this, some 
means have to be provided to treat or characterize brittle-to-ductile transition behavior in an 
appropriate or at least in an acceptable way, especially for integrity assessments of components. 

In this paper, some basic considerations and treatments of brittle-to-ductile transition, as 
well as relevant influencing parameters and their effects, will be discussed. Also, experimental 
results will be presented and conclusions drawn and new aspects discussed that can have 
significant consequences in the application of structural integrity assessment methods. 

KEYWORDS: fracture, transition behavior 

Material behavior is one of the most important aspects in integrity assessments, especially 
when using fracture mechanics methods. Therefore, fracture mechanics concepts are dif- 
ferentiated by the different fracture behavior of the material, i,e., linear elastic (LEFM), 
elasto-plastic (EPFM), and ductile (tearing modulus). The dominating parameter in material 
behavior is temperature. 

With respect to the characterization of material behavior, within the EPFM regime the 
brittle-to-ductile transition is the most difficult to accomplish. The main reasons for this will 
be described in paragraphs that follow. 

The term "ductile-to-brittle transition temperature" or simply "transition temperature" 
is a somewhat arbitrarily defined temperature in the transition range where a change from 
a crystalline (cleavage) to a fibrous (shear)-appearing fracture can be observed. This is 
usually determined by means of Charpy V-notch impact bend specimens. Commonly used 
definitions are "transition temperature at 50% cleavage/fibrous fracture" or "transition 
temperature at 41 J (30 ft �9 lb) and 68 J (50 ft �9 lb) energy level, respectively." 

Metals crystallizing in a body-centered cubic structure show a strong temperature and 
strain rate dependency in their brittle-to-ductile transition behavior. At low temperatures 
and high strain rates, the pronounced tendency is the brittle behavior, whereas at high 
temperatures and low strain rates, ductile behavior is dominant. Another significant influ- 
encing parameter is the constraint, which reduces the plastic deformation capability of the 
material. 

Institute for Testing and Research in Materials Technology (TVFA), University of Technology, 
A-1040 Vienna, Austria. 

2 Swiss Federal Nuclear Safety Inspectorate (HSK), CH-5232 Villigen-HSK, Switzerland. 
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With brittle behavior, unstable fracture directly follows crack initiation and is accompanied 
by none or very little plastic deformation, whereas with ductile behavior, the fracture, if it 
occurs, is preceded by crack initiation and stable crack growth, i.e., fracture will only be 
possible if additional work is available to further crack growth. 

Unstable brittle (or cleavage) fracture behavior is initiated when the local stress concen- 
tration, such as at a notch or a crack tip, can no longer be accommodated by a local elastic/ 
plastic deformation of the material, i.e., the local elastic/plastic deformation capability of 
the material is exceeded. Ductile fracture is caused by slipping that takes place mostly on 
sites with small inclusions by formation of voids followed by voids coalescence and slow 
tearing of the ligament under a sustained loading condition. 

In the transition range, only limited plastic deformation can take place. Fracture will 
occur in a nonductile manner as described above at a location with high stress concentration 
as soon as plastic deformability at that location is exhausted. One important fact to be noted 
is that in the transition range, big scatter is always found in the required energy to break 
the specimens. This means that the fracture toughness will also show the same behavior. 

Fracture mechanics methods are used widely for integrity assessments of components 
containing crack-like defects. Using the basic principle of fracture mechanics--that is, the 
interrelationship between crack size, load (stress), and fracture resistance of the material 
(the so-called FM triangle)--the critical condition for failure or fracture can be predicted. 
Before starting the assessment, however, several main aspects must be evaluated that directly 
or indirectly influence the FM analysis. The most important of these is the expected material 
behavior. In this respect, it is often forgotten that in the transition region material behavior 
is strongly strain rate and therefore also loading-rate dependent. At the same temperature, 
a specimen or  part of a component will show different behavior under different loading 
conditions. It can show fully ductile behavior in quasi-static loading condition until fracture, 
but can exhibit a nonductile or brittle behavior under dynamic or impact load. In the 
transition region, triaxiality (constraint) effects in large/thick specimens or parts of com- 
ponents will cause reduction of the plastic deformation, i.e., reduce its ductility and show 
a decrease in the fracture toughness. 

The Brittle-to-Ductile Transition Range 

Using the commonly accepted representation of transition temperature of a ferritic steel 
by means of Charpy V-notch impact bend specimens, a so-called transition curve can be 
observed in Fig. 1. A similar but more pronounced behavior, i.e., steeper transition tem- 
perature curves and a narrower transition temperature range, can be observed when pre- 
cracked Charpy-type specimenS are used (see Fig. i). 

In Fig. 2, load deflection curves from instrumented precracked Charpy-type tests according 
to the ASK procedure [1] at different temperatures are shown. One can see the temperature 
dependency of the transition range with change (increase) of "fracture toughness." In the 
first loading phase, load and deflection increase almost linearly as a function of time. With 
linear elastic or brittle behavior, this is immediately followed by an unstable fracture, which 
can be seen as an almost vertical drop of the load in Fig. 2. With ductile material behavior, 
the fracture is preceded by plastic deformotion, and until fracture a smoother curve can be 
observed similar to a tension test curve of a ductile material. 

In a similar way, the strain/loading rate dependency of the transition range can be dem- 
onstrated; with higher loading rate, ferritic steels will "embrittle," i.e., will be less ductile. 
If no embrittlement can be observed with higher loading rate, then the increase of the yield 
strength caused by this higher loading rate must be reflected in the increase of the required 
energy-to-fracture of the specimen, i.e., the fracture toughness also will increase. 
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FIG. 2--Load deflection diagrams for GMA weld metal, testing temperature - 50 to + 40~ loading 
rate O. 1 m/s. All diagrams except that at + 40~ exhibit single and multiple cleavage crack jumps followed 
by arrest. 

Based on theoretical considerations by Becker, Orowan, and Kochend6rfer as described 
by Riihl [2] and experimental results by McGregor and Grossmann [3], Schnadt [4] used 
the relationship 

C 2  
In v = q - -  

T 

to characterize the brittle-to-ductile transition behavior as well as its temperature and strain 
or loading rate dependency (v represents loading rate, c] and c2 are material characteristics, 
and T is the absolute temperature). 

Here Schnadt has represented the temperature and strain rate dependency of fracture 
toughness, using Charpy-type specimens containing a pressed sharp notch with a radius of 
0.005 mm by means of so-called thermovectonic zones. Applying Schnadt's method, such 
a representation is given in Fig. 3, where parameters are shown such as the required energy 
for breaking the specimen (or the path-independent integral J) ,  which is obtained from 
transition curves (Fig. 4) using precracked Charpy-type specimens at different loading rates 
of 5 and 0.1 m/s. 

TABLE 1--Chemical composition of  the base metal and the solid welding wire. 

wt% 

Material Type C Si Mn P S Mo Ni 

Base metal E 355 DD 0.16 0.37 1.41 0.016 0.026 0.007 
Wire B/O MnSi 0.07 0.96 1.54 0.007 0.019 
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FIG. 3--The loading rate and testing temperature dependence at different impact strength, ak, levels. 
Pos. A represents the greatest possible amount of primary, coarse grain, whereas pos. B includes the 
highest proportion of secondary, fine grain in the fracture path. 

The general "accepted" rule that with increasing strain rate "embrittlement" will take 
place, which means that the originally obtained fracture toughness will only be attained at 
higher temperature with higher loading rate, is reflected in the lower part of the transition 
region. However, in the upper part of the transition region close to the upper shelf, where 
this "embrittlement" will no longer be effective, the inverse is observed. The originally 
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FIG. 4--Typical mean transition curves as the result o f  testing precracked Charpy-type specimens, pos. 
A and B of  weld metal using steel E 355 DD as base metal and wire B /O as consumable. 

obtained fracture toughness at a certain temperature can be attained at a lower temperature 
when higher loading rate is applied. This is shown in Fig. 3, where results from two different 
positions of MAG weld metal, see Table 1, are represented. It must be noted that the type 
of material, product form, and its microstructure also influence the parameters. 

The instrumented precracked Charpy-type test used here (Fig. 5a) also allows the deter- 
mination of the load at the time of crack arrest, if this occurs. This so-called "crack arrest 
load" (CAL) can be used in the development of a criterion for the determination of the 
arrestability of a running brittle (or cleavage) fracture. From this CAL (see Fig. 2) load 
deflection diagrams at - 2 0  and 0~ a crack arrest fracture toughness, K~a, can be derived. 
In addition to this, based on the crack tip opening (CTOD), an alternative KI, [similar to 
the ASTM Test Method for Determining the Plane-Strain Crack Arrest Fracture Toughness 
K,~ of Ferritic Steels (E 1221)] can also be calculated. 
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FIG. 5 Three-point bend specimen geometries: (a) precracked Charpy-type specimen according to 
ASK AN 425 Rev. 1 (notch root radius reduced to 0.05 mml. Size of notch plus precrack 2.5 to 5.0 mm: 
(b) crack arrest specimen of W = 2B. three-point bending of larger ligament than with the Charpy 
specimen geometry. 

For many applications, e.g., integrity assessments, knowledge of the temperature above 
which ductile behavior of the component will prevail and therefore nonductile or brittle 
behavior can be disregarded, the so-defined "upper shelf temperature limit" (USTL) is very 
important. The "cleavage fracture length" (CFL), defined as the length of cleavage crack 
jump between initiation and arrest (Fig. 6) (in an instrumented precracked Charpy-type 
test), decreases with increasing temperature until as in our case both the CFL and the 
corresponding load drop disappear completely at 40~ One way to determine this USTL. 
as can be seen from Fig. 2. is by plotting the "maximum attainable elastic load" and the 
"crack arrest load," with the corresponding temperature: The point of intersection of these 
two curves will give us this USTL. The application of this approach is shown in Fig. 7 for 
Ck 35 type of steel [5]. The accuracy of determination can be further improved by using 
more specimens and by statistical treatment of the results. 
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FIG. 6--Fracture surface of precracked Charpy-type specimen. Two cleavage areas, reflecting the light 
(if appropriate grain separations are present), are visible here; these cause two jumps in crack propagation 
and result in load drops. In Fig. 2, the corresponding load deflection diagram at O~ is shown. 

The Use of Fracture Mechanics Parameters Obtained from Small-Size Specimens 

ASTM E 399 [Test Method for Plane-Strain Fracture Toughness of Metallic Materials] is 
presently the test standard that has worldwide acceptance for determination of a valid LEFM 
fracture toughness. The validity criteria regarding the specimen size, configuration, and 
preparation are given there. Other standards for LEFM as well as for EPFM applications 
exist, such as BS 5762 and ASTM E 1290 [Test Method for Crack-Tip Opening Displacement 
(CTOD) Fracture Toughness Measurement] for crack opening displacement (COD) and 
crack tip opening displacement (CTOD) testing, respectively, and ASTM E 813 [Test Method 
for J~c, a Measure of Fracture Toughness] and EGF P1-90 for ductile material testing. Here 
also similar validity criteria are stipulated. The general principle is that the specimen ge- 
ometry (thickness) used to determine fracture toughness must show the same material 
behavior as the component being assessed. Thus the use of a full (component) thickness 
specimen is usually of primary importance. Experience has shown that the use of side grooves 
in "small" specimens can increase the range of applicability of these specimens because side 
grooves will increase triaxiality (constraint) and tend to give lower, more conservative 
toughness values. For  the EPFM application, however, it should be ascertained that no 
intolerable amount of plastic deformation precedes fracture of specimens. This is more the 
concern of a J-type of test according to ASTM E 813 than with the COD-type test according 
to BS 5762, since COD tests usually show only little crack tip deformation differences due 
to specimen size effects up to initiation. 

In the application of different FM concepts, different rules are presently used to determine 
fracture toughness or fracture resistance. In the LEFM concept, e.g., in the so-called 5% 
secant rule (ASTM E 399 paragraph 9.1.1 and 9.1.2), validity criteria have to be applied 
to qualify a K~c test result. However, for COD and J-integral determination, no such criteria 
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FIG. 7--The maximum attainable elastic load and the crack arrest load ( CAL ) in function of tem- 

perature. The point of  intersection of the two curveS defines the upper shelf temperature limit (USTL) 
above which no crack jump, i.e., conversion ductile to brittle, exists. 

for a valid test exist; that is, should a crack remain stable (show a stable crack growth) or 
should a crack show an unstable cleavage behavior in order that the test result can be 
qualified as a valid COD or J-value? 

The resistance (R)-curve approach is applied in the ductile region, mainly to make use 
of the observed phenomenon that with increasing crack length the required work for ex- 
tending the crack also increases, i .e.,  the J-integral as defined increases with crack length. 
Because of the limited and much smaller expansion possibility of its plastic zone as well as 
the much lower triaxiality of the stress state in small specimens, their R-curves are shallower 
than those obtained with larger (thicker) specimens. From this aspect, the application of R- 
curves from small specimens for components with thicker sections is conservative. However,  
this is only true if it can be ascertained that the work (area under the load deflection curve) 
required to extend the crack stems mainly from the increase of the plastic zone and is not 
due mainly to deflection of the small specimen. Also, it must be shown that neither in small 
specimens nor in the thicker component sections can cleavage fracture occur. This is because 
if cleavage fracture occurs, the R-curve has a discontinuity and can no longer be used as 
defined. If such a behavior is to be expected in a component,  especially in the transition 
region, the point of initiation or reinitiation cannot be determined or predicted in a deter- 
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ministic way. In such a case, the transferability of valid R-curves from small specimens to 
larger (thicker) parts of a component cannot be assured. Therefore, one important fact must 
be noted here: R-curves can only be applied correctly and sensibly if a mode conversion 
during crack extension from ductile-to-brittle fracture can be excluded. 

Cases or boundary conditions may exist where crack initiation cannot be excluded or 
prevented, e.g., where one is unable to determine the weakest location, its material structure, 
and fracture resistance in a component. For a ductile region, usually the R-curve approach 
is applied and the cautions mentioned above should be taken into account. For the transition 
region with mixed-mode material behavior, unstable brittle (or cleavage) crack initiation 
may occur. In this case, integrity or safety of the component can only be shown if timely 
crack arrest will prevail. In the remaining ligament, the crack arrest fracture toughness 
becomes the only available material property to demonstrate safety. 

The ASTM E 1221 standard gives a test method and procedure to determine a plane 
strain crack arrest toughness, Kta, using a compact crack arrest (CCA) specimen. As a 
supplement to this, a test method using small three-point bend specimens according to Fig. 
5b was developed at TVFA [6]. Similar to the CCA specimen, the crack initiation starter 
is made of a notched brittle weld. If that instrumentation is used, it is possible to measure 
adequately and reliably an effective load at crack arrest and Kta can be determined, re- 
spectively calculated by using an appropriate calibration function, as in Fig. 8: ~ represents 
crack mouth opening displacement, E '  the modulus of elasticity ]plane strain; E '  = 
E/(1  - rE)], a the crack length, and v being Poisson's ratio (or according to ASTM E 1221 
based on crack opening displacement). However, it has to be verified that the remaining 
ligament of the specimen effectively has the required load-carrying capability. 

Crack arrest fracture toughness, K~a, test results within the ASTM round-robin test for 
the development of the E 1221 standard using CCA specimens and TVFA three-point bend- 
specimen test results on A 533 Gr. B C1.1 steel are shown in Fig. 9. It can be seen that all 
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K,a-values obtained above a / W  = 0.7 are within the same scatter band. Below a / W  = 0.7, 
the three-point bend specimens give more conservative results [6]. 

Final Remarks  

In the application of fracture mechanics methods for integrity assessments, knowledge of 
expected material behavior in components to be assessed is of decisive importance. Problems 
arise when the expected material behavior lies in transition temperature regions, because 
in these cases mixed-mode behavior from brittle (cleavage) to ductile (fibrous) behavior can 
exist during the fracture process depending on environmental and loading conditions. 

The use of the instrumented precracked Charpy-type (small-size) specimen test can aid 
in characterizing material fracture behavior better when using fracture mechanics methods. 
Loading rate and temperature effects as well as cleavage and crack arrest behavior can be 
readily investigated. 

Also. a so-called upper shelf temperature limit (USTL) can be defined and used to aid 
in the characterization of expected material behavior, which is essential for R-curve appli- 
cations. 

The authors are indebted to R. Lechner. Dipl.-Ing.,  for his help in preparing the manu- 
script. 
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ABSTRACT: Special fixtures and test methods have been developed for testing small disk 
compact specimens (12.5 mm in diameter by 4.6 mm thick). Both unloading compliance and 
potential drop methods have been used to monitor crack extension during the J-integral 
resistance (J-R) curve testing. Provisions have been made to allow the necessary probes and 
instrumentation to be installed remotely using manipulators for testing irradiated specimens 
in a hot cell. Laboratory trials showed that both unloading compliance and potential drop 
gave useful results. Both techniques gave similar data and predicted the final crack extension 
within allowable limits. The results from the small disk compact specimens were similar to 
results from conventional compact specimens 12.7 mm thick. However, the slopes of the J-R 
curves from the larger specimens were lower, suggesting that the smaller disk compact spec- 
imens may have lost some constraint due to their size. The testing shows that it should be 
possible to generate useful J-R curve fracture toughness data from the small disk compact 
specimens. 

KEYWORDS: disk compact specimen, fracture toughness, irradiation effects, test methods, 
unloading compliance, potential drop, crack extension, J-integral resistance curves, J-R curves, 
clip gage 

Candidate materials are being evaluated for the first-wall structure in the International 
Thermonuclear Experimental Reactor (ITER).  Current estimates of the operating temper- 
atures indicate that the structure will operate below about 300~ One of the materials 
proposed for the first wall is type 316 stainless steel. Very little information is available on 
the effects of irradiation at these low temperatures on the mechanical properties of austenitic 
stainless steels, particularly the fracture toughness [1]. Therefore,  work is under way at Oak 
Ridge National Laboratory (ORNL) to measure the effect of irradiation on the fracture 
toughness of a variety of austenitic stainless steels. This paper describes some of the tech- 
niques that have been developed for this testing and presents some preliminary results from 
unirradiated material and comparisons with larger conventional specimens. 

The irradiations for these experiments are being conducted at the High Flux Isotope 
Reactor (HFIR) at ORNL due to the reactor availability and the high fluxes present in the 
HFIR target region. However, achieving the necessary low irradiation temperatures (60 and 
300~ placed severe restrictions on the specimen geometry. The gamma heating from the 
high-flux irradiation and the limited cooling available from the reactor cooling water required 
a very small specimen size to attain the lowest irradiation temperature. To use the HFIR 
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target region efficiently, it was necessary to adopt a circular specimen geometry for the 
fracture toughness specimens. Therefore, the disk compact specimen geometry was chosen. 
This is an accepted specimen geometry for K~c measurements (ASTM Test Method for Plane- 
Strain Fracture Toughness of Metallic Materials, E 399-90), but is not yet included in the 
standards for J-integral-resistance (J-R) curve testing (ASTM Test Method for J~c, A Measure 
of Fracture Toughness, E 813-89, or ASTM Test Method for Determining J-R Curves, 
E 1152-87). These standards presently allow only conventional rectangular compact speci- 
mens or bend bars; however, the disk and rectangular compact specimens are very similar 
in geometry, and J-R data can be correctly determined from each if the appropriate com- 
pliance expressions are used. Preliminary experiments [2] indicated that useful data could 
be generated in the laboratory from small disk compact specimens. 

The heat transfer calculations performed at ORNL and the size limitations imposed by 
the HFIR target region characteristics resulted in the selection of a specimen diameter and 
thickness of 12.5 and 4.63 mm (0.492 and 0.182 in.), respectively. This very small specimen 
size would demand special techniques for testing. 

There are two conventional methods employed in J-R testing for monitoring crack growth 
during the test: unloading compliance and potential drop. Unloading compliance (UC) 
requires periodic partial unloadings of the specimen to determine the specimen compliance, 
from which the crack length and extension are calculated. This technique demands high 
accuracy for the measurement of the load-displacement data in order to determine the correct 
compliance values and hence crack extensions. The second method, potential drop (PD), 
imposes a constant current across the specimen and measures the changing resistance of the 
unbroken ligament as the crack extends. This resistance change is used to determine the 
crack length. Less accurate displacement measurements are necessary than with UC testing, 
as the displacement is used only to calculate the energy required for crack extension, and 
this calculation is less sensitive to the displacement measurement than are the compliance 
measurements necessary for UC determination of crack growth. UC measurements for 
irradiated specimens have been successfully done at ORNL, and much more experience had 
been accumulated in testing unirradiated material with UC than with PD. However, the 
small specimen size precluded the use of conventional displacement measuring methods 
available at ORNL, so it was decided to pursue both the UC and the PD techniques in case 
one of the methods proved to be impractical for remote testing in a hot cell. 

Test Methods 

The UC tecl~nique requires accurate measurement of the specimen displacements. The 
usual technique for measuring the displacements along the specimen load line is to fabricate 
the specimen with a cutout that allows a clip gage to be inserted between the loading pin 
holes to the load line, where it seats on knife edges fastened along the load line on the sides 
of the notch cutout. An example of the resultant specimen geometry is shown in Fig. 1 for 
a compact specimen 12.7 mm thick (0.5 in.) [designated 0.5 T C(T)]. However, the disk 
compact specimen is much smaller, with a thickness of only 4.6 mm (0.18 in.). [This disk 
compact specimen is thus designated 0.18 T DC(T)]. As a result, there is not sufficient room 
between the loading holes for a cutout to allow a clip gage to be inserted to the load line. 
Therefore, grooves were machined on the outer edge of the specimen above and below the 
loading holes (see Fig. 1) so that the load line displacement could still be measured directly, 
but outside the loading holes rather than in between them. The grooves had an included 
angle of 60 ~ with a depth of 0.5 mm (0.020 in.) and a root radius of 0.05 mm (0.002 in.). 
A robust and rugged yet highly accurate clip gage that could be handled by manipulators 
was designed. The gage included knife edges that would seat in the grooves. This clip gage, 
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FIG. 1--A comparison of a conventional 1/2 T compact specimen (left) and the 0.18 T disk compact 
specimen (right). Note the cutout in the compact specimen to allow a clip gage to be inserted to the load 
line between the loading holes. The disk compact has notches outside the loading holes for the outboard 
clip gage. 

termed an "outboard" gage since it was attached outside of the loading holes, contained a 
central flexural beam on which four strain gages were attached for a full-bridge measurement 
of the strains and hence the displacement. Figure 2 shows the outboard gage attached to 
one of the disk compact specimens. 

There appeared to be only two drawbacks to the outboard gage: possible difficulties in 
using manipulators to remotely mount the gage on the specimens and possible damage to 
the gage if the specimen fractured suddenly during testing. Trials in the hot cells have shown 
that the gage can be handled with manipulators and the knife edges seated in the specimen 

FIG. 2--The outboard clip gage seated on the disk compact specimen. The central flexural beam has 
four strain gages for the measurement of the displacements. The back end of  the gage will allow handling 
with a manipulator: The gap at the rear of the gage is designed to provide overtravel protection if the 
specimen fractures suddenly during testing. 
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grooves. The problem of gage damage was addressed by providing overtravel stops on the 
back end of the gage. Hopefully, if the specimen did suddenly fracture and the servohydraulic 
test machine did not prevent a rapid separation of the grips and opening of the gage, the 
stops would prevent the central fiexural beam from being permanently deformed and dam- 
aged, It was hoped that the knife edges would either slip out of the grooves or perhaps 
break off where they are attached to the gage arms, thus preventing damage to the gage. 

The PD setup presented much greater difficulties. Four probes would have to be attached 
to each specimen: two for the constant current and two to monitor the changing voltage 
drop across the specimen ligament. Current input and output locations were chosen at the 
top and bottom of the specimen along the centerline, and the crack monitoring probes were 
located 15 ~ above and below the crack plane, on the front edge of the specimen, where 
drilled and tapped holes could be located without damaging the loading holes. It was decided 
to forgo two additional probes for a reference measurement to reduce the number of con- 
nections that would have to be made in the hot cell. Instead, a second specimen would be 
connected in series with the test specimen, and the crack monitor signal from the dummy 
specimen would be used for a reference signal. 

A PD calibration function was developed from measurements on thin aluminum mockups 
of the disk compact geometry. The specimen diameter was increased to 137.2 mm (5.4 in.) 
but the thickness was 3.2 mm (0.125 in.). Crack extension was simulated by slitting with a 
thin saw blade. The current and voltage readings were recorded at increments in the crack 
length to specimen width ratio ( a / W )  of about 0.05, for a / W  values from 0.25 (the initial 
machined notch depth) to roughly 0.9. The voltage values were then normalized by the 
voltage value at a / W  of 0.25 and fit with a third-order polynomial, given by 

a / W  = -0.261198 + 0.6237(V/Vo)  - O.118315(V/Vo) 2 + O.O08512(V/Vo) 3 (1) 

where a / W  is the crack length, V is the measured voltage, and V0 is the voltage for the 
specimen at a crack length of a / W  = 0.25. This gave a correlation coefficient greater than 
0.9999. During testing, an uncracked specimen would be used for the reference measurement 
to provide the value of the voltage at a / W  = 0.25. 

Attaching the probes would be simple in the laboratory, but much more difficult remotely 
in the hot cell. A fixture and special tools were designed to assist the manipulator operators 
in this task (Fig. 3). The specimen would be located in a special fixture to align the predrilled 
and tapped holes in the specimen with the threaded probes. The fixture would prevent the 
probes from being cross threaded. The initial prototype of the fixture was machined from 
clear plexiglass simply for expediency; however, it was realized that the transparency of the 
plastic was helpful in the assembly and desirable. The stainless steel probes were machined 
with hex heads, and a nutdriver would be used to attach them. The sequence of operations 
required to attach the probes is shown in Fig. 4. The top half of the fixture has been removed 
for clarity. The specimen would be placed in the central recess (Fig. 4a), and a thin piece 
of shim stock (omitted for clarity) would be inserted in the fixture slit and the specimen 
notch to properly align the specimen. The original proposal suggested that the probes be 
placed into the appropriate hole as Shown in Fig. 4b. but it was realized that a better method 
would be to first load the probe into the shaft of the nutdriver, which was drilled out to 
allow the probe to slide into the nutdriver until the hex fiats were engaged. The nutdriver 
would be inserted into the appropriate hole (Fig. 4c) and then rotated until the probe was 
secured. The process would be repeated until all four probes were attached (Fig. 4d). The 
specimen and probes would then be removed from the fixture (Fig. 4e). The final step would 
be to attach the proper leads to the probes (Fig. 4f). The leads would have fittings designrd 
to slide onto the probes. The fittings on the leads were obtained by stripping the plastic 
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FIG. 3--The fixtures, probes, and tools used for assembly of the potential drop setup. 

coating from female banana plugs and soldering the internal connector to the lead wires. 
The probe diameters matched the corresponding male banana plugs. This provided an 
effective electrical connection that could be assembled with manipulators. 

The nutdriver for attaching the probes is shown in Fig. 5. To facilitate handling the 
nutdriver, cross pieces were added to the handle by drilling through two offset holes 90 ~ 
apart near the end of the handle and pressing thin rods through these holes. These cross 
pieces prevent the nutdriver from rolling when it is laid down and also hold the handle of 

FIG. 4--The sequence of operations required for the attachment of the potential drop probes to the 
disk compact specimen. 
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FIG. 5--The modified nutdriver used for attaching the probes to the disk compact specimen. Note the 
cross pieces at the end of the handle and the slip coupling inserted on the shaft. 

the nutdriver up so that the manipulator can easily grasp the nutdriver. The primary function 
of the cross pieces is to allow the nutdriver to be rotated for screwing in the probes. An 
additional modification was the addition of a slip coupling with an adjustable torque setting 
on the shaft of the nutdriver (Fig. 5). The slip coupling was inserted by cutting the shaft of 
the nutdriver near the handle. A suitable torque level was determined by trial and error in 
the laboratory. The slip coupling would prevent inadvertent overtightening and twisting off 
of the fragile threaded probes as they were attached to the specimen. This would be very 
likely with the manipulators necessary for the attachment, as they do not transmit much 
"feel" back to the manipulator operator. 

The completed assembly of the probes and clip gage on the specimen is shown in Fig. 6. 
This entire assembly would then be inserted into clevises for the fracture testing. The clevises 

FIG. 6--A view of the complete assembly showing the potential drop probes and lead wires and the 
unloading compliance clip gage. The clip gage has a protective shield mounted over the middle flexural 
member to protect the strain gages. 
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would have a wider and deeper slot than normal to facilitate the insertion of the specimen 
assembly with manipulators. This would also reduce the likelihood of accidental contact of 
the leads with the legs of the clevises that would result in changes in the electrical signals 
or rubbing of the clip gage against the clevis that would distort the displacement measure- 
ments. 

The disk compact specimen and the outboard clip gage have been successfully mounted 
in the load train of the servohydraulic test machine in the hot cell using manipulators. No 
additional fixturing was required to align the specimen assembly with the grips so that the 
loading pins could be inserted. The pins were made with one end tapered and an offset 
block on the other end for handling with the manipulator. The clip gage was first attached 
to the specimen and examined to be sure that the knife edges were seated in the grooves. 
The operator then grasped one arm of the clip gage with the manipulator and inserted the 
specimen in the load train. Inserting the pins through the loading holes was difficult, but 
was possible without needing special fixtures. No attempt has been made to attach the PD 
leads in the hot cell. 

Laboratory Trials and Discussion of Results 

Several trials have been conducted in the laboratory to compare the UC and PD techniques 
on the 0.18 T DC(T) specimens and to compare these results to UC data from 0.5 T C(T) 
specimens of the same material. Specimens of both geometries were machined from the 
same 14-mm-thick (0.55-in.) plate of annealed type 316 stainless steel from the National 
Fusion Reference Heat X15893. The specimens were oriented in the T-L orientation so that 
crack growth was in the rolling direction. All specimens were taken from the center of the 
plate thickness. The specimens were precracked at room temperature with a final maximum 
stress intensity of approximately 22 MPaV'm (20 ksiX/in.). A chevron notch was used for 
both specimens to assist crack initiation and maintain crack front straightness during pre- 
cracking. The DC(T) and C(T) specimens were precracked to nominal a / W  values of 0.5 
and 0.6, respectively. The specimens were then side grooved 10% of their thickness on each 
side (20% total) with an included angle of 45 ~ and a root radius of 0.25 mm (0.010 in.) or 
0.10 mm (0.004 in.) for the C(T) and DC(T) specimens, respectively. The side grooves 
would suppress the development of slant shear fracture. 

All tests were conducted at room temperature, and the manufacturer's values of 260 and 
560 MPa (38 and 81 ksi) were used for the yield and ultimate tensile strengths, respectively, 
in calculating the blunting lines for the data analyses. Values of 193 GPa (28 000 ksi) and 
0.3 were assumed for the elastic modulus and Poisson's ratio, respectively. Tests were 
conducted in general accordance with E 813-89 and E 1152-87 using a computer-controlled 
testing and data acquisition system described elsewhere [3]. After completion of the test, 
the specimens were heat tinted to mark the final crack position by placing them on a hot 
plate and heating them until a noticeable color change was evident. The specimens were 
then cooled to room temperature and broken open. The initial and final crack lengths were 
measured with the aid of a measuring microscope, and the crack lengths were calculated by 
the nine-point average method. 

An electrical isolation grip was used in the top of the loading train to insure that the test 
machine would not provide an alternate current path for the potential during the testing. 
Measurements of the potential showed that attaching the clip gage resulted in a slight shift 
(about 2% ) in the apparent crack length calculated from the potential drop due to current 
traveling through the body of the clip gage. No correction was made for this small error. 

A problem with the analysis of potential drop measurements is the determination of the 
initiation of crack growth. There may be significant changes in the potential drop signal 
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FIG. 7--A plot of the voltage ratio versus the load line displacement for one of the disk compact 
specimens, The straight line is used to assist the selection of the point of initial deviation from linearity. 
The vertical line shows the point selected as the beginning of crack extension. 

prior to actual crack growth. In order to determine when crack growth begins, during the 
analysis routine the voltage ratio (the potential of the test specimen divided by the potential 
from the reference specimen) is plotted against the load line displacement. A typical example 
is shown in Fig. 7. There is an initial linear portion with a subsequent deviation from this 
linearity. This deviation from linearity is taken as the beginning of crack extension [4-6]. 
During the posttest analysis, the computer program allows the operator to interactively 
position a straight line through the data to assist in determining the initial deviation from 
linearity. The data prior to this point are assigned to the calculated blunting line, and crack 
extension is then calculated from this point on. As Fig. 7 shows, this material showed a 
sharp and distinct break, making the choice for the beginning of crack extension a simple 
one. The potential drop data shown in Fig. 7 are the average of sixty readings of the voltage 
taken during pauses in the test while the computer program performed calculations for the 
unloading compliance testing. Data were also taken continuously during the test and showed 
excellent agreement with the data taken during the pauses. 

The UC and PD data gave very similar results for the DC(T) specimens. An example of 
the results is shown in Fig. 8. Both techniques show similar final crack extensions and pre- 
dicted the measured final crack extension to within the 15% allowed by ASTM E 813-89. 
This excellent agreement between the two techniques provided further justification for 
the method used to determine the initiation of crack growth from the potential drop data. 
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FIG. 8--An example of the J-R curves from a disk compact specimen, showing excellent agreement 
between the data from unloading compliance and that from potential drop. Both methods predict the 
measured final crack extension (shown by the vertical dashed line) quite well. The solid triangles show 
the calculated critical J values. 

The load-displacement curves showed little or no hysteresis during the unload-load cycles 
until near the end of the test. The cause of this hysteresis late in the test is unclear. It may 
be caused by the knife edges contacting the sides of the grooves as the specimen opens or 
by rotation of the loading pins causing them to ride up the sides of the pin holes in the 
grips, although loading flats were provided in the clevises. Neither of these possibilities 
seems very likely as the specimens fractured without gross changes of geometry. Perhaps 
90 ~ grooves would be better than the 60 ~ used for these specimens. This problem will be 
examined with additional testing, although it does not seem to have harmed the quality of 
the data. 

The material tested showed some scatter in the toughness, as is shown in Fig. 9. These 
identical specimens show very different fracture behaviors. Specimen DC9 shows a greater 
Jk value and a higher J-R curve than does specimen DC2. The fracture toughness and tearing 
modulus values from all of the specimens tested are shown in Table 1. This table also 
includes the results from the 0.5 T C(T) specimens. 

The thicker C(T) specimens gave results similar to the low toughness DC(T) specimens. 
In general, the J~c values were similar, but the J-R curves for the thicker specimens were 
flatter, giving lower values of the tearing modulus (see Table 1). A comparison of the results 
for the two specimens types is shown in Fig. 10. 
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F I G .  9 - - J - R  curves obtained by the unloading compliance technique from two apparently identical 
disk compact specimens, showing that some scatter was observed from replicate tests. Both tests showed 
good agreement between measured and predicted crack extensions. 

The toughness values are surprisingly low for an annealed austenitic stainless steel. The 
tearing modulus values measured with the C(T) specimens are also very low. This low 
resistance to fracture resulted in very little distortion of the specimens. The fracture surfaces 
from two of the disk compact specimens are shown in Fig. 11. The low toughness resulted 
in very flat fracture surfaces and very little lateral contraction of the specimens ahead of 

T A B L E  1--Fracture toughness results. 

]e Kj 
Specimen Specimen Crack Extension Tearing Crack Extension 
Number Type Method" kJ/m 2 in.-lb/in. 2 MPa~/m ksi~/in. Modulus Agreement,  b % 

DC5 c Disk compact UC 63 356 110 100 15 - 9 . 0  
DC9 Disk compact UC 58 329 106 96 22 - 9 . 6  
DC2 Disk compact UC 36 207 84 76 24 - 10.0 

Disk compact PD 38 218 86 78 23 - 14.8 
DCI6 Disk compact UC 46 262 94 86 17 - 13.4 

Disk compact PD 44 254 93 84 21 - 17.0 
CT04 Compact UC 36 203 83 75 10 - 13.8 
CT07 Compact UC 34 196 81 74 18 - 10.0 

" UC = unloading compliance; PD = potential drop. 
b Negative agreement indicates predicted crack extension was less than actual measured crack extension. 
c Noticeable backup (apparent negative crack extension) reported at beginning of test, 
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FIG. 10--A comparison between the J-R curves obtained by unloading compliance from 1/2 T compact 
specimens and the 0.18 T disk compact specimens. The compact specimens gave similar J~c values, but 
the J-R curves had lower slopes (lower tearing moduli). 

FIG. 11--Fracture surfaces from two of  the disk compact specimens. Note the chevron notch to assist 
in precracking, and the side grooves added after precracking was finished. The fracture surface shows 
that Crack growth occurred with slight tunneling, but there was little distortion of  the specimens" shape. 
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the crack front. This lack of change in the specimen geometry may have helped the agreement 
between the different specimen types. The low toughness favors fracture rather than the 
growth of a large plastic zone. A large plastic zone would have relieved the stresses ahead 
of the crack tip and interacted more readily with the edges of the small disk compact than 
with those of the larger compact specimen for similar levels of stress intensity. Thus, the 
good agreement between these two specimen types may not extend to tougher materials. 
Further trials are planned with a tougher material. However, the good agreement between 
the two specimen types is very encouraging for the planned irradiation program, as the 
irradiation is expected to result in high strength and low toughness for the stainless steels. 
Thus the small disk compact specimen should provide useful data. 

Conclusions 

Special tools, fixtures, and instrumentation have been developed to permit both UC and 
PD measurements to be made on small disk compact specimens. The techniques are ap- 
parently suitable for remote operation with manipulators. Laboratory trials have shown that 
both methods give similar results. In addition, these results are in good agreement with 
results from UC testing of larger conventional compact specimens. These methods will be 
used to determine the effects of low-temperature irradiation on the fracture toughness of 
candidate stainless steel alloys for the first wall of a fusion reactor. 
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DISCUSSION 

F. H. Huang ~ (written discussion ) - -How do you calculate the crack extensions from po- 
tential outputs? Can you show potential outputs versus displacement curves? Do you use 
an electric potential calibration curve (a-v)? 

D. J. Alexander (author's closure)--The crack extensions are calculated from the measured 
potential using Eq 1. As Fig. 7 shows, there are changes in potential at the beginning of 
the test. Data prior to the point chosen as the beginning of crack extension are forced to 
fit along the calculated blunting line. After this point, the potential determines the crack 
extension. During the posttest analysis the potential is multiplied by a factor to force agree- 
ment between the initial crack length measured from the fracture surface plus the crack 
extension due to blunting, and the crack length calculated from the potential at the point 
chosen to indicate the beginning of crack extension. This same factor is used for the remainder 
of the PD data. An example of the voltage-displacement curve is shown in Fig. 7. The 
continuous PD data agree very well with the discrete points shown in this figure. 

M. L. Hamilton 2 (written discussion ) - -Do you expect any deleterious effect on the strain 
gages from the radiation field from the highly activated specimens irradiated in HFIR? 

D. J. Alexander (author's closure)--We have tested many irradiated steel specimens in 
hot cells using similarly strain-gaged clip gages, and the gages have not been adversely 
affected by the irradiation levels. The stainless steel specimens will be irradiated to higher 
levels than the previous steel specimens, but will be much smaller. If the radiation damages 
the strain gages, we will have to replace the clip gage as necessary. 

M. P. Manahan 3 (written discussion)--In your J-R curves, you plot EP measured data 
(which is measured prior to crack initiation) along the blunting line. Since the EP response 
prior to initiation is influenced by several factors other than crack tip blunting, would it not 
be better to discard the EP data prior to initiation and plot the initiation point at Aa = 0? 

D. J. Alexander (author's closure)--In effect, we do discard the data prior to initiation; 
at least, we do not consider the (possibly) large changes in electric potential to be entirely 
due to crack extension. However, there must be crack blunting prior to actual crack exten- 
sion, as the unloading compliance data shows, and therefore it seems more reasonable to 
allow for some apparent crack growth due to blunting by plotting the data along the blunting 
line rather than suggesting that there is no crack extension at all prior to initiation. 

Westinghouse Hanford Co., P.O. Box 1970, H5-67, Richland, WA 99352. 
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3 MPM Research & Consulting, 213 Teaberry Circle, State College, PA 16803. 
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ABSTRACT" The research reported in this paper provides validation of a notched disk M(N) 
specimen geometry for both static and dynamic fracture toughness testing. More specifically, 
the work verifies the proposed procedure for the determination of the fracture toughness of 
materials most commonly used in plate-like configurations and extends its application to the 
dynamic case. The notched disk M(N) specimen has an axisymmetric notch machined on one 
of its faces, is clamped on its periphery, and is loaded axisymmetrically in a direction normal 
to its plane for both the precracking and loading-to-failure portions of the test. The advantage 
of this specimen geometry is that it is free from the adverse edge effects that exist in the 
standard C(T) specimen. Furthermore, a uniform plane strain state along the crack front 
induces a triaxial tensile stress and a small plastic zone. Finally, the specimens may be man- 
ufactured without difficulty. 

Also reported in this paper are the findings of finite element analyses of both the 3-mm and 
4-ram notch specimen geometries. Parametric studies emphasize the influence on the stress 
intensity factors of the notch location with respect to the clamped boundary. Stress intensity 
factors are evaluated for different crack lengths and orientations by the crack opening dis- 
placement method, the modified crack closure integral approach, and the virtual crack exten- 
sion technique. The results, presented as normalized stress intensity factors, are essential for 
a reliable reduction of the test data. 

Fracture toughness testing of an A17075-T651 aluminum alloy was performed using 3-mm 
notch depth M(N) plate specimens. For dynamic fracture toughness testing, the 4-mm notch 
depth specimens, manufactured from polystyrene resins, were used. 

Using the procedure fully detailed in the body of this E.paper, the static fracture toughness 
of AI7075-T651 was determined as K~ = 31.4 MPa Vm,  while the dynamic fracture tough- 
nesses of polystyrene using the M(N) specimen geometry were between 0,73 and 0.99 MPa 
Vm. These values indicate that the M(N) specimen geometry testing capabilities are substan- 
tiated. 

KEYWORDS: notched disk specimen, plane strain, static and dynamic fracture toughness, 
AI7075-T651, polystyrene 

In service failures, fractures are almost always produced in the presence of  stress con- 
centrators such as defects, inclusions, or cracks by applied stresses lower than the design 

Assistant professor, Mechanical Engineering, Ecole Polytechnique, PO Box 6079 Station A, Mon- 
treal, QC H3C 3A7 Canada. 

2 Professor and dean, Faculty of Engineering, P.O. Box 3055, Victoria, BC, Canada V8W 3P6. 
3 Visiting researcher, Mechanical Engineering, Ecole Polytechnique, PO Box 6079 Station A, 

Montreal, QC H3C 3A7. 
143 

Copyright�9 by ASTM International www.astm.org 



144 SMALL SPECIMEN TEST TECHNIQUES 

stress. The situation is critical in large structures, commonly occurring in the nuclear power 
field, where plane strain states often exist. Indeed, the most important point emerging from 
the initial studies of fracture was that a lower limiting value of the fracture toughness, 
corresponding to plane strain, prevailed along the crack front. This critical stress intensity 
factor value, K~c, is the plane strain fracture toughness in Mode I. It is a measure of the 
resistance of a material to unstable fracture in the presence of a sharp crack under severe 
tensile constraint. Much effort has been directed towards the standardization of a test 
procedure for the experimental determination of the fracture toughness since K~c is an 
engineering design parameter that serves as a guide in relating quality, in terms of the size 
of flaws, cracks, and inclusions, to the load sustained by the component. 

As is well known, ASTM Test Method for Plane-Strain Fracture Toughness of Metallic 
Materials (E 399) is designed around a mathematical analysis involving specimen dimensions, 
loading conditions, and their relationship t ~ the stress introduced at the crack. The main 
ASTM E 399 requirements for an appropriate K~c measurement are: (1) specimens must 
have a sharp crack of length a; (2) the specimen thickness should be sufficient so that the 
shear lip contribution to the toughness may be neglected; (3) the crack tip plastic zone must 
be very much smaller than the crack length; (4) the elastic stress field should be evaluated 
at a very small distance, r, from the crack tip; and (5) the width, W, of the specimen ligament 
should be such that 0.45W < a < 0.55W. Furthermore, the whole procedure consists of 
precracking a specimen whose dimensions are specified, loading it until it breaks, and then 
converting the failure load into the critical stress intensity value using a set of compliance 
tables where the variables are the load, the crack length, and the specimen thickness. 

The drawbacks of the ASTM E 399 standard are centered around the fact that there is 
no advance assurance that a valid K~c will be determined in a particular test. Because of 
this, if the plane strain fracture toughness is routinely employed for quality control purposes, 
then the test program can be very expensive, time consuming, and inappropriate for pro- 
duction operations due to its high degree of sophistication, including the machining of 
specimens. Moreover, many materials have properties such as a high toughness combined 
with a low yield strength that make it difficult if not impossible to meet the prescribed K~c 
measurement conditions. Finally, it is clearly not possible to determine Kk if any dimension 
of the available raw material stock is insufficient to provide a specimen of the required size. 

From the above considerations, it is seen that alternate test methods that are less complex, 
while being applicable to a wider variety of materials, are desirable. Different solutions have 
been proposed, such as the side-grooved C(T) specimen [1] and the short rod tests [2,3], 
but these do not completely solve the thickness effect problem when the fracture toughness 
is high. 

In order to  alleviate the limitations related to the thickness effect and to develop a 
technique that is simple to use and has an overall cost which does not make the price of 
the test prohibitive, a study of a novel plane strain fracture toughness specimen was un- 
dertaken [4]. 

The specimen geometry investigated is a notched disk M(N) specimen, illustrated in Fig. 
1, having an axisymmetrical notch machined in one face. The specimen is clamped on its 
periphery and axisymmetrically and normally loaded for both precracking and fracture. The 
advantages of this specimen are: 

1. It is free of all adverse edge effects. 
2. A uniform plane strain state exists along the entire crack front. 
3. It induces a high triaxial stress state at the crack tip. 
4. The plastic zone is small. 
5. It may be manufactured without difficulty. 
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FIG. l--Demib ~ ~e noshed d~k ~ecimen. 

Its disadvantage is that it requires a larger load to fracture an M(N) specimen than the 
corresponding C(T) specimen. 

The primary objective of this work is to validate this specimen geometry by stress analysis 
and fracture testing and to assess the applicability of the method to the determination of 
glc. 

The main steps in the development of the notched disk specimen geometry are: 

1. The determination of the optimum notched configuration to obtain a high triaxial stress 
field at the notch tip and to induce a fatigue crack easily, 

2. The rupture testing of precracked specimens to obtain the critical load, 
3. An analysis of the precracked specimen stress field using finite element techniques, 

and 
4. The determination of the specimen compliance to establish the fracture toughness 

value from the critical load. 

The experimental investigations for both the static and dynamic situations are presented 
in the following two sections. The finite element modeling is described in the section that 
follows, where explicit formulae used for the evaluation of stress intensity factors, strain 
energy release rates, and the J-integral are presented. Numerical results are also presented 
from a parametric study involving two notch geometries, two notch depths, three notch 
locations, two crack orientations, and different crack lengths. In the final section, the results 
are reported as a validation of the notched disk specimen for both static and dynamic fracture 
toughness testing. 

Static Testing 

Procedure 

The static notched disk fracture toughness measurement technique that was developed 
during the course of this investigation was applied to the determination of the fracture 
toughness of AI7075--T651 aluminum. The procedure used with the disk-shaped M(N) spec- 
imen follows essentially the same steps as in ASTM E 399, i.e., the specimen is subjected 
to repeated loading to start and develop a sharp crack prior to being statically loaded, with 
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a record being taken of the load at which fracture occurs. The specimens with notch depths 
of 3 and 4 mm were manufactured from an l l . l - m m  (7/16-in.)-thick aluminum plate. For 
comparison purposes, the fracture toughness was also measured by strict adherence to the 
standard ASTM E 399 test. The M(N) and C(T) specimens were machined from alternating 
locations of the same AI7075-T651 plate, thereby ensuring that discrepancies resulting from 
variations in the material properties were kept to a minimum. 

The fracture toughness tests were performed on a servohydraulic fatigue machine at room 
temperature.  The specimens were clamped at r values between 26.0 and 38.5 mm in the 
steel holder, shown schematically in Fig. 2. The holder was fitted to the lower grip while 
the specimen was loaded through a self-aligning ball bearing plunger arrangement attached 
to the upper grip. 

The fatigue precracking was accomplished at 2 Hz, applying a reversed compressive load 
under stroke control. The load-stroke curves indicated the presence and the extension of a 

i I~:~IIM DT.A. 

DESCRIPTION 

1 Lower spec imen h o l d e r  
2 Upper spec imen h o l d e r  
a Lower r i n g  
4 Upper rlng 
5 Reducer 

Load oppllca,or 
7 Specimen 

FIG. 2--A schematic of the loading jig. 
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crack by monitoring the maximum load behavior. The crack position following the fatigue 
precracking was marked by dyeing the crack surface with blue penetrant which readily 
penetrated the crack. Following this, the specimen was subjected to a slowly increased load 
until complete fracture occurred. The load corresponding to this fracture was evaluated 
from the maximum of the load-stroke curve without applying any correction, as per the 
ASTM E 399. 

After rupture, four radial slices were cut at 90 ~ intervals from the specimen to determine 
the crack orientation and length and were examined with a profile projector at a x 50 
magnification. The study was completed by SEM observations of the fracture surface. 

Results 

Since direct optical observation of the crack length is not possible, the behavior of the 
compliance, while fatigue precracking the specimen, and the load, while subsequently mono- 
tonically increasing the load until fracture, were observed. During the fatigue precracking 
stage of the test, the cyclic load initially stabilizes after a short number of cycles. Subse- 
quently, any observable decrease in the cyclic load amplitude that corresponds to an increase 
in the compliance is taken as an indication that a crack has begun to grow. All fatigue 
precracks were observed to grow uniformly in a radial direction at a constant angle, r with 
respect to the normal of the M(N) specimen. After several tests, it was determined that a 
termination of the precracking period based on a decrease in the stabilized cyclic load equal 
to 15% gave good results. 

After precracking, the specimens were loaded statically until rupture. In all cases, the 
load-stroke curves were similar to that illustrated in Fig. 3, indicating that the fracture 
occurred in a brittle, plane-strain manner. In contrast to the ASTM E 399 test procedure, 
the maximum load was easily ascertained for each specimen tested. From monotonic load- 
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stroke curves similar to the one shown in Fig. 3, the fracture load sustained by a specimen 
was found in strict accordance with ASTM E 399. 

Figure 4, which is typical, shows the crack path for both the precracking and final rupture 
stages for a 3-mm notched M(N) specimen. In all cases the crack orientations were the 
same, indicating that the crack propagated in the same mode. The dashed line in Fig. 4 
indicates the projected extension of the fatigue precrack path, and the deviation from it 
indicates where the extension of the crack under static loading began. 

The data collected from these tests, specifically the crack length and the load to fracture, 
were analyzed in conjunction with the finite element study to determine the fracture tough- 
ness, K~c, of the A17075-T651. Furthermore, the specimens were subjected to a scanning 
electron microscope (SEM) study after rupture. All the classical features of fracture tough- 
ness testing were discernible with the obvious exception that no plane stress shear lips were 
present. 
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Discussion 

In the procedure described above, the compliance behavior of the load was used as a 
reference point to decide when the precracking period should be terminated. Furthermore, 
during the rupture test, the control parameter was the stroke, which was slowly increased 
over a period that was typically 1.5 min, corresponding to a loading rate within the limits 
prescribed by ASTM E 399. The fatigue precracking upper limit load never exceeded 58% 
of the load at fracture for any crack length; this means that the stress intensity factor level 
during the stage of fatigue crack growth always conformed to the ASTM E 399 specification 
that establishes this limit at 60%. No offset procedure similar to the 5% secant method was 
applied to determine the load at rupture, the maximum load during the test being the value 
used for the estimation of Kic. Finally, it was noticed that the crack front length in the M(N) 
specimen is relatively more important (128.8 mm) at the beginning of precracking than in 
the C(T) specimen; this is reflected directly in the peak load value needed to break the 
specimen, which is high in comparison to the maximum applied to the companion ASTM 
E 399 C(T) specimen. 

Dynamic Testing 
The Specimen 

Polystyrene (PS) was chosen for the dynamic testing portion of this investigation mainly 
because it is substantially different from the aluminum alloy used in the static tests, has 
good molding characteristics, gives specimens with superior optical properties, and is prone 
to brittle fracture. Early fracture studies using a standard specimen geometry were puzzling, 
[5], since notched specimens gave Kk values up to 4 MPaV'-m, i.e., substantially greater 
than for PMMA, to which it was known to be inferior. The explanation lay in the rather 
low craze stress of PS which resulted in it forming crazes, so that any attempt at notch 
sharpening using a wedging action produced craze bundles. This blunted the crack tip and 
increased the initiation value. Cracks with a single craze can be formed by fatiguing the 
specimen, by environmental crack growth, or by machining in a sharp notch with a very 
sharp fly cutter. For further information concerning the mechanisms as well as the kinetics 
associated with crack forming in polystyrene, the reader is referred to Ref [6]. 

The specimens were manufactured from PS resins placed in a mold being subjected to 
compression and heat in a Carver compression molding machine. The mold produced four 
specimens at a time having the dimensions of 10 mm in thickness and 60 mm in diameter. 
The temperature used was 108~ 8 ~ above the Tg of PS. The mold was inserted between 
two plates covered with aluminum foil, placed between the plates of the machine, and. when 
the temperature was set. compressed to a maximum of 68 MPa pressure. The axisymmetrical 
notch was machined with a fly cutter, and the sides of the specimens were smoothed so that 
the specimen conformed to the dimensions shown in Fig. 5. 

The precracking of the specimens was carried out on the 4-mm notch depth specimens at 
room temperature (21~ in a 10-tonne (22-kip) MTS servohydraulic fatigue machine. Before 
the specimen was mounted, oil was applied on its side surface, which enhanced the visual 
observation of any crack forming through the specimen. The specimen was clamped tightly 
in the jig to avoid any side movements, and then the jig was secured on the machine grip 
in a centered position. The machine was set in the load control and the load manually 
increased in an incremental manner. When a load value was reached that forced propagation 
of a crack, it was realized both visually and acoustically since there was a sharp noise 
generated by the formation of the crack. The length of the crack along with its shape was 
then observed. If there was enough clearance from the bottom of the specimen and the 
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FIG. 5--The polystyrene dynamic specimen. 

crack was not formed all around the notch, the above procedure was continued until a 
satisfactory crack was produced at a higher value of load. It is important to note that all 
the precracking was produced using static loading. The visual and acoustic "communication" 
of crack formation, along with the static loading, made the precracking operation rapid and 
easily controlled. 

As shown in Table 1, most of the cracks in the different specimens initiated at approxi- 
mately the same loads. Furthermore,  the lengths of the cracks, which in all cases grew 
uniformly in a radial manner, are also listed. The 45 ~ projection of the crack, starting from 
the bottom of the notch, was measured with a x 10 microscope and then converted to its 
actual length. The values given in Table 1 are averages of three values spaced 120 ~ along 
the periphery of the specimen. The crack orientation was the same in all specimens, indicating 
that the crack propagated under the same Mode I conditions. 

Impact Testing Apparatus 

Impact tests have the advantage of being performed easily and rapidly and provide a 
relatively simple means of observing fracture phenomena of considerable practical impor- 

TABLE 1--PS experimental details and results. 

Specimen Load for Crack Forming, kg Crack Length, mm Failure Load, kN Kid, MPa~mm 

D 541.00 6.33 5.40 0.95 
E 428.50 5.76 
F 577.75 5.88 5~62 0198 
G 595.25 6.38 4.15 0.73 
H 545.00 6,33 4.86 0.86 
I 544.25 6.40 5.62 0.99 
J 669.25 6.55 
K 419.25 up to 457.50 4.71 4144 0~77 
L 436.50 up to 525.00 6.02 4.68 0.82 
M 410.50 up to 525.00 6.66 . . . . . .  
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tance. In the present investigation, a Rheometrics Variable Speed Impact Tester (RVSIT) 
was used to obtain load-deflection data that allows for the evaluation of the dynamic fracture 
toughness of PS. The RVSIT is built around a linear-displacement, velocity-controlled, 
hydraulically driven mechanism. The system drives a penetrating rod to impact and puncture 
the flat notched-disk PS specimens. The tester is instrumented and fitted with a data ac- 
quisition system, which presents the data from the impact event in the form of load-deflection 
signals [7]. 

The crack length determined from the aforementioned precracking procedure is one of 
the parameters used in the fracture toughness equation developed in the next section. The 
other, as listed in Table 1, is the load at brittle fracture obtained from the RVSIT data 
acquisition system. At this stage, the estimates obtained from Specimens E, J, and M are 
excluded from further interpretation due to abnormal results. This abnormality was due to 
an inadequacy Of the electronics, which combined with the inertia of the system made the 
data hard to interpret. The values obtained from the experiments are inserted into the 
fracture toughness equation, Eq 9, to evaluate the dynamic fracture toughness of PS using 
the M(N) specimen. 

Finite Element Study 

Finite Element Modeling 

The numerical results reported in this paper were obtained using the general-purpose 
finite element (FE) analysis program ABAQUS. Figure 6 shows a typical finite element 
discretization of the notched disk specimen. The model incorporates two different types of 
elements, namely, singular (S) and regular (R). A locally refined mesh consisting of 16 
singular elements around the crack tip is linked to a global mesh consisting of 122 regular 
elements. While the concept is appealing, the singular and regular element formulations 
must be compatible. The choice of the collapsed quadrilateral quarter point element as a 
singular element is essentially due to the availability of the eight-noded isoparametric quad- 
rilateral axisymmetric solid element (CAX8R) and the multipoint constraint (MPC) facility 
in ABAQUS. Specifically, the CAX8R element becomes the singular element when: (1) 
the input data collapses a side and locates the side nodes at quarter points, and (2) the 
multiple nodes located at the crack tip are constrained to undergo the same displacements. 
This element displays the 1/V~r singularity along all rays emanating from the crack tip, 
where r denotes radial distances measured from the crack tip. Both CAX8R and CAX6 
(six-noded axisymmetric solid element) are used as regular elements. Inter-element dis- 
placement compatibility between the singular and regular elements is satisfied in this model. 
Finally, the length Aa of the singular elements used in the present study was such that (Aa/ 
a) -< 0.01, where a denotes the crack length. 

The use of singular elements significantly improves convergence, accuracy, and compu- 
tational efficiency of the finite element method for the analysis of cracked bodies. In par- 
ticular, it enables the development of explicit formulae for the extraction of stress intensity 
factors, strain energy release rates, and the J-integral on the basis of a standard output 
provided by a commercial finite element software system. 

SIF Evaluation using the COD Method 

Figure 7 shows the details of finite element discretization around the crack tip. The crack 
opening displacement (COD) method [8] provides a convenient means of calculating both 
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FIG. 7--Finite element mesh around a crack tip. 

Mode I (K0 and Mode II (Kii) components of the crack tip stress intensity factor (SIF). 
The SIF evaluation formulae used in the present study are 

g ,  - 

g i l  

E ( 1 ]  a'' 
(1 ~ v)(x + :) \2-~a/ 

E ( 1 t ' "  
(1 + v)(X -,- 1) \~-~a] 

[4@,- V,')(Vm -- Vm')] 

[4 (U , -  Ur)(U,. U,.')] 

(1) 

where E is Young's modulus, v is Poisson's ratio, • = 3 - 4v for plane strain or (3 - v) /  
(1 + v) for plane stress, and u ~ , . . . ,  urn,, v~, . . . . o,,, denote the nodal displacements at 
l, l ' ,  m ,  and m ' ,  respectively. 

The accuracy of the computed values of K~ and K,  can be improved by decreasing the 
length of the singular elements, by increasing the number of singular elements around the 
crack tip, and by changing the number and distribution of the regular elements. 
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G Evaluation Using the M C C I  Approach 

The modified crack closure integral (MCCI) approach [9] to the evaluation of the strain 
energy release rate (denoted by G) has the advantage of simultaneously delivering the Mode 
I (G~) and Mode If (GH) components. Referring to Fig. 7, the nodal forces at i and j and 
the nodal displacements at 1, l ' ,  m, and m '  are needed to compute G~ and G~. These forces 
and displacements represent components that are normal and tangential to the crack plane. 
The nodal forces at i and/ ' ,  denoted by Fx~, Ev~, Fxj, and Evj, are taken as approximations 
for those unknown forces required to reverse and cancel the known nodal displacements, 
denoted by u~, v~, ur, v~,, Urn, Ore, Urn', and v,,,. Note that this approximation will only be 
exact in the limit Aa ~ 0. However,  numerical studies have confirmed that accurate G 
solutions are obtained even with a finite value for Aa and a coarse mesh. It is to be noted 
that forces Fx~ and Fy~ are calculated from elements 1 to 8 while forces F~j and Fyj are computed 
from element 8 alone. The G evaluation formulae used in this study are: 

G~ = 2~a L2~rR, {tH(~ - O-L-7~ ') + t.2(~ - 07,)} 

where 

O,i = ~ a  {tlt(h-m~ - ~'7m') + t , z ( ' f f t t  - ~t')} 

311" 
t .  = 6 - - : - ;  t12 = 6~r - 20, 

Z 

(2) 

t2, = �89 t2~ = 1, (3) 

o-': = v~ - v~; u,---~ =Um -- U~, etc. 

The accuracy of the computed values of G~ and GH strongly depends on the value of Aa 
used in the computations. The value of Aa is determined by the length of the singular 
elements used around the crack tip. In the present case, G can be evaluated with good 
accuracy when (Aa/a)  <-- 0.01. 

J-Integral Evaluation Using VCE Technique 

The virtual crack extension (VCE) technique provides a general procedure for J-integral 
evaluation using finite elements [10]. Using a compatible finite element model, the potential 
energy, ~rp, of an elastic body may be calculated from 

1 
"trp = ~ {q}'[K]{q} - {q}'{F} (4) 
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where {q} is the vector of nodal displacements, {F} is the vector of applied nodal forces, 
and [K] is the elastic stiffness matrix. The finite element equations to be solved to get {q} 
are given by 

: [K]{q} - {F} = 0 (5) 
Oq 

The energy release rate for a crack of length a in the body is O'trp/Oa, which is equal to 
the J-integral. By differentiating Eq 5, it follows that 

1 aK { }, OF a 
J = - 2  (q}'-~a {q} + q ~a aa {q}t(Kq - F) (6) 

which, in view of Eq 5, reduces to 

1 OK OF 
J = - 2  {q}'~a {q} + {q}' O-a (7) 

The derivatives in Eq 7 are approximated by 

OK 1 OF 1 
aa - a a  [KI,+~, - K[o], aa - aa  [FI~ - FI,] (8) 

Equations 7 and 8 provide a simple means of evaluating the J-integral using the results of 
a single finite element analysis. The technique is generally known as the method of virtual 
crack extension (VCE) [11]. There are also various refinements of the VCE technique. In 
this connection, reference may be made to Refs 12-14. The VCE technique has been 
implemented in ABAQUS for J-integral evaluations. Very accurate solutions have been 
obtained using quadratic isoparametric elements for the far field and quarter point elements 
around the crack tip. There is no need for the analyst to specify Aa. Any number of crack 
tips may be evaluated in a single analysis. The user, however, must specify the node set 
forming each crack tip and the number of contours. Note that each contour is now an 
element set. To be useful, it must consist of a ring of elements completely surrounding the 
crack from one face to the opposite face. ABAQUS is programmed to find the element set 
that forms each ring from the node set. 

Since the J-integral should be path independent, path dependence of the computed values 
of J may be taken as an indication of solution accuracy. The procedure for J-integral 
evaluation implemented at ABAQUS is particularly attractive because it is simple to use, 
adds little to the cost of conventional analysis, and provides excellent accuracy. However, 
the use of singular elements in the crack tip zone and proper mesh refinement in the vicinity 
of the crack tip are essential for  high accuracy. 

Numerical Results and Discussion 

The three specimen configurations shown in Fig. 8 were studied in detail. The associated 
parameters are given in Table 2. Numerical results obtained for each are presented and 
discussed below. 

Specimen A--Normalized values of K1, KI~, GI, GII, and J are presented in Table 3 for 
three different crack lengths. These results show that the value of E*J obtained using the 
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TABLE 2 Geometric details of test specimens shown in Fig. 8. 

Parameter Specimen A Specimen B Specimen C 

R~, mm 0.0 12:5 7.0 
R2, mm 7.0 15.0 10.0 
R3, mm 11.0 20.0 15.0 
R4, mm 22.0 26.0 26.0 
R, mm 30.0 30.0 30.0 
Wo, mm 4.0 3.0 3.0 
W, mm 10.0 10.0 10.0 
13, ~ 45.0 60.0 60.0 
ct, o 45.0 63.4 63.4 

VCE technique is in excellent agreement with the value of K 2 + K2~ given by the COD 
method. The J-integral evaluated on Contour 1 is in very good agreement with the value 
of G__G___~GI + GII) obtained using the MCCI approach. Computed values of X/-E-~--G~ and 
VE*Gn are also in good agreement with the values o f  K~ and Kit. 

The results presented are reliable and accurate to within 2%. Furthermore,  the notch 
location and crack orientation are such that the ratio KI/K~ varies between 1.76 and 1.24 
over the range of crack lengths studied. Consequently, the fracture is under mixed mode 
and the precrack may not propagate in its own plane. 

Specimen B--Normal ized stress intensity factors K~ and KII, strain energy release rates 
GI and GH, and the J-integral are given in Table 4 for a crack of length a ' / W  = 0.2. The 
value of E*J  obtained using the VCE technique is in excellent agreement with the value of 
K~ + K~ obtained using the COD method. The computed value of J on Contour 1, involving 
a ring of singular elements only, is in excellent agreement with the value of G ( =  G~ + GH) 
obtained using the MCCI approach. However, the J-integral values obtained using Contours 
2, 3, and 4, which include the first, second, and third rings of regular elements, respectively, 
are indeed path independent to within 1%, but deviate considerably (up to 15%) from those 
obtained using Contour 1. The :values of X/E*G,  and ~ G ~  obtained using the MCCI 
approach are also in very good agreement with the values for KI and Kn obtained using the 
COD method. It is therefore fair to conclude that the FE model chosen and the assumed 
crack extension, Aa, are capable of providing accurate and reliable solutions to the problem 
at hand. 

TABLE 3--Comparison of numerical solutions--specimen A .~ 

Stress Intensity Energy Release 
Factors Rates 

Crack J-Integral 
a' Ki Kli E ~ I  ~ E*J 

Length, ~ Ko ~ K~ K~ (KI 2 + K~) 

0.I 0.1562 0.0889 t.0047 0 . 9 8 7 7  0.9964 
0.4 0.5795 0.3725 1.0003 0.9797 1.0017 
0.5 0.8354 0.6662 1.0129 0.9905 1.0049 

"Ko = P / ( R 3 V ~ ) ;  P = p~(R~ - R~); p = 1 kgf/mm2; 
E* = E/(1 - vz); E = 350 kgf/mm2; v = 0.3. 
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TABLE 4--Comparison o f  numerical solutions--specimen B. ~ 

Stress Intensity Energy Release 
Factors Rates 

Crack J-Integral, 
a' KI KII ~ ~ E*J 

Length, ~ Koo K--~ Kt KI! (KI 2 + K~I) 

0.2 0.4463 0.0608 1.0015 1.0245 1.0026 

" Ko = P/(R3V'-~a); e = p'rr(R~ - R~); p = 1 kgf/mm2; E* = 
E/(1 - v~); E = 7 000 kgf/mm2; v = 0.3. 

The particular crack orientation is such that the ratio K~/KII = 7.34. Consequently, the 
fracture is partially mixed mode and crack growth may or may not be self-similar. Fur- 
thermore, the notch location is such that the crack tip stress field interferes with the clamped 
boundary for further increases in crack length. 

Spec imen C--The  geometric details for this specimen (Fig. 8) are given in Table 5. Nor- 
malized stress intensity factors, strain energy release rates, and J-integral values are given 
in Table 5 for five different crack lengths. It is interesting to note that the value of E * J  is 
in excellent agreement with K~ + K~t and that J also agrees very well with the value for 
G ( =  G1 + Gn). The values of E ~  and ~ i  compare very well with K~ and Kn. 

Therefore, these results form a set of numerically accurate stress intensity factor solutions. 
As shown in Fig. 9, the variation of KI with crack length is linear over a wide range, while 
gll remains almost constant. For all crack lengths considered, the ratio K J K H  is greater than 
14. 

S I F  Express ion f o r  the M ( N )  No tched -Di sk  Spec imen Geometry  C 

In order to reduce the test data, a calibration formula is needed for KI as a function of 
geometry, applied load, and crack length. Such a formula, determined from the FE analysis 
and valid over the useful range of crack lengths for specimen geometries similar to that of 
Specimen C, is given by 

KI = R3X/-~ 0.03 + 2.1445 for 0.1 -< -< 0.4 (9) 

TABLE 5--Comparison o f  numerical solutions--specimen C. ~ 

Stress Intensity Energy Release 
Factors Rates 

Crack J-Integral, SIF Ratio, 
a '  Kl Kn ~ ~ l l  E*J KI 

Length, ~ Ko Ko KI Kn (K 2 + KI21) K~--~ 

0.1 0.2423 0.0171 0.2425 0.0178 1.0007 14.15 
0.2 0.4590 0.0325 0.4590 0.0341 0.9996 14.12 
0.3 0.6712 0.0180 0.6714 0.0206 0.9991 37.26 
0.4 0.8501 0.0206 0.8500 0.0171 0.9987 41.18 
0.5 0.8053 0.0246 1.0029 011346 1.0091 32.71 

" K,, = P/(R3V~a); P = p~r(R~ - R~); p = 1 kgf/mm2; E* = E/(1 - v2); E = 7 000 kgf/mm2; 
v = 0.3. 
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It should be noted, however, that this formula applies only in situations where the crack 
orientation is maintained. 

Discussion 

Finite element modeling using singular and regular quadratic isoparametric elements and 
the formulae for the determination of mixed mode stress intensity factors and strain energy 
release rates used in this study offer a powerful tool for practical applications since com- 
mercial finite element analysis codes can be employed without any modification. The para- 
metric studies cannot be considered complete. There is still a need to consider other crack 
orientations in Specimen C to assess the direction of precrack initiation. There is also a 
need to study the specimen size requirements to ensure elastic plane-strain behavior. In 
establishing the specimen size required for valid Ktc tests, the specimen dimensions should 
be large enough compared with the crack tip plastic zone size. Among the various finite 
element analyses to determine plastic zone shape and size, the work reported in Ref 15 is 
well known. 



160 SMALL SPECIMEN TEST TECHNIQUES 

Static and Dynamic Fracture Toughnesses 

The results presented in this section demonstrate the potential of the M(N) notched disk- 
shaped specimen (Specimen C in particular) for the determination of plane strain fracture 
toughness. Calibration formulae similar to Eq 9 for Kic and K~a (obtained in this study) are 
crucial to the widespread use of this test. 

Evaluation of Kj~ of A17075-T651 Aluminum Using the M(N) Specimen 

Applying a calibration formula similar to Eq 9, which was reported in Ref 4, to evaluate 
the fracture toughness, KIc, a value of 

K~c -- 31.4 MPaV~m (10) 

was established. This result, determined with the M(N) specimen, is in good agreement 
with the value of 27.1 MPaX/-m~mm that was obtained with C(T) specimens tested in strict 
accordance with ASTM E 399. Other values reported in the literature are 30 MPaV'--mm [16] 
and 32 MPaV~m [17] for specimens of the L-T crack configuration. In the M(N) specimen 
there is no such preferred orientation, the crack front being circular. 

The M(N) specimen geometry was studied in the present work to alleviate the drawbacks 
and limitations of the existing ASTM E 399 procedure. Tests on the A17075-T651 precracked 
specimens have shown that the crack fails under Mode I conditions. Using the specimen 
calibration that was established by a finite element method and the rupture test results, the 
AI7075-T651 plane strain fracture toughness was successfully determined. 

Although the outcome of the research has not been presented as a new standard method, 
it has nevertheless good prospects for further development. The specimen has the advantages 
of ensuring a plane strain state over the entire crack front and of being easy to manufacture. 

Evaluation of Kid for PS Using the M(N) Specimen 

The equation for the evaluation of Kid as established in the previous section was applied 
to the dynamic situation under consideration in this investigation. Using the results listed 
in Table 1, i.e., the fracture load, P, and the precrack length, a, the last column in Table 
1 displays the values of Kid. All the values are between 0.77 and 0.99 MPaV'--mm and, hence, 
the dynamic fracture toughness of PS, taken as the average of these values, is 

K,d = 0.87 MPaV~m (11) 

Reference 5 reports Krc values for PS recorded at 20~ as ranging from 0.7 to 1.1 
MPaV~m, while the value recorded by Ref 6 is 1.1 MPaV~m. Other references discuss the 
fracture of plastics, but there are no values reported in terms of Kic, except in Ref I8, where 
a value of 1.0 MPaV~m iS reported. All of the values obtained in this work, as well as the 
average fracture toughness given in Eq 11, fall within the range of the data reported in Ref 
5. Furthermore, as the calculations of the dynamic fracture toughness for the individual 
specimens show, the equation developed for the determination of the dynamic fracture 
toughness using the M(N) specimen geometry is not sensitive to crack variations, while it 
is sensitive to load variations: This is emphasized by the similar fracture toughness values 
calculated for the same fracture load for specimens K and G, while their respective crack 
lengths varied by approximately 1.2 mm or 26.1%. 

The M(N) specimen geometry used here was, in principle, the same as in the static case, 
except for the radius being 15.5 mm for the aluminum specimens and 6.75 mm for the PS 
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specimens. This indicates that the testing capabilities of the M(N) geometry are not depen- 
dent solely on specific dimensions. This is encouraging and further validates the M(N) 
specimen geometry testing method for the determination of both static and dynamic fracture 
toughnesses. However, only after a considerable amount of analytical and numerical study, 
coupled with experimental verification, will an ASTM standardized test procedure using the 
M(N) specimen for plane strain fracture toughness testing be established. 
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ABSTRACT: A series of punch test measurements was performed on a broad set of engineering 
alloys to establish the correlation between J~c and the equivalent plastic strain, e I, at the point 
of fracture. The punch test has a strong advantage over conventional methods for measuring 
material toughness because it requires only small coupons of material that can be removed 
from in-service structures. Tests were performed at both room and elevated temperatures in 
both weakly and strongly anisotropic materials. Results of the program indicated that the 
simple linear correlation between Jtc and e r predicted by the theory is too simple to describe 
such a complex phenomenon as ductile fracture. Furthermore, difficulties were discovered in 
the testing of strongly anisotropic materials that allow for toughness measurements only on 
those planes with relatively weak crack growth resistance. A modified punch test apparatus 
is proposed to address this problem. 

KEYWORDS: punch test, elastic plastic fracture mechanics, fracture toughness, plastic strain 

The existence of some form of qualitative relationship between material ductility and 
toughness has long been recognized. One demonstration of such a relationship is the Charpy 
V-Notch test, frequently used to establish the approximate nil-ductility transition temper- 
ature (NDTT) in ferritic steels. Cleavage or brittle fracture occurring below the NDTT is 
considered a stress-induced phenomenon, i.e., it occurs when the stress intensity reaches a 
critical value. By contrast, at temperatures well above the NDTT where plastic flow occurs 
relatively easily, a strain-induced fracture process can be considered dominant; it is usually 
associated with growth and coalescence of voids leaving dimpled fracture surfaces. Over an 
intermediate temperature range, evidence of both stress- and strain-induced fracture pro- 
cesses is apparent. 

Confining attention to the upper shelf region above the NDTT, the arguments in the 
foregoing paragraph would suggest that straight-forward measurements of yield strain or 
reduction in the cross-sectional area in a uniaxial tension test might be correlated with Jlc. 
ASTM Test Method for Jic, a Measure of Fracture Toughness (E 813-89) requires large 
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specimens, expensive machining, a lengthy test on sophisticated loadframes, followed by a 
considerable amount of computation. An algorithm for estimating J~c from simple strain 
measurements on small specimens would offer the following advantages: 

1. The cost of manufacturing specimens would be greatly reduced. 
2. Less material would be required for each test. In the case of inspecting an in-service 

structure, specimens could be removed from a noncritical location without compro- 
mising the structure's integrity. 

3. In the case of toughness measurements on a thin component such as a turbine disk or 
thin-walled tube, compact tension specimens can be machined with a thickness close 
to that of the engineering component in question. Values of Jo obtained from such 
specimens would be representative of the expected behavior of the component, whose 
thin wall would not induce plane strain conditions. However, these values of Jo could 
not readily be compared with any valid J~c values for that material. A test method to 
obtain J~c from a subsized specimen would be required to meet this objective. 

4. Less sophisticated equipment would be required for the test, and the test duration 
would be substantially less than that required for a measurement of Jlc according to 
the ASTM E 813 standard. 

5. The low expense of  the test would permit large numbers of  samples to be inspected. 
This would be particularly welcome in cases where there is considerable scatter of the 
data or when samples from a large number of heats or locations on a component require 
testing. 

6. Evaluation of localized variations in toughness could be performed. This would be 
particularly useful in evaluating through-thickness variations of Jtc of pressurized com- 
ponents or in assessing localized effects of radiation embrittlement. 

Objective 
The particular procedure to be investigated in this study is called a "small punch," "bulge," 

or "ball punch" test. Specific objectives of the investigation are as follows: 

1. Review the theory for predicting material toughness and plastic flow properties through 
punch testing. 

2. Construct a small punch testing apparatus capable of conducting tests at up to 500~ 
3. Test several structural alloys with the punch test apparatus. Assess the accuracy and 

repeatability with which measurements can be made. The repeatability will be assessed 
by statistical analysis of many measurements performed under the same test conditions; 
the accuracy of an individual measurement can be estimated by quantifying the sources 
of error in a measurement. 

4. Investigate the correlation between values of equivalent plastic strain of the specimens 
and the values of J~c measured according to ASTM E 813. 

5. Evaluate the accuracy and range of applicability of the punch test for estimating tough- 
ness of engineering materials. Propose modifications to the test apparatus or test 
procedure to address problems posed by strongly anisotropic materials. 

Theory 

Many researchers have attempted to extract information related to material toughness or 
ductility by the use of small-punch or related types of tests. Misawa et al. [1,2] conducted 
punch tests on miniature samples (ranging down to sizes as small as TEM disks) of ferritic 
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steels in an attempt to find their NDTT as a function of radiation damage. The small specimen 
size was essentially due to the localized character of the radiation damage and the need to 
insert the specimens into a small test reactor. A steel ball with a diameter on the order of 
1 to 2.5 mm was pushed at a controlled speed into the small sheet specimen that was clamped 
at its edges. The area under the load-deflection curve at the point of crack initiation was 
then compared with Charpy data. Misawa developed an empirical correlation between the 
punch test results and Charpy estimates of the NDT-I'; of equal interest were two observations 
of Misawa that have implications for the current project: 

1. Punch test data taken above the transition temperature tended to be highly repeatable. 
These data were dominated by the plastic flow properties of the material. Below the 
NDT-I', however, a number of "premature" failures occurred due to brittle or semi- 
brittle fracture. Statistical analysis of this low-temperature data was far more chal- 
lenging. 

2. Heterogeneities in the material contributed greatly to scatter, as an inclusion could 
penetrate a considerable portion of the specimen thickness. This would indicate that 
the punch test may be ill-suited to characterize materials with large inclusions. 

Unlike Misawa, who was primarily interested in finding the NDTT, Pandey and Banjeree 
[3] sought numerical estimates of J~c from ductility measurements on tension specimens. 
These authors conducted a series of tension tests, J~c measurements, and ductility tests on 
two carbon steels, one a standard ship-building steel, and the other a Mn-V steel in which 
vanadium carbide particles in the ferrite matrix result in increased yield strength. Their work 
was developed on the premise that fracture by void growth and coalescence is initiated when 
the strain reaches a critical value; this value is dependent on geometry and lateral constraint 
at the initiation location. For complex loading geometries, the critical parameter would be 
the equivalent (plastic) fracture strain, el, which is a function of the three principal strains. 
The authors' goal was to correlate the critical crack-opening displacement 8, at fracture, the 
fracture strain ef in fracture toughness specimens, and the critical strain zone size X r about 
the crack tip in which the strain is greater than or equal to e I. To this end, the strain profile 
ahead of a crack tip was taken from the small-scale yielding solution of Rice and Johnson 
[4] 

e~ - C~8,1X r (1) 

where the crack tip opening displacement. St, at the point of fracture is given by 

~, = C2Jxc/cry~ (2) 

and both C 1 and C2 are constants. Combining these two equations gives 

Jic - C3e r X  rrys (3) 

Equation 3 suggests a linear relationship between J~c and the equivalent fracture strain 
within the range of applicability of Eqs 1 and 2. The value of C3 can be shown to be a 
function of the strain-hardening exponent, n, thereby providing one limiting guideline as to 
the range of materials that would correspond to a single value of C3. Although this parameter 
is also dependent on specimen geometry, its value could be established empirically in a 
series of tests. 
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Certain problems, however, remain. One such problem is the value for the critical strain 
zone size, X I. Pandey and Banjeree [3] found X r to be about three to ten times the inter- 
inclusion spacing for the largest inclusions, suggesting to them that coalescence of several 
voids is required for a crack to advance. No objective, consistent method has yet been 
established for selection of an appropriate value for this parameter; there is little reason to 
expect that a single value would be applicable over a broad class of alloys. Even for a single 
alloy, the observation that the critical strain zone size X r generally increases with temperature 
while yield stress shows the opposite trend has led to a modified version of Eq. 3 

J,c = C;el (4) 

Despite the attraction of the simple form of Eq 4, its range of applicability for various 
alloys and temperatures has not been established. In particular, values of X I and yield stress 
are normally interrelated with e I such that the purported linear relationship between tough- 
ness and fracture strain of Eq 4 is difficult to justify on theoretical grounds. 

Dooley et al. [5] also compared fracture strain in uniaxial tension specimens against 
fracture strain in bulge test specimens; the existence of such a relationship forms the basis 
of Eq 2. Their work is interesting in that a wide variety of materials were tested--copper,  
brass, mild steel, and stainless steel in various metallurgical conditions. They evaluated a 
fracture parameter dependent only on the principal stresses, as suggested by Ghosh [6]. The 
authors found that when this parameter reaches a critical value labeled K ,  (which in turn 
is microstructure dependent), the specimen fractures regardless of its geometry or loading 
configuration. This result indicates that equivalent information regarding a material's duc- 
tility can be extracted from a variety of specimen sizes, shapes, or loading geometries. 
Pursuing the concept that fracture by void growth and coalesence is strain-controlled phe- 
nomenon, these results imply that the fracture strain data extracted from a small punch test 
might be correlated to fracture toughness. 

Ritchie et al. [7] also arrived at Eq 3 in their studies of SA 533B pressure vessel steel 
using circumferentially notched tension specimens. They suggested that the characteristic 
length, X n is a small multiple of the interparticle spacing. Ritchie pointed out that the 
selection of the X I value should depend on material temperature. At  low temperatures, 
below the NDTT, the grain size would be the crucial parameter, as a critical fracture event 
might be the progression of a crack through the next grain boundary or the cracking of grain 
boundary carbide. At upper shelf temperatures, however, where fracture is caused by the 
linking of voids nucleated at (sulphide) inclusions, the inter-inclusion spacing would be a 
lower bound for X# 

Ritchie et al. [7] pursued these ideas to infer details of the fracture mechanism. Their 
calculations and measurements indicated that for the SA 533B steel, X r was approximately 
six or seven times the inter-inclusion spacing, suggesting that ductile fracture consisted of 
the coalescence of several voids ahead of a crack tip. By contrast, for SA 30213 steel, Xf 
was found to be roughly equal to a single inter-inclusion spacing, indicative of a fracture 
mechanism in which a single void nucleating ahead of the crack tip eventually grows into 
the crack. The authors noted that estimates of e r should ideally be obtained from deeply 
notched tension specimens in order to emulate the stress conditions seen at the crack tip. 

A certain inconsistency can be detected in some of the ideas of Ritchie and other authors. 
Although the theory is based on the idea of a strain-controlled failure, reference is made 
to principles of linear elastic fracture mechanics. In many cases, the actual fracture mech- 
anism is a combination of elastic and plastic phenomena. 
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Haggag et al. [8] and Lucas et al. [9] attempted to extract various pieces of information 
from shear punch test data: yield strength, ultimate tensile strength, work-hardening ex- 
ponent, and reduction in area. Their test rig was somewhat similar to that employed in the 
current project, which is shown in Fig. 1; however, a fiat cylindrical punch was used instead 
of the spherical ball employed in the current study. It was noted [8,9] that the load-dis- 
placement curve obtained in a shear punch test was similar to that in a uniaxial tension test: 
a region of elastic loading, followed by a nonlinear increase of load with displacement, a 
load maximum, and, finally, a decrease in load to failure. The authors therefore attempted 
to find empirical formulas to give Cry~, ultimate tensile strength truTs, and strain-hardening 
exponent n on the argument that a shear punch test is inherently similar to a tension test 
and should therefore reveal the same information. Haggag et al. used Eq 3 to estimate 
fracture toughness, but offered no new insights as to its origin or range of applicability. 

Bayoumi and Bassim [10] attempted to address the problem of both elastic and plastic 
mechanisms in the fracture process. They sought an analytical relationship between J~c and 
bulge ductility at both low temperature (linear elastic region) and in the elastic plastic regime 
at high temperature. Their elastic plastic analysis was identical to that given by Eqs 1 through 
4 above; their experiments indicated that the values for J~c obtained from Eq 4 were more 
accurate than those obtained from Eq 3 in describing the temperature dependence of fracture 
behavior for Type 1045 steel in the elastic-plastic region. For this material, they found the 
characteristic length, X r, to be o n  the order of three to four times the size of a pearlite 
colony. However, their analysis strongly suggests that the critical strain zone size would 
tend to vary significantly among various metal alloys such that Eqs 3 or 4 should not be 
expected to be generally valid for a single value of the proportionality constant. 

Bayoumi and Bassim's work is significant in that they spanned a large temperature range 
in both their analysis and experiments. At low temperatures, their experiments indicated a 
nonlinear relationship between Jic and fracture strain. In fact, at low temperatures where 
elastic effects are dominant, J is equivalent to G, which in turn is proportional to the surface 
energy, 7, required per unit area of crack growth. As this energy is proportional to the 
square of the strain (linear theory), it is expected that J~c will be proportional to e}. Although 
Bayoumi and Bassim did see evidence of this trend, experimental results were somewhat 
complicated by the presence of both elastic and plastic deformation mechanisms. 

Mao et al. [11-13] carried out a series of experimental studies on various carbon steel, 
stainless steel, and copper alloys to explore the relationship between bulge ductility and 
toughness. The bulge ductility of the punch specimen was determined from the equivalent 
strain at fracture e I, assuming incompressible plastic deformation. In cylindrical coordinates 
representing normal strains in the radial, circumferential, and through-thickness directions 
by er, e0, and e,, respectively, it can be assumed that radial and circumferential strains are 
equal. The von Mises formulation then gives 

e I = (2/3) ~/2 (et 2 + e, 2 + E2) 1,2 ~--- In (to~t) (5) 

where to and t are initial and final thicknesses, respectively, of the specimen adjacent to the 
area of failure. Mao's experimental results are in agreement with the theory outlined in the 
preceding paragraphs: For ductile materials, J~c was found to be approximately linearly 
dependent On equivalent fracture strain, as suggested by Eq 4. For the less ductile materials 
and at low temperature where it is expected that the fracture mechanism is dominated by 
elastic stress-controlled phenomena, there is a sharp departure from linearity [10,13]. 

An interesting note on Mao's work is that he found Eq 4 to be applicable to a wide range 
of steel and copper alloys. As little material data were provided, it is not clear whether the 
product orysXl varied significantly among the materials tested. 
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FIG. 1--Punch test apparatus: (a) system mounted inside a hydraulic loadframe oven; (b) assembled 
punch test apparatus; (c) details of loading configuration, (Figures lb  and lc were adapted from Ref 20 
and 13, respectively.) 
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Experiment 
Punch Test 

A punch test apparatus was constructed following the design of Mao et al. [11-13]. The 
components of the system are shown in Fig; 1; high-temperature tests are easily accom- 
modated by the use of an oven, although the minimum duration of a single test at 250~ is 
approximately 45 min due to time required for temperature stabilization. An electronic 
controller and heating coil maintain the temperature to within +-3~ of the setpoint, as 
measured by a thermocouple [14]. A coupon of material, 1 cm by 1 cm by 0.5 mm, is 
anchored along its edges and supported underneath over its entire cross-sectional area except 
for a central portion 4 mm in diameter. A ball bearing 2.4 mm in diameter is slowly forced 
down a set of guides by a loadframe into the center of the specimen. This causes the specimen 
to develop a central bulge, illustrated in the cross-sectional view of a failed specimen in Fig. 
2. Material in the bulging portion of the specimen becomes thinned due to plastic flow. 
Eventually cracks form in the specimen; in the ideal case, the cracks will form a circular 
pattern along the contour of material that has undergone the most thinning. Initiation of 
such cracks is readily apparent on a load-displacement plot due to a marked decrease in 
load. The test is then stopped and the specimen removed for examination. 

The specimen thickness, t, shows the largest reduction in the area adjacen t to the crack, 
as shown in Fig. 2. The maximum thickness reduction is measured by a dial gage, and then 
the equivalent plastic strain at fracture, el, is determined from Eq 5. As noted by several 
authors, including Mao et al. [11-13], an empirical relationship can be developed between 
the thickness reduction and the deflection of the specimen at the point of fracture; this 
relationship can be used to avoid the tedious procedure of measuring the thickness of the 
specimen with a dial gage. Such an empirical relationship was not used in this test program, 
however, as it would have unnecessarily introduced an additional source of uncertainty. 

For each test condition, a minimum of twelve punch tests were performed in order to get 
an estimate of the uniformity of results. For those specimens in which the standard deviation 
of el was greater than 5%, the number of tests was increased to a maximum of 20. 

FIG. 2--Cutaway section of deformed SA-106 Grade B steel specimen, cut in RC plane. Central section 
bulge was caused by steel ball of punch apparatus. Original specimen thickness to (approx 0.5 mm) and 
point of maximum effective plastic strain (with final thickness h) are marked. Crack initiation occurred 
adjacent to area of maximum plastic strain. Inclusion stringers are perpendicular to plane of specimen. 
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Full-Scale Destructive Tests 

In order to test the linear relationship between J~c and ef indicated by Eqs 3 or 4, each 
set of punch tests on a given material was complemented by the following destructive tests: 

1. Either two or three full-sized compact tension (CT) specimens were tested with the 
aim of obtaining a value of JJc according to ASTM E 813-89. Several test materials 
repeatedly led to values Je for apparent fracture toughness that did not meet the 
standard's validity criteria. This was due to factors such as inadequate thickness of 
compact tension specimens or anomalous crack propagation behavior. Such cases are 
noted in the section on results. 

2. Tension tests were performed on each test material to determine the yield strength. 
For some materials such as the Zr-2.5% Nb alloy, miniature tension specimens were 
used; however, it is believed that these give an accurate measure of yield stress. Values 
for the ultimate tensile strength trurs and Young's modulus E were also obtained in 
order to characterize each test material, although the theoretical correlations of Eqs 
3 and 4 between Jic and e r are not directly dependent  on these two material properties. 

Test Materials 

Tests were conducted on a wide variety of engineering alloys, listed in Table 1. Five heats 
of the nuclear grade steel SA 106 Grade B were included to complement a recent series of 
fracture toughness tests in a comprehensive leak-before-break assessment program [15]. For 
the first three material heats, values of J~c were obtained in the L-C orientation; for the 
two remaining heats, C-L values of J~c were obtained. (The notation used to designate 
specimen orientation for both standard CT and punch test specimens is described in Table 
1.) All tests on the CT specimens were performed at room temperature except for one of 
the heats tested in the L-C orientation, which was conducted at 250~ Three compact 
tension specimens were used for each test condition; specimens of both 2.54 and 3.18 cm 
thickness were used and were side grooved to a total thickness reduction of 20%. 

Y i e l d  stress measurements using two specimens for each heat were performed along the 
axis perpendicular to the crack face. Both punch tests and yield stress evaluations were 
conducted at the same temperature as that of the corresponding Jic measurements. 

The purpose of the single set of elevated temperature tests was to confirm that the punch 
test is not restricted to a laboratory environment. The only minor stumbling block posed 
by the high temperature was a considerable lengthening of the punch test duration to 
accommodate heat-up and cool-down time for the oven. The test temperature of 250~ 
corresponded to the temperature at which a minimum in crack growth resistance was ob- 
served for this particular steel. 

A major problem in the punch tests for strongly anisotropic materials was the selection 
of the plane in which the punch specimen should be cut to correspond to J~c measurements.  
The two planar axes of each series of punch specimens is listed in Table 1. Ideally, the 
punch specimen should be oriented such that a crack is forced to initiate in the same plane 
as in the corresponding CT specimen. However, although the crack plane and direction of 
crack growth are strictly controlled by the configuration and loading geometry of a CT 
specimen, such control is not present in a punch specimen. This is a major  limitation in the 
use of the punch test to analyze strongly anisotropic materials. 

Heat-treatable 4340 carbon steel specimens were included in the program to generate data 
corresponding to the higher strength steels. A number of different tempers of this steel were 
produced. Other carbon steels that were tested include A516 Grade 70 mild steel and ASTM 
A 808 carbon plate steel; the latter was tested in two orientations and at two temperatures,  
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as listed in Table 1. These two steels were selected in an effort to gather data for materials 
that do not exhibit such strongly anisotropic behavior as the SA 106 Grade B steel. A portion 
of these tests were performed at elevated temperatures as shown in Table 1; this had the 
effect of producing useful data for "new" test materials with markedly differem flow prop- 
erties from their room temperature counterparts. 

Zirconium alloy Zr-2.5% Nb pressure tube material was included in this study because 
it is used as a primary pressure boundary material in Canadian Deuterium Uranium 
(CANDU) pressurized heavy water reactors; the punch test was seen as a possible avenue 
to monitor the radiation-induced hardening or hydride-induced embritt lement (with accom- 
panying reduced toughness) of this material. It is noted that the pressure tube wall thickness 
of only 4.1 mm is not sufficiently large to permit valid measurements of Jlr according to 
current ASTM standards. Two other more common nonsteel alloys were also evaluated: AI 
6061-T6 and Ti 6-2-4-2. 

Preliminary Tests on SA 106 Grade B Steel 

This steel possessed high ductility that makes it well-suited for use in primary coolant 
piping in nuclear power plants. The drawing process used during fabrication produces an 
anisotropic structure in which MnS inclusions are stretched out in the axial direction, some 
reaching lengths of several hundred microns as shown in Fig. 3. An extensive series of JIc 
measurements according to ASTM E 813 have shown that this material is significantly 
tougher with respect to crack propagation in the L-C orientation, where the crack cuts across 
inclusions, than the C-L orientation, where the inclusions lie in the crack plane [15,16]. 

In a preliminary set of tests on SA 106 Grade B, punch specimens were machined on 
each of the three principle planes from several heats of mate r ia l  Punch tests were then 
performed at room temperature on these specimens and the following points noted: 

1. For punch specimens machined in the radial-circumferential plane, the inclusion ori- 
entation was perpendicular to the specimen plane. Cracks induced by the punch mech- 

FIG. 3--Magnified view of inclusions in etched SA 106 Grade B steel specimen. 



172 SMALL SPECIMEN TEST TECHNIQUES 

anism tended to follow an approximately circular path on each specimen, along the 
contour of the maximum plastic strain energy density (Fig. 4). Due to its circular path, 
the crack did not lie in a single plane, but in effect encompassed all planes perpendicular 
to the specimen, i.e., all planes parallel to the longitudinal direction. This implies that 
in general none of the crack surface cut through the inclusions. 

In a practical application of the punch test to evaluate fracture toughness, it would 
be highly undesirable to require detailed microanalysis to ascertain details of the crack 
initiation mechanism. However, without such an analysis, it would be unclear whether 
the results for these specimens were indicative of C-L, C-R, R-C, or R-L toughness. 
The fact that cracks were repeatedly observed on all failed specimens in roughly circular 

FIG. 4--(a) SEM view of cracks in SA 106 Grade B steel punch specimens after failure. Inclusion 
stringers are perpendicular to RC plane of specimen. Zone of specimen failure follows an approximately 
circular path; (b) high magnification of major crack seen in Fig. 4a. Fracture mode was predominantly 
ductile. 
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patterns would indicate that for this material, all crack planes parallel to the longitudinal 
direction have somewhat similar toughness; this conclusion is supported by previous 
studies [16]. The standard deviation in the value of el, calculated from Eq 5, was of 
the order of 10 to 15%. 

2. For punch specimens machined in the longitudinal-circumferential plane, the MnS 
inclusions were parallel to the specimen plane. Specimen failure typically occurred by 
a series of straight, parallel cracks aligned with the inclusions, often with one crack 
being dominant, as illustrated by Fig. 5. The corresponding strain at fracture e s should 
then be indicative of toughness in the C-R or C-L orientation, and therefore results 
similar to those for specimens cut in the radial-circumferential plane would be expected. 
Although this was generally the case, the presence of large inclusions in the specimen 
plane would occasionally lead to a "premature" specimen failure. Although such fail- 

FIG. 5--(a) SEM view of cracks in SA 106 Grade B steel punch specimens after failure. Inclusion 
stringers are parallel to CL plane of specimen. Note orientation of cracks parallel to those of inclusions. 
(b) High magnification of major crack seen in Fig. 5a. 
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ures might feature large-scale plastic deformation on an extremely localized level, this 
was not discernible with the dial gage used to measure the extent of specimen thinning 
adjacent to the crack. Values obtained for e r were up to 40% lower than the average 
when premature failure took place, thereby depressing the average value of e r and 
measurably increasing the standard deviation to the order of 15 to 25%. It is noted 
that it was not possible to induce cracks to initiate in the relatively tough L-C or L-R 
orientations--the orientations that are of concern in leak-before-break studies of guil- 
lotine-type pipe failure. 

3. Punch specimens machined in the longitudinal-radial plane gave very similar results to 
those described in Item 2 above. Failure occurred by a series of parallel cracks aligned 
with the inclusions, with a large inclusion occasionally inducing early failure. The test 
results would be indicative of toughness in the R-C or R-L direction; again, no infor- 
mation is obtained regarding the L-C or L-R orientations. 

The implications of the above points are quite important. In conducting integrity assess- 
ments of engineering components, fracture properties are required for postulated crack 
orientations for which the applied load is expected to be highest or the consequences of 
failure would be the most severe. Unlike the compact tension specimen in which both the 
crack plane and direction of crack growth can be imposed, the punch specimen used in this 
study will always develop cracks on the weakest plane that is perpendicular to the specimen 
plane. 

It is also noted that even for a single specified crack plane it is not possible to definitively 
label the direction of crack growth with a punch specimen; there is some ambiguity as to 
whether the crack is propagating through the thickness or along the plane of the specimen. 
This further complicates efforts to correlate results of punch tests with standard J~c mea- 
surements. 

It is proposed that one method to address this problem is to redesign the punch test such 
that more control over the direction of crack propagation would be available. A proposed 
design, shown in Fig. 6, would require a rectangular sheet specimen on the order of 1 by 2 
cm. The sheet is clamped in a horizontal orientation on its two longer sides, and a thin 
horizontal rod is forced down into the specimen, causing a long bulge or "trench" to form. 
The specimen would ultimately fail by the initiation of cracks along lines parallel to the 
horizontal rod. By appropriate selection of the orientation in which specimens are machined, 
better control would be gained over the plane of crack growth. Note that proper clamping 
of the specimen would be more difficult with this new test design, as comparatively large 
loads would be required to induce specimen failure. 

An alternative approach would be to retain the design shown in Fig. 1, but use a punch 
with an elliptical contact area. By appropriate alignment of the ellipse on the specimen, 
cracks could be induced to initiate along any desired orientation. One major drawback to 
this design is that the modeling and analysis of experimental results would be considerably 
more complicated than for the circular punch or for the design of Fig, 6. Descriptions of 
both three-point and four-point bend tests that would also address the orientation problem 
are given in an extensive review of small specimen test techniques by Lucas [17]. 

Results of Test Program 

SA 106 Grade B Steel 

Values of J~c for each of the five specimen heats were obtained as an average of three 
measurements on compact tension specimens. All specimens were of sufficient thickness to 
give valid test results, according to ASTM E 813. Results are given in Table 1. 
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FIG. 6--Proposed punch-testing apparatus designed to force cracks to grow on a single plane. 

For the four room-temperature sets of data, the punch specimens were oriented in either 
the radial-circumferential or circumferential-longitudinal planes, as indicated in Table 1. As 
described in the previous section, the orientation of the punch specimens had little effect 
on the resulting values of ey, although the first set had the lower standard deviation. Me- 
tallographical examination of the failure area showed predominantly ductile fracture, with 
some indications of cleavage along inclusions. 

The one set of data collected at 250~ showed a markedly larger value of e I than the 
room temperature specimens despite the fact that Jic for this material is actually lower at 
the elevated temperature.  The low standard deviation in the values of e r at elevated tem- 
perature suggests that the presence of inclusions played a more minor role in inducing 
premature failure at high temperature.  The relatively high e~ value is quantitatively consistent 
with the high value of ~rurs/%~ for this material at 250~ These observations offer further 
evidence that the linear relationship between JJc and e r indicated by Eq 4 may be inadequate 
to model the complex mechanism of ductile fracture. 

4340 Heat-Treatable Steel 

Three series of tests were conducted on this material, two at room temperature and one 
at 250~ (Series B1, C1, and B2 as shown in Table 1). Problems in attaining valid mea- 
surements of J~c in destructive tests are believed to be due to the choice of C-R orientation; 
an L-C orientation might have inhibited the crack jumping noted in some of the tests. 
Additional problems that resulted in an uneven crack front also invalidated some of the 
toughness measurements according to ASTM E 813. Despite such difficulties, the values 
obtained for apparent toughness, Jo, shown in Table 1 were repeatable within 10 to 15%. 
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MnS inclusions in the plane of the punch-test specimens may have contributed to some 
of the scatter noted in the measured values of e r Cracks were not generally circular on the 
failed specimens, but instead often tended to be aligned with the direction of the inclusion 
stringers. Microanalysis of failed specimens, however, indicated that the largest inclusions 
never accounted for more than a few percent of the total wall thickness. 

A808 Plate Steel 

This steel was selected for study because of its lack of inclusion stringers. Small MnS 
inclusions as observed by optical microscopy were globular in shape; no significant features 
in the microstructure were observed that would suggest substantially different crack prop- 
agation mechanisms in the L-T as opposed to the T-L orientation. As indicated in the 
summary of results in Table 1, however, both the punch test and fracture toughness mea- 
surements indicated a small but distinct anisotropic nature to the toughness of this material. 

It is noted from Table 1 that strictly valid estimates of J~c were not attainable for this 
material, both at 21~ and 250~ This was due to an uneven extension of the crack across 
its width and was believed to be caused by a slight gradient of material properties across 
the thickness of the plate. 

A516 Grade 70 Mild Steel 

Measurements of Jic for this steel, conducted in the L-T orientation, gave the relatively 
large average value of 506 kN/m. This crack orientation would cut across the small inclusion 
stringers observed by optical microscopy. As noted earlier, the punch test conducted on 
specimens oriented in the SL plane would tend to produce data corresponding only to fracture 
in a plane parallel to the inclusions and would therefore not correspond directly to the 
fracture toughness measurements. Examination of failed punch specimens revealed large 
elongated dimples, indicative of ductile fracture. SEM examination showed no evidence of 
inclusions on the crack faces, although any inclusions might have been displaced when the 
crack opened up. 

Zr-2.5% Nb 

Because this material was available in the form of tubing with a wall thickness of 4.1 mm. 
it was not possible to manufacture specimens leading to valid J~c values in accordance with 
ASTM E 813. The values of JQ given in Table 1 therefore are indicative of a mixed plane 
stress/plane strain fracture mode. As indicated earlier, this is one of the motivations for 
development of a refiable punch test. but the lack of strictly valid J~c data severely hampers 
an assessment of the punch test 's value. 

Scanning electron microscope observation of the fracture surfaces on the punch-test spec- 
imens confirmed that the failure mode involved considerable ductile shear along one main 
circular crack: however, the high strength of this material led to measurably smaller dimples 
than were observed for the SA 106 Grade B specimens, with some evidence of a mixed 
ductile/brittle fracture mode. Punch test results were extremely uniform, as indicated by 
the small standard deviation in the measured value of e r. This was consistent with the lack 
of any significan! inclusions observed by optical or SEM microscopy. 

Al 6061-T6 and Ti 6-2-4-2 

These two alloys were both tested at room temperature.  Both displayed relatively small 
variations in the values of er in the punch test. Both types of materials failed via one main 
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circular crack, indicating minimal dependence of toughness for crack planes perpendicular 
to the punch-test specimen; optical microscopy showed no evidence of significant inclusions. 
While the AI 6061 fracture surfaces showed considerable evidence of ductility, a mixed mode 
of fracture was seen in the Ti-6-2-4-2 specimens due to the high strength of this alloy. 

A n a l y s i s  

Figure 7a shows a plot of J~c (or Jo) plotted against e?ry, for all test materials to test for 
the linear correlation indicated by Eq 3. Note that the parameter  X I is not included in the 
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abscissa, consistent with the assumption that this parameter is a constant, As suggested 
earlier, this assumption is a major limitation to the current work, but there would normally 
be no method available to obtain a good estimate for X r in any practical application of the 
punch test. 

Figure 7b shows J~c (or Jo) plotted against e r in accordance with the more simple model 
of Eq 4 used by Bayoumi and Bassim [10], Mao et al. [13], and others. Neither Figs. 7a 
nor 7b indicate a linear relationship as predicted by Eq 3 or 4. Several reasons are readily 
apparent based on the points noted earlier: 

1. Strictly valid estimates for J~c were not attainable for several of the test materials. For 
certain materials, such as the A516 Grade 70 steel, this problem was clearly dominant 
in testing for a linear correlation between J~c and e I. However, if only the data for 
which valid (or close to valid as defined by ASTM E 813) estimates of J~c are retained, 
it is clear that a linear relationship between toughness and fracture strain is still not 
present. Fundamental problems, as outlined in Items 2 through 4 below, need to be 
addressed. 

2. Both Eqs 3 and 4 are based on the assumptions of a strain-controlled ductile tearing 
process. Evidence of cleavage facets on the crack surfaces of some specimens and the 
role of inclusions would tend to invalidate these assumptions. 

3. Strongly anisotropic materials could not be accommodated by the current design of 
the punch apparatus, as it allowed minimal control of the crack orientation. This 
inhibited the collection of punch test data on the relatively tougher plane of crack 
growth in an anisotropic material. 

4. The relationship among the parameters el, ~,, and X i given by Eq 1 is a model to be 
applied to perturbations of a material's properties from some reference condition. It 
should not be expected to be reliable over such a broad class of alloys as considered 
in this test program without appropriate variations in the proportionality constant. 
This conclusion is supported by Figs. 7a and 7b, where it is seen that the nonsteel 
alloys exhibit markedly different correlations between e I and J~c than do the steel 
alloys. 

Consistent with Item 4, very recent efforts to use the punch test as an indicator of material 
toughness and degradation have been generally confined to a single alloy, in particular the 
evaluation of the NDTT [18-20]. In such cases, the punch test has been found to be a useful 
tool when large specimens are inappropriate for toughness assessment. 

Conclusions 

1. An experimental program with a wide range of metal alloys has found no evidence of a 
consistent linear relationship between JJc (or Je) and equivalent plastic strain as measured 
in a punch test. 
2. The punch test suffers from a lack of control of the orientation of the failure plane; this 
can inhibit the use of a punch test to attain toughness data on the plane of interest. A 
modified punch apparatus was proposed to address this problem; challenges posed by this 
modified design are the relatively large loads required and clamping considerations. 
3. The theoretical background for correlating Jxc with e i is based on many simplifying 
assumptions regarding the deformation and fracture processes. This would indicate that the 
punch test should be confined to a very narrow class of materials (or a single material) 
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within which perturbations in values of Jic might be correlated with perturbations in values 
of  E f or E f f f y  s. 
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DISCUSSION 

S. G. Dryck ~ (written discussion)--Workers have shown that fracture strain is a function 
of stress triaxiality. Do you consider that the lack of correlation between J~cand e I may in 
part be due to the intrinsic low triaxiality of the shear punch test? 

A: N. Sinclair et al. (authors' closure)--In order to properly address this question, it is 
necessary to remove the highly nonisotropic specimens from the analysis, as the effects of 
inclusions were clearly dominant in the distortion of their results. This proves to be very 
difficult, as even relatively small inclusions tend to have a significant effect in such thin 
specimens. It is therefore not feasible to answer your question based on the experimental 
results of this project. 

As you point out, the punch test features a two-dimensional stress field as compared to 
a three-dimensional field in a thick compact tension specimen used for measuring J~c. In 
the model used in this study, it was assumed that this difference is accounted for by the yon 
Mises formulation for equivalent stress, together with the assumption of incompressible 
plastic flow. I would agree that there is a danger of inherent inaccuracy in using such a 
model to infer the value of plane strain toughness based on a two-dimensional test config- 
uration. 

G. Lucas 2 (written discussion)--The lack of a correlation between J~c and e r notwithstand- 
ing, have you looked at scoring or notching the disk specimens to force a crack across 
inclusions in your more anisotropic specimens? 

A. N. Sinclair et al. (authors' closure)--A notch or surface score across the axis of the 
inclusions would certainly induce cracks to initiate in the "tough" direction in some ani- 
sotropic specimens. In theory, the information gained from such a test could lead to an 
estimate for J~c. Such an approach is not being pursued in this study, however, because it 
would be necessary to have an accurate measurement of the score profile in order to analyze 
the equivalent strain at fracture; our objective is to develop a relatively inexpensive, quick 
test method that requires a minimum of experimental measurements. Clearly, the theoretical 
correlation between J~c and e I becomes much more complicated once the surface condition 
of the specimen is altered. 

Your question does illustrate one of the weaknesses of the simple theoretical correlations 
given in Eqs 3 or 4 for these thin specimens. The punch test is based on an assumption of 
elastic-plastic fracture, with plastic strain being much larger than elastic strain. In specimens 
with elongated inclusions, however, such as the SA 106 Grade B, an examination of the 
fracture surface clearly showed that this assumption can be violated. A single inclusion can 
be sufficiently prominent that it is no longer appropriate to consider a thin specimen as 
being homogeneous. The situation would be further complicated by the introduction of a 
stress concentration factor induced by surface notching. 

W. R. C o r w i n  3 (written discussion)--The limitation of not being able to induce fracture 
in the LT (strong) orientation can possibly be overcome by using an elongated punch and 
support geometry. This is common practice in testing the drawability of sheet metal where 
biaxiality ratios of 1:2 and higher are readily achieved by such a technique. Obviously, the 

ARA Technology, Harwell Technology, Oxon OXll ORA, England. 
2 Chemical/Nuclear Engineering, UCSB, Santa Barbara, CA 93106. 
3 ORNL, Oak Ridge, TN. 



DISCUSSION ON FRACTURE TOUGHNESS 181 

effect of nonisotropic loading would need to be included in any analysis of such an exper- 
iment. 

A. N. Sinclair et al. (authors' closure)--Your suggestion of an elongated specimen has 
been considered, as shown in Fig. 6. By using a sufficiently large length-to-width ratio, it 
is suggested that the problem would be two-dimensional in nature, thereby easing the 
mathematical modeling of the deformation. One problem anticipated in the geometry of 
Fig. 6, however, is that relatively large forces would be needed to induce crack initiation. 
Such forces would tend to rip the specimen out of its clamp; there might also be a tendency 
for cracks to initiate immediately adjacent to the clamped area, where their analysis would 
be very difficult. 

I believe that your specific suggestion may be a compromise between the configurations 
of Figs. 1 and 6, i.e., an oval-shaped punch for which the forces required might not be 
excessive. As you point out, however, the analysis would be difficult. 

We are currently investigating an idea that is similar to the elongated cylindrical punch 
of Fig. 6, but using a specimen that has been symmetrically thinned (tapered) in the central 
area under the punch. This geometry will slightly increase the effort at analysis over that 
required for a flat specimen, but the problem will still be only two-dimensional. The tapered 
geometry will force the crack to grow in the central area of the specimen. 
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ABSTRACT: Zircaloy is commonly used for the cladding or pressure tubes in commercial 
nuclear reactors because of its strength, corrosion resistance, and low absorption of thermal 
neutrons. Fracture toughness test techniques using small samples fabricated from archival 
materials from the N Reactor pressure tubes of Zircaloy-2 were developed to study the factors 
affecting tube fracture toughness. Compact tension specimen thickness was limited by the wall 
thickness (7 mm) of the tubes. Specimens (5 mm thick) were prepared for fracture toughness 
testing, and results were analyzed using the J-integral approach. To reduce the high cost of 
irradiated specimen testing and to more easily precrack specimens remotely, single-specimen 
potential drop techniques were employed to evaluate the fracture toughness of Zircaloy-2. 

The initiation fracture toughness was determined from J-R curves, which were constructed 
by plotting values of J as a function of crack extension computed from the electric-potential 
calibration curve. The J-R curves obtained from the calibration curve equation fit the initial 
portion of the blunting line and heat-tint data. 

Results showed that at room temperature, the toughness of unirradiated N Reactor pressure 
Tube 1054 was the lowest and that of Tube 2755 was the highest. As the temperature was 
increased the fracture toughness decreased slightly, while the tearing modulus increased with 
temperature. The fracture resistance in the circumferential orientation was inferior to that for 
the longitudinal orientation. The effects of neutron fluence and hydrogen content on the 
fracture toughness of N Reactor pressure tubes were evaluated. Neutron irradiation substan- 
tially degraded fracture toughness. Increasing fluence decreased the fracture toughness of the 
alloy. Hydrogen also decreased fracture toughness, but this effect was insignificant for the 
pressure tubes tested. 

KEYWORDS: pressure tube, neutron fluence, fracture toughness, hydrogen, orientation, 
reactor, Zircaloy-2, electric potential 

Zi rconium absorbs very few thermal neutrons.  One  of its principal alloys, Zircaloy-2, is 
widely used as nuclear  structural and cladding material for water-cooled reactors. The 
Hartford Site's N Reactor contains 1003 horizontal fuel channels which consist of cold-worked 
Zircaloy-2 pressure tubes inside a graphite matrix. None of these pressure tubes have been 
known to develop cracks or leaks since the startup of the N Reactor  in 1963. However,  
earl ier investigations [1] have revealed that the fracture toughness of the materials has 
decreased considerably after irradiation, and it is important  to unders tand the effects of the 
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in-service environment on the tube integrity of Zircaloy-2. A surveillance program was 
established in which tubes were periodically removed for extensive examination and testing. 

The peak fluence of removed tubes was 6.3 • 1021 n/cm 2 (E > 1.0 MeV). Test results of 
these irradiated tubes will provide high fluence data for a comparison with the earlier 
observation that a saturation in toughness degradation was reached at low exposures. It is 
speculated that irradiation embrittlement may not saturate but will continue at higher neutron 
exposure levels. This speculation is based on the fact that the fracture behavior of Zircaloy- 
2 is affected by not only neutron irradiation but also directional hydride and deformation 
modes. Localized embrittlement occurs when hydrides form normal to the applied stress 
direction through rapid hydrogen diffusion. This delayed hydride cracking (DHC) is en- 
hanced by the presence of cracks because hydrogen diffuses up the crack-tip stress gradient. 
Experimental results showed that irradiation could increase DHC crack growth rates 35 to 
50 times over that of unirradiated material at a given temperature [2]. The fracture responses 
of this anisotropic material are even more complicated by the twinning and slip, which 
contribute to the deformation in the plastic zone at the crack tip and influence the fracture 
resistance. The assessments of brittle frac'199 potential for reactor core components are 
therefore necessary to ensure structural sounaness and thus extend the plant life. 

Fracture toughness testing was conducted on unirradiated pressure tubes of Zircaloy-2 at 
elevated temperatures. Because the thickness of the test specimen was limited by the thick- 
ness (7 mm) of the tube, subsized specimen test techniques were developed with compact 
tension samples taken from archived N Reactor pressure tubes. These unirradiated small 
specimens were expected to exhibit stable tearing behavior, and the test results were thus 
analyzed by the J-integral approach. S,~ecimens were fabricated with a notch in the axial 
(C-L) as well as the circumferential (i~-C) orientations to investigate the effect of flaw 
orientation on fracture toughness. To minimize the number of specimens required for the 
evaluation of J~c at various temperatures, the single specimen electric-potential method was 
used [3]. An empirical equation describing the relationship between electric potential and 
crack extension was used to produce J-R curves for J~c determination. 

The objectives of this work were to develop in-cell test techniques for testing compact 
tension specimens of irradiated Zircaloy-2 and to investigate the effect of neutron fluence 
on the fracture toughness of N Reactor pressure tubes. 

Experimental Procedure 

Specimen Preparation 

Compact tension specimens were fabricated from unirradiated Zircaloy-2 pressure tubes 
1054, 2755, and 2566 and irradiated tube 3053. Tube 1054, supplied by Chass Brass and 
Copper Company, was fabricated to 18% cold-worked condition. Tubes 2755, 2566, and 
3053 were produced by the Harvey Aluminum Company from single extrusions of Zircaloy- 
2 with 28, 28, and 18% cold work, respectively. Both unirradiated and irradiated specimens 
were cut from the inner part of each tube so that the high hydrogen layer along the inner 
diameter of irradiated tubes was intact in the notch plane. The two orientations of compact 
tension specimens, axial (C-L) and circumferential (L-C) orientations, are shown in Fig. la. 
Details of the specimen dimensions, as recommended in ASTM Test Method for Plane- 
Strain FraCture Toughness of Metallic Materials (E 399), are shown in Fig. lb. 

Four Zircaloy-2 electrodes were welded to each specimen to facilitate the connection of 
electric leads in the hot cell. The optimized locations for the current leads and potential 
probes are shown in Fig. 2. The specimens were prepared for in-cell testing. The single- 
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FIG. 2--Clip gage attached to a compact tension specimen with four electrodes. 

specimen electric-potential method was used to evaluate the values of J~c at various tem- 
peratures. 

Test Procedure 

Unirradiated Specimen--Fracture toughness tests were performed at 32, 177, and 260~ 
in accordance with the test procedure outlined in ASTM Test Method for J~c, a Measure of 
Fracture Toughness (E 813-81). Before testing, each specimen was fatigue precracked with 
the electric-potential technique to monitor the crack extension, which was in the range of 
1.8 to 2.3 mm. The test specimen assembly was electrically insulated by ceramic spacers 
placed in the couplings of the pull rods [3]. 

An electrical-resistant clip gage was mounted on the top and bottom surfaces of the 
specimen along the loadline to measure displacements. During the test, the load, potential 
output, loadline displacement, and the ram displacement at a speed of 0.42 mm/min were 
continuously recorded. After the test was completed, each cracked specimen was heat tinted 
at 315~ to reveal the crack extension. Results were analyzed for the values of initiation 
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FIG. 3--Electric-potential calibration curve for Zircaloy-2. 

fracture toughness with either linear elastic or elastic plastic fracture mechanics techniques. 
Because most of the unirradiated specimens tested exhibited stable tearing behavior, a 
continuous J-R curve was constructed by calculating crack extension through the electric- 
potential calibration curve shown in Fig. 3. The normalized crack length (a/ao) versus the 
normalized potential output (V/Vo) calibration curve is expressed in the form of a hyperbolic 
tangent (tanh) [4] 

alao = (3(0 - 1)tanh [(VIVo - 1)I(V*/Vo - 1)] + [3(VIVo - 1) + 1 (1) 

where X0 and [3 are determined from the linear least-squares fit to the heat-tint data. 
Based on the data given in Fig. 3, X0 and [3 are found to be 0.9623 and 0.7733, respectively. 

The potential output at the neighborhood of crack initiation is V*. The value of V*/V0 can 
be estimated from the potential output records and crack extension data including the 
blunting line. It was found that with V*/Vo = 1.075, Eq 1 satisfactorily described the crack 
extension-potential output data obtained from compact tension specimens of Zircaloy-2 
(Fig. 3). 

The Jic value is evaluated at the intersection of a least-squares regression line through the 
portion of the J-R curve with the 0.15-mm offset and the blunting line given by J = 2trrAa, 
where ~rf is the flow stress and is equal to 1/2(%s + tr,~). Equivalent plane strain fracture 
toughness was computed from Jtc values using the following equation: K~c = JV~E, where 
E is Young's modulus. The value of plane strain fracture toughness is termed as Kc rather 
than Kit if the Kit test is invalid. 
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Irradiated Specimen--Because the goal of the fracture toughness testing was to evaluate 
the postirradiation toughness of Zircaloy-2 pressure tubes, the test procedure was established 
for unirradiated specimens as well as irradiated specimens. However, the electric-potential 
calibration for fatigue-cracked specimens of Zircaloy-2 was found not to be applicable to 
irradiated specimens. As shown in Fig. 3, the potential drop in an irradiated specimen is 
less sensitive to crack extension than in unirradiated specimens. The potential output may 
be affected by the hydrides present on the rough crack surfaces. 

Irradiated specimens of Zircaloy-2 tend to fail by unstable fracture. The crack extension 
in these specimens is either undefined or too long and difficult to relate to the final potential 
output. During the early stage of loading, the electric potential increases linearly, then rises 
rapidly when the crack is initiated. In most cases, the point of initiation was readily apparent 
from the electric-potential record. Therefore, the J1c toughness was obtained on the basis 
of the area under the load-displacement curve up to the point of deviation from the linear 
region of the electric-potential curve. 

R e s u l t s  

Fracture Behavior 

Unirradiated specimens of Zircaloy-2 may fail by stable tearing or unstable fracture with 
little apparent plastic deformation. Typical load and potential output records for samples 
cut from irradiated tubes are shown in Fig. 4. The load increases nonlinearly to the maximum 
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FIG. 4 Load and electric-potential records for stable tearing behavior. 
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load and then gradually decreases while the potential output smoothly increases with dis- 
placement. Unirradiated Tubes 2755 and 2566 displayed such crack growth behavior. At 
room temperature, a sample cut from Tube 1054 exhibited an unstable fracture as shown 
in Fig. 5. In this type of fracture, the load increases nonlinearly before a sudden load drop 
occurs. The fracture behavior commonly seen in irradiated Zircaloy-2 is shown in Fig. 6, 
where stable tearing followed by unstable fracture is illustrated; the potential output from 
the specimens surges when the cracking in the specimen begins. Some irradiated specimens 
exhibited either an unstable fracture or stable tearing. 

Fracture Toughness Values 

Through the use of the electric-potential calibration curve (Eq 1), the crack extensions 
were calculated from potential output records to construct J-R curves. Figure 7 shows the 
J-R curves for unirradiated specimens with various crack lengths. Also plotted in this figure 
are the final heat-tinted Aa values for each specimen represented by the solid symbol. Values 
of Kc are evaluated from these J-R curves and are listed in Table 1 for unirradiated samples. 
The tearing modulus (T) was computed from the following equation: T = (E /~) (dJ /da) ,  
where dJ/da is the slope of the J-R curve. 

There were twelve specimens fabricated from N Reactor pressure tube 3053. The specimen 
thickness and the irradiation and test conditions are given in Table 2. Only three tests on 
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FIG. 6--Load and electric-potential records for stable tearing~unstable fracture behavior. 

irradiated specimens yielded valid K~c values. Elastic-plastic fracture mechanics techniques 
were used to characterize the fracture toughness of the remaining irradiated specimens. 
Because there was no appropriate electric-potential calibration curve for irradiated speci- 
mens, the construction of J-R curves was precluded. The value of 1]c was obtained on the 
basis of the crack growth initiation point apparently determined from the electric-potential 
curve (see Fig. 6). Table 2 compiles the equivalent Kc values of irradiated specimens. 

Temperature and Fluence Dependence 

The temperature dependence of the fracture toughness for unirradiated Zircaloy-2 pres- 
sure tubes is shown in Fig. 8. At room temperature, Tube 1054 failed by unstable fracture. 
The fracture behavior evolved into a mixed mode of stable tearing and unstable fracture 
and then stable tearing as the temperature was increased to 177~ or higher. Specimens 
taken from Tubes 2755 and 2566 exhibited stable tearing at room temperature or higher. 
In comparison, the temperature at which the ductile-brittle transition occurs in Tube 1054 
is higher than those for Tubes 2755 and 2566. These two tubes would fail by brittle fracture 
at temperatures below room temperature. The tearing modulus is plotted in Fig. 9 in terms 
of temperature. The trend, clearly indicated by this figure, is that the tearing resistance of 
Zircaloy-2 increases with increasing temperature. 

Neutron irradiation can markedly degrade the fracture toughness of Zircaloy-2. Figures 
8 and 10 show that the fracture toughness of the alloy is significantly reduced by a fluence 
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of 6 x 1021 n/cm 2 (E > 1.0 MeV). The irradiated specimens failed by unstable fracture at 
room temperature and by stable tearing at 260~ 

Effects of Orientation and Hydrogen 

The effect of orientation on the fracture behavior of Zircaloy-2 tubing is illustrated in 
Fig. 11: The fracture resistance in the L-C (circumferential) orientation was inferior to that 
for the C-L (longitudinal) orientation. Temperature has a stronger influence in raising the 
fracture toughness in the C-L orientation than in the L-C orientation. The lower fracture 
toughness in the L-C orientation is believed to be associated with the higher yield strength 
in this orientation because of crystalline anisotropy. 

Two thinner specimens with a thickness of 2.54 mm were tested to investigate the effect 
of hydrogen on the fracture toughness of Zircaloy-2. Figure 12 shows the hydrogen con- 
centration in relation to the tube wall thickness of Tube 3053. Hydrogen content gradually 
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TABLE 1--Fracture toughness of unirradiated Zircaloy-2 pressure tube. 

Specimen Crack Test Tearing 
ID Tube Orientation Temperature, ~ Kc, MPa~mm Modulus Fracture Mode 

4A 1054 C-L 32 58,0 ... Unstable fracture 
4B 1054 C-L 177 89,2 89 Stable tearing 
4E 1054 C-L 177 85,5 76 Stable tearing 
4C 1054 C-L 260 86.1 114 Stable tearing 

3047 1054 L-C 32 44.2 14 Stable tearing 
3046 1054 L-C 177 56.7 31 Stable tearing 

5A 2755 C-L 32 99.5 35 Stable tearing 
5E 2755 C-L 32 98.2 36 Stable tearing 
5D 2755 C-L 177 95.0 120 Stable tearing 
5F 2755 C-L 177 95.0 110 Stable tearing 
5C 2755 C-L 260 85.5 139 Stable tearing 

6A 2566 C-L 32 87.5 60 Stable tearing 
6E 2566 C-L 32 94.5 71 Stable tearing 
6B 2566 C-L 177 88.0 116 Stable tearing 
6F 2566 C-L 177 89.0 102 Stable tearing 
6D 2566 C-L 260 86.1 170 Stable tearing 

increased  f rom the  ou te r  surface to nea r  the  inne r  surface where  a sha rp  increase  was 
obse rved  at the  inne r  surface.  T h e  spec imen t a k e n  f rom the  i nne r  d i a m e t e r  region has  h igher  
hyd rogen  con ten t  (302 ppm)  t han  the  one  t aken  f rom the  ou te r  d i a m e t e r  region (22 ppm) .  
Resul ts  showed  tha t  these  two spec imens  had  c o m p a r a b l e  f rac tu re  toughness  values ,  an  
indica t ion  t ha t  the  hydrogen  grad ien t  had  little effect  on  the  overal l  f rac ture  resis tance.  

In addi t ion  to the  above  var iab les  (f luence,  tes t  t e m p e r a t u r e ,  hyd rogen  concen t r a t ion ,  
and  no tch  o r i en ta t ion)  tha t  have  an  effect  on  the  f rac ture  toughness  of  Zircaloy-2,  test  resul ts  
also differ  by tube  m a n u f a c t u r e r  and  tube - to - tube  var ia t ion  in tubes  manu fac tu r ed  by  the  
same supplier .  Because  only  one  or  two spec imens  cut f rom each t ube  were  tes ted  in this 
work ,  the  significance of  the  t ube - t o - t ube  var iab les  will b e  ana lyzed  by a statistical analysis  
w h e n  e n o u g h  data  are avai lable .  

TABLE 2--Fracture toughness of N Reactor pressure Tube 3053 ( C-L orientation). 

Specimen Specimen Test Fluence, 
ID Thickness, mm Temperature, ~ 1021 n/cm ~ Klc, MPa'kTmm Kc, MPaV~mm Fracture Mode 

U4A1 5.08 32 0 ... 79.9 Stable tearing 
U4A3 5.08 177 0 ... 68.1 Stable tearing 
U4A5 5.08 260 0 ... 68.4 Stable tearing 

7X3A1 5.08 32 1.2 31.1 ,.. Unstable fracture 

3R1A2 5.08 32 3.3 .-. 42.6 Stable/unstable fracture 

T-3A1 5.08 32 5.9 23.9 .-. Unstable fracture 
T3D2B 2.54 inner 177 5.9 ... 35.5 Stable tearing 
T-2J 2.54 outer 177 5.9 ... 39.6 Stable tearing 
T-3A2 5.08 177 5.9 ... 36.0 Stable/unstable fracture 
T-2F 5.08 260 5.9 ... 34 .4  Stable/unstable fracture 
T-2C 5.08 260 5.9 ... 36 .1  Stable/unstable fracture 

3S1A3 5.08 32 6.3 33.3 ... Unstable fracture 
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FIG. 8--Temperature dependence of I~ for unirradiated Zircaloy-2 pressure tubes. 

D i s c u s s i o n  

Specimen Thickness Requirement 

There are specimen thickness limitations for which the values of K~c or J~c can be determined 
under conditions of "plane strain." Irradiated specimens 7X3A1, T-3A1, and 3S1A3 ex- 
hibiting an unstable fracture satisfied the specimen size and validity requirements recom- 
mended by ASTM Standard E 399. These requirements are 

a, W - a, B > 2.5(Ke/~ys) 2 (2) 

where 

a = crack length, 
W = specimen width, 
B = specimen thickness, and 

Pmax : maximum load. 

Pmax/Pe < 1.1 (3) 

The test results of the remaining irradiated specimens and unirradiated specimens were 
analyzed for J~c values. According to ASTM E 813, !he minimum specimen thickness required 
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for valid Jle tests is 25Jk/%,. The minimum thickness B~i, for each test temperature is listed 
in Table 3. Only at room temperature do the 5.08-mm-thick specimens of unirradiated 
Zircaloy-2 pressure tubes used in this work meet the specimen thickness requirement. As 
the temperature is increased, the value of J~c increases while the yield stress decreases; the 
B~,,, increases and becomes larger than the specimen thickness of 5.08 ram. For irradiated 
specimens, the minimum thickness is about 0.7 mm. Therefore, either a 5.08-mm- or 2.54- 
mm-thick specimen of irradiated Zircaloy-2 (listed in Table 2) satisfies the requirements for 
valid Jic tests. 

Electric-Potential Calibration 

In establishing the experimental electric-potential calibration, there are two questions 
which need to be answered: (1) Are the specimens used to generate the potential drop and 
crack length data the same specimens used for fracture toughness tests? (2) How are the 
potential outputs related to the crack length in terms of specimen initial conditions (W or 
a0)? Because theoretical calibration was formulated in an expression of V/Vo versus a/W 
[5], experimental calibration had generally been established in the same relationship. How- 
ever, evidence showed that experimental and theoretical calibrations were not in agreement 
[6]. 
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FIG. 12--Radial distribution o f  hydrogen in Zircaloy-2 Tube 3053 at 9.16 m from the upstream inlet 
rolled joint end o f  the tube. 

In this work, the final potential output and heat tinted Aa of each tested specimen were 
used to establish the electric-potential calibration. Because the widths of all specimens are 
identical, but the initial crack lengths are not, the results are plotted in the form of a non- 
dimensional ratio (a/ao versus V/Vo)  in Fig. 3. The near linearity of this plot makes the 
description of the V-a relationship simple and accurate. However, this nearly straight line 
calibration curve has to be extrapolated through the starting point (a/ao = V/Vo = 1). Near 
the blunting region precisely where the Jxc values are determined, the cracks are small and 
difficult to accurately measure. 

A polynomial equation can be used to represent the stable crack growth and blunting 
behavior, but data fitting for this equation is poor. To better describe the behavior exhibited 
in these two regions, a bilinear form with the smooth joint point, near where the crack 
began, was used. Equation 1, expressed in a hyperbolic tangent form, consists of two linear 
segments: a/ao = Xo + fS(V/Vo - 1)and  a/ao = (Xo - 1 ) (V /Vo  - 1 ) / ( V * / V o  - 1) + 

TABLE 3--Minimum specimen thickness required for valid J~c. 

Test 
Bmi,, innl Specimen Temperature, ~ J 

Unirradiated 32 1.9-5.6 
Unirradiated 177 5.6-7~1 
Unirradiated 260 7.2 
Irradiated 32-260 0.7 
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~(V/Vo  - 1) for the stable crack growth and blunting region, respectively. At V = V*, 
these two equations are equal. In the blunting region, the value of J is linearly related to 
V: With the slope of J versus V curve equal to S, V* is easily estimated to be [(X0 - 1)/ 
(S/2(rfao - ~) + 1] V0. Figure 7 shows that Eq 1 is capable of producing satisfactory J-R 
curves that fit both the blunting line and experimental data. On the basis of these J-R curves, 
reasonably accurate values of Jc are determined. 

Irradiation Effect 

A comparison between Figs. 8 and 10 clearly shows that irradiation significantly decreases 
the fracture toughness of Zircaloy-2. The data trend is clear as seen in Fig. 13, where the 
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room temperature fracture toughness is shown to decrease with increasing fluence. The data 
obtained from the N Reactor pressure tubes appear to be in agreement with earlier results 
[1]. More data are needed to conclude whether the fracture toughness degradation saturates 
at this fluence level of 6 • 102~ n/cm 2 (E > 1.0 MeV). 

Zircaloy-2 is a hexagonal closed-packed (HCP) metal. Like face-centered cubic (FCC) 
metals, Zircaloy-2 is nominally ductile metal although generally less ductile than FCC metals. 
The radiation embrittlement in these two kinds of metals is characterized by dimple rupture 
undergoing a premature onset of plastic instability. Highly irradiated FCC metals such as 
austenitic steels fail by channel fracture. Because the slip system in HCP materials are 
limited, only highly textured Zircaloy displays deformation bands that are a result of dis- 
location channeling [7]. Consequently, irradiation damage on a much finer scale, not dis- 
location channeling, degrades the fracture toughness of Zircaloy-2. 

Another important factor contributing to the toughness degradation is the presence of 
zirconium hydride (ZrH2) which occurs during reactor service. These brittle precipitates of 
hydride, with Kit values of 1 to 3 MPaV~m [8], severely reduce cracking resistance when 
the hydride platelet normal is parallel to the applied stress. Hydride formation provides 
sites for easy crack nucleation driven by either irradiation hardening or the interaction of 
radiation-induced deformation bands. However, hydrogen effects on toughness degradation 
in Zircaloy-2 were not significant. Experimental evidences showed that irradiation reduced 
substantially the fracture toughness of Zircaloy-2 containing up to 100 ppm hydrogen [1]. 
This finding is consistent with the present results showing little difference in through-wall 
toughness even with a large hydrogen gradient. 

Conclusion 

Fracture toughness testing was performed on Zircaloy-2 pressure tubes with a single 
subsized-speclmen method. The electric-potential techniques are suitable for the specimen 
size and testing system used in this work for J1c determination. All unirradiated specimens. 
except for one tested at room temperature, fractured by stable tearing. Irradiated specimens 
failed in two additional types of fracture behavior: unstable fracture and stable tearing 
followed by unstable fracture. Specimens exhibiting unstable fracture may yield valid K~c 
values. Results of other specimens were analyzed by elastic-plastic fracture mechanics tech- 
niques. An electric-potential calibration curve in the form of a hyperbolic tangent fits the 
data of potential output versus crack extension well and was used to construct J-R curves 
for unirradiated specimens. For irradiated specimens, the values of Jlc toughness could only 
be determined from the point of crack initiation indicated by the electric-potential curves. 

The preirradiation fracture toughness of Zircaloy-2 slightly decreased while the tearing 
modulus significantly increased with temperature. After irradiation, the fracture toughness 
markedly decreased and appeared to decrease further with increasing fluence. The orien- 
tation of a crack in the specimen can affect the fracture resistance because Zircaloy-2 is 
anisotropic. In general, both irradiation and hydrogen degrade the postirradiation fracture 
toughness of Zircaloy-2. In this work, results showed that radiation caused the most sig- 
nificant decrease in fracture toughness, and hydrogen caused the least. 
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Miniaturized Fracture Toughness Testing 
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ABSTRACT: It is desirable to obtain plane strain fracture toughness data in support of plant 
refurbishment and plant life extension (PLEX) efforts. These data may be needed for pres- 
surized thermal shock (PTS) analyses, low upper shelf energy analyses, and to verify shifts in 
the K~R curve. A major impediment to the development of plant-specific fracture toughness 
data is the specimen size requirement and the fact that many surveillance capsule programs 
do not include fracture toughness specimens. 

A new test has been developed to resolve these difficulties. An experimental modification, 
referred to as stress field modificationl enables testing using specimens substantially thinner 
than those currently required by ASTM. Examination of the stress field modified specimen 
fracture surface demonstrates that plane strain conditions were achieved in the miniature 
specimens. The miniature specimens were machined from a nuclear-grade ASTM A508 steel 
used in the Oak Ridge National Laboratory pressurized thermal shock study. The miniature 
specimen data lie within the experimental scatter of the 6-in. (15.24 cm) vessel data. The 
development of this new fracture test enables plane strain testing of materials from surveillance 
programs (broken Charpy specimens) and from material cut from in-service components. 

KEYWORDS: miniature specimens, fracture toughness, plane strain, stress field modification, 
J-Integral, finite element 

In order to calculate pressure-temperature (P-T) operating limits, it is necessary to de- 
termine the temperature dependence of the lower bound to static and dynamic fracture 
toughness for the limiting beltline material. As stated in the ASME code, Section XI, Article 
A-4400, it is intended that plant-specific fracture toughness data be determined directly in 
the surveillance program. In particular, the ASME code states, "Radiation induced changes 
in fracture toughness should be determined from surveillance specimens of the actual material 
and product form, irradiated according to the surveillance techniques of ASTM E 185, 
Standard Recommended Practice for Effects of High-Energy Irradiation on the Mechanical 
Properties of Metallic Materials." Since most surveillance programs do not include fracture 
toughness specimens, the effects of neutron irradiation are considered for both K~A and Kic 
by shifting the reference nil ductility temperature (RTNm) as a function of irradiation using 

~ President, MPM Research & Consulting, 915 Pike Street, Lemont, PA 16851; Adjunct professor 
of nuclear engineering, The Pennsylvania State University, 231 Sackett Building, University Park, PA 
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2 The techniques described in this paper are protected by U.S. Patent No. 4,885,027, entitled "De- 
termining Plane-Strain Fracture Toughness and the J-Integral for Solid Materials Using Stress-Field- 
Modified Miniature Specimens." 
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trend curves. In particular, Regulatory Guide 1.99 (Revision 2) [RG 1.99(2)] 3 is used to 
determine the Charpy shift at the 41-J level (AT40 due to neutron damage. In cases where 
two or more credible surveillance data are available, the Regulatory Guide provides a 
procedure for combining the measured data with the generic model to predict the Charpy 
shift fluence dependence. As stated in ASME Section III,  Article A-4400, this approach is 
intended to be extremely conservative: "These curves (the shifted KIA and Kxc curves) are 
intended to be very conservative since the recommended procedure is to determine the 
irradiation effects from surveillance specimens of the actual material and product form in 
question." The curves referred to are the shifted ASME K~A and K~c reference curves. 
Further, as stated in article A-4200, these unirradiated curves are intended to be very 
conservative as well: "The curves in Fig. A-4200-I are intended to be very conservative 
since the recommended procedure is to determine the material fracture toughness from 
specimens of the actual material and product form in question." In addition, the shift in 
fracture toughness data due to irradiation of a pressure vessel steel, measured in accordance 
with ASTM Test Method for Jlc, a Measure of Fracture Toughness (E 813), does not compare 
well with the KIR curve when shifted by the measured Charpy 40 J transition temperature 
shift [1]. In response to these concerns and to the need within the nuclear industry's plant 
life extension (PLEX) program for in-service materials data, a new approach to plane strain 
fracture toughness testing has been developed. The theoretical framework and initial bench- 
mark data are presented in this paper. The approach described has been applied to determine 
static plane strain fracture toughness data using specimens substantially thinner than those 
required by ASTM. As shown in the ASME code, dynamic fracture toughness data are 
significantly more conservative than static data. However, analysis of the data and equations 
presented in Ref 2 reveals that static data can be used to represent crack arrest data for 
SA-533 Grade B Class 1, SA-508 Class 2, and SA-508 Class 3 steel by 

1. Fitting the lower bound to the measured static fracture toughness data. 
2. Decreasing the lower bound static fracture toughness data by - 1 0  MPa V~m. 
3. Translating the lower bound fit 24~ to the right. 

Thus. data obtained using the static testing approach described herein can be mapped into 
dynamic data by using the procedure described above. In addition, the results of on-going 
research suggest that the stress field modification technique can be adapted for dynamic 
testing to enable direct K~A measurement in the future [2a]. 

Theory 

Current static fracture toughness test procedures require a minimum specimen thickness 
to ensure plane-strain conditions are simulated in laboratory specimens. In particular, the 
critical fracture toughness testing parameters prescribed in ASTM E 399 [3] require 

B. a0 > 2.5 (K~c) 2 (1) 
\ cry~l 

and ASTM E 813 [4] requires 

B. b0 > 25 Jlc (2) 
O'y 

3 Regulatory Guide 1.99 Revision 2. "Radiation. Embrittlement of Reactor Vessel Materials." May 
1988. 
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where 
B = specimen thickness, 
b0 = uncraCked ligament length, 
a0 = initial crack length, 
try, = 0.2% offset yield strength, and 
~. = effective yield strength. 

References 3 and 4 semi-empirical relationships were determined by ASTM committees 
using experimental data. The J-integral procedure enables testing with samples thinner than 
ASTM E 399 specimens by about a factor of 20. Reference 5 has clearly demonstrated that 
testing using the J-integral procedure yields data identical to that obtained using the Ref 3 
procedures over the temperature range of validity for that procedure. 

This paper reports on a new concept for fracture toughness testing. As shown schematically 
in Fig. 1, the new test is applicable in the region indicated, where plane stress data would 
be obtained using conventional methods. The basic idea is to modify the stress field in the 
vicinity of the crack tip to produce plane-strain conditions. The stress field modification 
approach uses material that is integrally machined or may be welded on the specimen sides 
to produce the needed through thickness material constraint to achieve plane strain con- 
ditions. This approach enables testing of very thin specimens. At present, the lower limit 
on thickness has not been determined. However, the early benchmark experiments have 
focused on the Charpy specimen thickness for application to surveillance capsule testing. It 
is likely that specimens with dimensions on the order of the plastic zone size, which is a 

KIc 

[ 

Plane stress data 
obtained using 
conventional 

proaches 

Kic data ~ .  
determined 
using modified 
stress fieldd~ppr~a ~approach . . . .  _ ~ _  _ _ _ -- - - ~ ' ~ - J - -  ~ 

I 

Applicable range of thickness I 
for modified stress field approach I ql 

I 
I 
I 
I 

Specimen thickness, B 

Range for current 
test practice 

FIG. 1 Schematic representation of the applicable range of specimen thickness (B) for the modified 
stress field approach. 
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" ~  ..--.._ ,,~b, c,~ 

FIG. 2--Miniaturized fracture toughness specimen design. 

B = I  cm 

function of test temperature, can be used. For pressure vessel steels, specimens with thick- 
nesses on the order of 0.5 cm represent a practical lower bound. 

There are several experimental procedures that can be used to modify the stress field. 
In the current study, side-constraint arms were integrally machined to simulate welded arms 
attached to pressure vessel surveillance specimens. Future studies will focus on solving 
problems associated with welding the side-constraint arms in place. The size of the arms 
and placement on the specimen are critical parameters in successful miniature specimen 
testing. Figure 2 shows the specimen design. Further details concerning specimen design are 
presented in Ref 6. 

In order to determine the critical experimental parameters and to validate the basic 
approach, two- and three-dimensional finite-element model (FEM) analyses were per- 
formed. Hence, the benchmark solution is a two-dimensional plane-strain analysis of the 
miniature three-point bend specimen. To validate the approach, a three-dimensional finite- 
element analysis of the three-point bend specimen was performed, in which the side-con- 
straint arm was modeled so that the out-of-plane displacements on the surface are prohibited. 
Thus, an approximated local plane-strain condition that retains a triaxial stress state at the 
crack tip is achieved in the miniature specimen. 

Elastic FEM Solutions 

The reference formulae from the load-point displacement, the crack mouth opening, and 
the opening mode stress-intensity factor were reported in Ref 7 along with a comparison of 
the finite-element elastic solution. The key results are presented in Table 1. 

The displacement solutions for the two-dimensional and th e three-dimensional analyses 
agreed well. These solutions also agreed with the analytical load-point displacement data. 
The J-integral calculated using the two-dimensional contour integral and the virtual crack- 
extension (VCE) method both agreed with the analytical data to within a few percent. The 
approximate J estimated from the load versus displacement results, however, yielded data 
12% higher than the analytical value. The accuracy of the approximated J is improved as 
the plastic deformation increases. These results are discussed further below. 

Inelastic FEM Solutions 

Reference 7 also shows the accuracy of the J-integral calculation in terms of its path 
independence for the two-dimensional analysis. Good agreement between the J-integral data 
and the virtual crack-extension data were observed. 
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Figure 3 is a plot of the load-versus-load-line displacement for the two-dimensional plane- 
strain analysis and the three-dimensional analysis. As anticipated, the constrained three- 
dimensional results are slightly softer than the two-dimensional plane-strain results, but the 
three-dimensional constrained data are very close to the plane-strain conditions. This result 
indicates that approximate plane-strain conditions were achieved using the side-constraint 
technique. On the other hand, the unconstrained three-dimensional results are about 12% 
lower in load, showing this case is rather close to the two-dimensional plane-stress conditions. 

The three-dimensional finite-element data are compared with the contour J and VCE J 
for the two-dimensional analyses in Figs. 4 and 5. The results in these two figures show that 
the approximate formula for J for the constrained three-dimensional model agrees well with 
the rigorous plane-strain J data. Both of these curves agree well with the side-constraint 
data. 

In addition to verifying the side constraint theory using the integral parameters discussed 
above, the crack tip region stress contour data were also evaluated. A comparison of the 
stress contour data for the case with side constraint and without indicates that the zone of 
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FIG. 3- -Load  per unit thickness versus load-point displacement for two- and three-dimensional finite- 
element analyses. 
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L o a d  P o i n t  D i s p l a c e m e n t ,  (5, in.  
0 . 0 1  0 . 0 2  

6 o -  I I 
JA for 3D Side Constraint 

m - - m  JA for 3D No Side Constraint 

- - - -  - -  Contour J and Virtual Crack --  300  
SO - -  Extension J for 2D Plane Strain 

f ~  

._- ..a 
- -  2 0 0  

_ ~ 3 0 - -  

2 0 - -  

- -  100  

11o 1 I i I i I 
0.2 0 .4  0.6 

L o a d  P o i n t  D i s p l a c e m e n t ,  (3, m m  

FIG. 4--J-integral versus load-point displacement for two- and three-dimensional finite-element anal- 
yses. 

intense plastic flow in the vicinity of the crack tip is smaller for the side-constraint case. 
This result is expected since material constraint enhances triaxiality and thus prevents yielding 
by increasing the hydrostatic stress. This will reduce the plastic zone size [8]. 

Miniaturized Fracture Toughness Experiment 

The test results are provided in Table 2 and Fig. 6. The specimens labeled "SC-#"  are 
the side constraint arm tests, and these data are shown in Fig. 6. The specimens labeled 
" 'NA-#"  are the "'no arm" conventional specimen tests, and these data have not been 
included in Fig. 6 to avoid confusion. The " N A - # "  tests fell within the uncertainty bands 
for the ORNL 0.4T data shown in Fig. 6. As indicated in Table 2. all calculations were 
performed in accordance with ASTM procedures. Whether  ASTM E 813 or ASTM E 399 
calculative methodologies were followed, the width of the crack plane (1.02 cm) was used 
as the specimen thickness in the mechanics equations. All  other parameters have their usual 
definition The electric potential method was used to detect crack initiation. The probes 
were attached to the specimen surface on opposite sides of the notch and spaced approxi- 
mately 0.2 cm from the edge of the notch. Initiation was determined by intersecting the 
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Appl ied Load per Unit  Thickness, P/B, kip/ in. 
0 5 10 
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6 0 - -  
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. . . .  Contour J and Virtual Crack 

SO -- Extension J for 2D Plane Strain 
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FIG. 5--J-integral versus applied load per unit thickness for two- and three-dirnensional finite-element 
analyses. 

baseline voltage versus loadline displacement slope with the linear slope associated with 
crack propagation. 

Specimen NA-1 was run first at 80~ Since ductile tearing was observed, we were con- 
cerned that this may be the fracture mode in the thick section material at that temperature. 
Therefore, a decision was made to run the next tests at 27~ Specimens NA-2 and SC-3 
were run next. Specimen SC-3 came close to satisfying all of the ASTM E 399 requirements. 
However, when Specimen NA-4 was run and it was discovered that cleavage occurred in 
this specimen after a very small amount of stable crack growth, we decided that a more 
conclusive demonstration of the success of the modified stress field approach would be 
obtained at 55~ This test temperature was chosen because the specimens of the same 
thickness without stress field modification clearly yield K~c data which are above the upper 
scatter band of the full thickness vessel. 

Specimen NA-3 was tested at 55~ and exhibited cleavage after a large amount of ductile 
tearing. Specimen SC-1 was also tested at 55~ and cleavage occurred after a very small 
amount (0.76 mm) of stable crack growth. This specimen satisfied all of the ASTM E 399 
requirements and yielded a K~c value well within the scatter band of the thick section (6T 
vessel) data. The load versus load-point displacement data from Specimens NA-3 and SC- 
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F I G .  6 Modified stress field data compared with ORNL thick-section test results for TSE-5 and TSE- 
6 material, 

1 are given in Figs. 7 and 8. respectively. These data demonstrate the efficacy of the stress 
field modification in producing plane-strain conditions in thin specimens. Reproducibility 
experiments were conducted at 55~ as shown in Fig. 6, and Specimen NA-5 yielded a high 
Kjc value and the fracture mode was entirely ductile. Specimen SC-2. like SC-1, exhibited 
cleavage shortly after peak toad. Although this specimen did not satisfy the ASTM E 399 
Pmax/Pe requirement, the fracture toughness data are consistent with the 6T vessel behavior. 

The fracture surfaces of all the specimens tested were examined to verify the mode of 
fracture. Figure 9 shows the fracture surface for Specimen NA-3. Notice the large amount 
of stable crack growth which is terminated by cleavage. The fracture surface for the stress 
field-modified Specimen SC-2. tested at the same temperatures as NA-3. is given in Fig. 
10. In this specimen, the fracture surface is almost entirely cleavage fracture, the exception 
being an initial 0.8 mm of stable crack growth. Thus. Figs. 6 through 10. the data presented 
in Table 2. and the results from the finite-element analysis, show that the stress field mod- 
ification approach can yield data comparable to that obtained for thick section behavior (6T 
vessel). As shown in Fig. 6. the minaturized fracture toughness specimen data are within 
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FIG. 9--Fracture surface for Specimens NA-3 (tested at 55~ showing predominant ductile fracture 
(specimen thickness = 1 cm). 

the experimental scatter of the 6T vessel data. Additional testing in the future is needed to 
fully characterize the uncertainty associated with miniature specimen fracture toughness 
testing. 

Summary and Conclusions 

The validity of the modified stress field theory in producing plane strain conditions in 
very thin specimens has been experimentally and analytically demonstrated for an ASTM 
A508 pressure vessel steel. The basic concept is that the small zone of intense stress in the 
vicinity of the crack tip controls initiation. Specimen design can achieve a modification of 
this field to yield plane-strain behavior in specimens which would otherwise fracture in plane 
stress. This approach enables testing specimens which are much thinner than those allowed 
by current test practices. 
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FIG. lO--Fracture surface for Specimen SC-2 (tested at 55~ showing predominant brittle fracture 
(specimen thickness = 1 cm). 
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DISCUSSION 

T. Sinclair ~ (written discussion)--How can you be certain that the welding operation does 
not lead to a change in toughness value on the specimen surface or lead to an uneven residual 
stress field in the specimen? 

M. Manahan (author's closure)--A welding technique should be chosen which does not 
produce a large heat-affected zone. The laser welding approach has been chosen for further 
development because the H A Z  is highly localized and there are several process parameters 
which can be adjusted. After welding, light microscopy and microhardness measurements 
can be made to characterize the extent of the HAZ.  

R. Odette 2 (written discussion)--Explain how this specimen is different than very deep 
sidegrooves. 

M. Manahan (author's closure)--Sidegrooves have been used in the past to constrain 
fracture to a plane and to straighten the crack front. Sidegrooves are not sufficient to achieve 
plane strain. The side constraint arms reported in my paper  yield plane-strain conditions. 

E M. Haggag 3 (written discussion )--What is (if any) the requirement for material choice 
for use as constraint side arms in your test? 

M. Manahan (author's closure)--The side constraint arm material must be compatible, 
in terms of weldability, with the material being tested. 

Mechanical Engineering Dept., University of Toronto, Canada. 
z University of California at Santa Barbara. 
3 Oak Ridge National Laboratory, Oak Ridge, TN. 
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Estimation of Toughness Degradation by 
Microhardness and Small Punch Tests 

REFERENCE: Suzuki, M., Eto, M., Nishiyama, Y., Fukaya, K., and Isozaki, T., "Estimation 
of Toughness Degradation by Microhardness and Small Punch Tests," Small Specimen Test 
Techniques Applied to Nuclear Reactor Vessel Thermal Annealing and Plant Life Extension, 
ASTM STP 1204, W. R. Corwin, E M. Haggag, and W. L. Server, Eds., American Society 
for Testing and Materials, Philadelphia, 1993, pp. 217-227. 

ABSTRACT: Microhardness and small punch (SP) tests were conducted to improve the 
reliability of evaluating the ductile-to-brittle transition temperature (DBTT) shift caused by 
aging (thermal aging, neutron irradiation, cold rolling) using several model alloys (Fe-0.15C 
alloys and 21/4Cr-lMo steels). Although evaluation of DBTT by the SP test was good overall, 
intergranular brittleness could not be detected by SP-DBTI" measurement only. By combining 
other measurements like fractographic observation, however, material degradation can be 
better evaluated. 

KEYWORDS: small punch test, Fe-0.15C alloy, 21/4Cr-lMo steel, DBTT, microhardness, 
intergranular fracture, neutron irradiation, temper embrittlement, transgranular fracture, frac- 
tography 

Small specimen techniques are used to evaluate the radiation response of materials for 
fusion and fission reactors. The latter case arises from the necessity for improving availability 
of surveillance specimens. However, fracture-related properties like fracture toughness, 
ductile-to-brittle transition temperature (DBTT), and so on are difficult to measure with 
small specimens or a limited number of specimens. As these properties are key factors for 
assessing the structural integrity of nuclear reactor components, it is essential that small 
specimen techniques for toughness evaluation be developed. Hardness and bulge tests have 
methodological advantages because they possess a certain flexibility from the standpoint of 
miniaturization. The former is well known to relate well to tensile strength. As an example 
of the latter method, the small punch (SP) test is being developed to evaluate fracture- 
related properties such as the DBTT [1-7]. 

In the SP test, DBTT determination is based on the temperature dependence of an SP- 
related parameter. The SP energy parameter, which is defined as energy consumed during 
the test before the onset of macrocracking, is often used. The DBTT determined from the 
SP test (SP-DBTT) has been shown to correlate well with the DBTT determined from 
Charpy impact tests [1-3]. However, further study is needed to determine its sensitivity in 
detecting and evaluating degradation corresponding to various material degradation modes. 

In the present paper, an improved method of DBTT assessment using SP and micro- 
hardness tests is presented. 

Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki-ken, 319-11 Japan. 
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Experimental Procedure 

Materials 

The materials used in the present experiment were two kinds of Fe-C alloys with different 
heat treatments (Materials C and D) and two kinds of 2Y4Cr-IMo steels (Material NT: 
normalized and tempered;  Material AN: annealed). Chemical compositions and heat treat- 
ments are shown in Tables 1 and 2. Experiments were also conducted using the NT 2Y4Cr- 
1Mo steels in the thermally aged, neutron-irradiated, and cold-worked conditions. Thermal 
aging was conducted at 723 K for 50 000 h. Neutron irradiation was conducted in the Japan 
Research Reactor-2 (JRR-2) at 573 K to a fluence of 2 • 1023 n /m 2 (E > 1 MeV). 

Microhardness and Small Punch Tests 

Microhardness tests with a maximum applied load of 0.98 N (100 gf) were conducted from 
room temperature to 160 K. During the test, applied load and indentation depth were 
measured to evaluate additional hardness-related properties described later. 

SP tests were performed in the temperature range from 77 to 300 K. Specimens for the 
SP test were 10 by 10 mm 2 coupons with a 0.5-mm thickness. The SP test method and 
apparatus are described elsewhere [4,5]. A hard steel ball with a 2.4-mm diameter was used 
for punching. All SP tests were performed at a crosshead speed of 8.3 • 10 -3 mm/s.  

Results and Discussion 

Temperature Dependence of  Microhardness-Related Properties 

Hardness-related properties can be evaluated well by analyzing the load versus indentation 
depth relationship [8]. For example, the relationship obtained during loading can be ex- 
pressed as 

L/ d  = Ao + A ~ . d  (1) 

where L is load, d is indentation depth, and A0 and A1 are constants. Suzuki et al. showed 
that the constant A1 has a linear relationship with yield or tensile strength [8]. Although 
various attempts were made to detect the temperature dependence of a certain microhard- 
ness-related parameter  which could be Correlated with ductile-to-brittle transition behavior, 
none of these parameters could be correlated with a fracture-related property like DBTT 
in the present experiment. Figure 1 shows A~ as a function of test temperature for NT 2YaCr- 
1Mo steels in the as-received and 80% cold-worked condition. As the test temperature 
decreases, Aa for both materials increased in a similar manner. 

TABLE 1--Chemical composition of the materials used. 

Alloy C Si Mn P S Ni Cr Cu Mo 

Fe-0.15C C 0.144 0.02 <0.01 0.032 0 . 0 0 3  <0.01 <0.01 <0.01 <0.01 
Fe-0.15C D 0.152 0.02 <0.01 0.032 0 . 0 0 3  <0.01 <0.01 <0.01 <0.01 
21/4Cr-lMo NT 0.14 0.08 0.54 0.009 0.009 0.12 2.36 0.09 1.04 
2~ACr-IMo AN 0.13 0.07 0.52 0.009 0.009 0.12 2.32 0.09 1.03 
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TABLE 2--Heat  treatment conditions o f  the materials used. 

Designation Treatment Type Details 

NT Normalized and tempered 

AN Annealed 

C Annealed 

D Quenched and tempered 

Austenized at 1173/1198 K for 5 h, quenching 
Tempered at 913/933 K for 6 h, air cooled, PWHT 
Austenized at 1173/1198 K for 5 h, cooled 

at a rate of 60 K/h, PWHT ~ 
Austenized at 1153 K for 1 h, 100 K/h furnace 

cooling 
Austenized at 1153 K for 1 h, water quenching, 

tempered at 913 K for 1 h, air cooling 

"950/963 K for 22 h. 

Temperature Dependence of SP-Related Properties 

Figure 2 shows SP-related properties (SPo,ergy, ~*, Pmax) of the Fe-0.15C alloys (Materials 
C and D) as a function of test temperature. Here, ~* is the maximum deflection at the onset 
of macrocracking, and Pmax is the maximum load during the test (for a detailed definition, 
see Ref 5). Pm~x is normalized by t0 2 (to is the initial specimen thickness). As the test 
temperature decreases, all these SP-related values show a sudden decrease at a certain 
temperature. This temperature is thought to correspond to the point where ductile-to-brittle 
transition occurs. There is no difference in temperature at the point where this sudden drop 
occurs among these properties. Therefore, as maximum load can be measured most easily 
and with less scatter, Pmax was used here as the parameter to determine DBTT. 

Factors Affecting the Temperature Dependence of P,,~x 

Effect of Microstructure--Differences in microstructure can give rise to clear differences 
in the Pr versus test temperature relationship. In Fig. 2, a clear difference is seen for Fe- 
0.15C alloys having a different microstructure (Materials C and D), where the microstructure 

3 0 '  ..... �9 I ' I 
ql~ 21/4cr-1Mo steel ( NT ) 

k o O As-received 
~: 20  ~ �9 80% cold worked 

d~ o 
10 �9 II 

0 I , I 
150 2 0 0  2 5 0  3 0 0  ~50 

Temperature (K)  
FIG. 1--Microhardness-related property (coefficient At) as a function o f  test temperature for the N T  

2�88 steel, as-received and 80% cold worked. 
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FIG. 2--SP-related properties (SP,,,, m ~*, and P,,,~) as a function of test temperature. 

is ferrite plus pearlite for Material C and bainite for Material D. Another example is also 
seen in Fig. 3, where Pmx versus test temperature for the 2V4Cr-IMo steels having different 
heat treatments is shown. The microstructure is ferrite plus pearlite for Material AN (an- 
nealed) and bainite with a small amount of proeutectoid ferrite for material NT (normalized 
and tempered), Consequently, SP-DBTT is also very sensitive to microstructure. Figure 4 
shows the relationship between SP-DBTT and Charpy DBTT. The former is tentatively 
determined to be a temperature corresponding to half the maximum Pmax, and the latter is 
evaluated in terms of 68 J absorbed energy. SP-DBTT is often correlated with Charpy DBTT 
by the following equation 

SP-DBTT = a * Charpy DBTT (2) 

where a is the correlation Coefficient. 
Using the materials with different microstructures (ferrite, pearlite), an a of approximately 

0.4 was obtained. 
Effect o f  Hardening (Cold Rolling and Neutron Irradiation)--In general, the shift of DBTT 

caused by hardening can be explained by the so-called Ludwig-Davidenkov relationship [9]; 
the relationship predicts that an increase in yield stress from fabrication history or radiation 
hardening results in a DBTT shift. In Fig. 5, Pm,x/tO 2 is shown as a function of test temperature 
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for NT 2VaCr-IMo steels in the as-received, 20% cold-worked, and 50% cold-worked con- 
dition. The temperature at which Pmax showed a sudden drop was more than 50 K higher 
for the 50% cold-worked material. (SP-DBTT in terms of half the maximum Pm,x could not 
be determined owing to the unusual temperature dependence of this material,  i .e.,  Pm,x did 
not reach half the maximum Pm,x.)An interesting feature of the temperature dependence 
of Pm,x for cold-worked materials is that the difference in Pmax among materials becomes 
less as temperature decreases. That is, APma x = Pmax (cold-worked) - Pmax (as-received) is 
largest at room temperature and tends to be very small as the SP test temperature decreases. 

200 
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F- 
F-IO0 rn 
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~ F e - 0 . 1 5 C  
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FIG. 4 The relationship between SP DBTT and Charpy D B T T  for 21/4Cr-lMo steels and Fe-O.15C 
alloys. 



222 SMALL SPECIMEN TEST TECHNIQUES 

12 

"" 10 r 

E 
E \ 8 
Z 
v 6 

,.P 
\ 4 

x 
E 

a. 2 

0 

I ' I ' I 

2 1 / 4 C r - 1 M o  s t e e l  ( NT ) 

~ o , , ~  ~ c.w. 

O ~ ' & J &  A s _ r ~  20~cv 

I a I I I 
100 200 300 

Temperature ( K ) 
FIG. 5--P,,~Jt 2 as a function of  the SP test temperature for the N T  2�88 steels after 20 and 

50% cold working. 

This tendency also holds true for neutron-irradiated materials as shown in Fig. 6, where 
Pm,x for the NT 21/4Cr-lMo steel before and after irradiation is shown as a function of test 
temperature. This tendency is in clear contrast to the case where two materials have different 
microstructure as a result of different heat treatments, where, for example, AP~,x = 
Pmax(NT) - Pm.,(AN) is almost constant over the entire temperature range down to the 
low temperature (see Figs. 2 and 3). 

Effect of Intergranular Brittleness--The DBTT also increases as a result of intergranular 
brittleness. A typical example of this case is temper embrittlement, which is seen in low- 
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FIG. 6--PmJt 2 as a function of  the SP test temperature for the NT  2I/4Cr-IMo steel before and after 

neutron irradiation at 573 K to the fluence o f  3 x 1023 n /m 2 (E > 1 MeV). 
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TABLE 3--Charpy-related properties of the NT 21/4Cr-lMo steel 
before and after 50 000 h aging at 723 K. 

Charpy-Related Properties 

NT 21/+Cr-lMo vTrso, K a FATI', K b FIF, %c 

As received 193 215 0 
723 K • 50 000 h aged 234 273 22 

" 68 J absorbed energy transition temperature. 
b 50% fibrosity transition temperature. 
" Fraction of intergranular fracture at lower shelf region. 

alloy steels when they are exposed to the temperature range from -673  to -823  K. NT 
21/4Cr-lMo steel also becomes temper embrittled after long-term thermal aging. Table 3 
shows the DBqT measured by 68 J absorbed energy, fracture appearance transition tem- 
perature (FATT), and the fraction of intergranular fracture for NT 21/4Cr-lMo steel tested 
by Charpy impact testing before and after 50 000 h thermal aging. After  50 000 h of thermal 
aging at 723 K, the DBTT increased about 40 K, and this shift is accompanied by an increase 
in the fraction of intergranular fracture. In Fig. 7, Pm,x is shown as a function of test 
temperature for the as-received and thermally aged material. It should be noted that, despite 
the fact that the Charpy DBTT increased, there was no clear difference in SP-related 
properties. Hence, the SP test alone can fail to detect the material degradation caused by 
intergranular brittleness. 

Observation of  Fracture Surface for SP Specimen--The fracture surface of the SP specimens 
was observed by scanning electron microscopy (SEM). It was ascertained that as the test 
temperature decreased, the fracture mode changed from the ductile fracture to the brittle 
fracture mode. Figure 8 shows the fraction of ductile fracture as a function of test temperature 
for materials already described. The temperature dependence of the fraction of ductile 
fracture is coincident with that of/)max. This fact means that degradation of NT 2V4Cr-IMo 
steels caused by thermal aging (723 K • 50 000 h) could not be detected using this parameter,  
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FIG. 7--PmJto 2 as a function of the SP test temperature for the NT 21/4Cr-lMo steel before and after 

thermal aging at 723 K for 50 000 h. 
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either. However, from careful observation, the point where the fraction of ductile fracture 
begins to increase was higher for the aged material. Furthermore, in the fractographic 
examination, it was observed that the fracture appearance was greatly changed in this 
temperature region. Figure 9 shows the scanning electron micrographs of the SP specimen 
after testing (Fig. 9A) and its typical fracture surface appearance (Figs. 9B through 9D) for 
the NT 21/4Cr-lMo steel after thermal aging (723 K • 50 000 h) at a test temperature of 
118 K (transition region). As shown in Figs. 9B through 9D, intergranular fracture was 
clearly seen for this material. By contrast, only a small fraction of intergranular fracture 
was observed in the as-received material. Fracture appearance is summarized in Fig. 10 for 
NT 2V4Cr-IMo steels before and after thermal aging. Here, the fractions of intergranular 
(IG), transgranular cleavage (C), and ductile (D) fracture were determined based on about 
10 to 20 SEM photographs taken at a magnification of • 1000. The fraction of occurrence 
of intergranular fracture was larger than that of the corresponding Charpy specimens, pos- 
sibly due to the biaxial stress state in the SP specimen. 

Reliable Detection o f  Material Degradation by SP Tests 

Although a clear relationship is seen between Charpy DBTT and SP-DBTr from exper- 
iments using materials of different microstructures, whether this correlation is valid for 
evaluating material degradation is still open to question. Deformation behavior during the 
SP test can be divided into four regions [1]: I. elastic bending, II. plastic bending, III. plastic 
membrane stretching, and IV. plastic instability. As test temperature decreases, the region 
at which fracture occurs changes from Region IV to Region II via Region III. Material 
degradation can affect the balance among these deformation regions. One example was 
shown in the temperature dependence of/'max. Pm,x is constituted by four components cor- 
responding to the four deformation modes 

Pmax = P, + PH + P,,, + Ptv (3) 
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FIG. 9--Scanning electron micrographs of the SP specimen after the test (A) and its typical fracture 
surface, corresponding to location B, C, and D (B-D) for 21/4Cr-lMo steel thermally aged at 723 K for 
50 000 h. The SP test was conducted at 118 K. 

Although hardened material showed larger P~, as cold working or neutron irradiation reduces 
plasticity (elongation), reductions in the constituents of PH, P.~, or Pw make the total 
increment (APm,x) smaller as the temperature lowers (it can be negative). It is apparent that 
there will be no clear relationship between Pm,x in the SP test and ultimate tensile strength 
in the tension test when the entire test temperature region is considered. Therefore, for 

FIG. lO--Fraction of intergranular, transgranular cleavage, and ductile fracture in the SP fracture 
surface as a function of SP test temperature for NT 21/4Cr-lMo steel before and after thermal aging at 
723 K for 50 000 h. 
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obtaining tensile-related properties, hardness still possesses an advantage over the SP test. 
Likewise, for tensile properties, the SP-Charpy DBTT correlation has limitations. As shown 
for thermal-aged NT 2V4Cr-IMo steel, mere execution of the SP test could not detect the 
D B q T  shift. Fractographic observation was absolutely necessary, by which the change of 
the fracture mode could be detected. However, the fact that neutron irradiation or hardening- 
induced DBTI" shifts can be detected by the SP test is encouraging for the application of 
the SP test to the material degradation evaluation in nuclear reactor components. Reliability 
in DBTT determination could improve by incorporating a statistical analysis [10]. 

Condnsion 

Microhardness and SP tests were conducted to improve the reliability of evaluating the 
DBTT shift caused by aging or irradiation. Seve,'al model alloys were used (Fe-0.15C alloys 
and 21/4Cr-lMo steels), and one also received thermal aging, neutron irradiation, and cold- 
working treatments. The principal conclusions are: 

1. The maximum load during the SP test (P~ax) can be used as a parameter to determine 
the DBTI' .  

2. The SP-DBTT is sensitive to microstructural change (ferrite, pearlite). In this case, 
the SP-DBTT-Charpy D B T r  correlation coefficient is about 0.4. 

3. The SP-DBTI" shift owing to hardening (cold working and neutron irradiation) can be 
detected by the temperature dependence of Pmax, although APma• Pmax (cold-worked 
or irradiated) - Pmax (as received) is largest at room temperature and tends to be very 
small as the SP test temperature decreases. 

4. Temper embrittlement of 2V4Cr-IMo steel could not be detected by SP-DBTT mea- 
surement. In this case, fractographic observation revealed a change of fracture mode 
from transgranular to intergranular type. 

5. Microhardness-related parameters could not be correlated with ductile-to-brittle tran- 
sition behavior. However, it is still useful in assessing material degradation because it 
possesses an advantage for obtaining tensile-related properties over the SP test in the 
entire temperature region. 
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ABSTRACT: Fe-C-Cu, Fe-C-Ni, and Fe-C-Cu-Ni model alloys were prepared in order to 
investigate the effects of copper and nickel on radiation embrittlement. They were irradiated 
with 4 MeV Ni 3§ ions at 563 K to introduce displacement damage, followed by a micro-Vickcrs 
hardness test employing low load (0.5 g). It was observed that greater hardening occurred for 
samples of larger copper content, and that hardening of the samples containing both copper 
and nickel was greater than hardening of the ones containing copper or nickel solely for samples 
irradiated to 10 -2 and 10 -1 dpa. Increased hardness after annealing occurred for Fe-0.1C- 
0.2Cu and Fe-0.1C-0.4Cu. Small defect clusters of approximately 3 nm in diameter were 
observed by transmission electron microscopy (TEM) of the irradiated Fe-0.1C and Fe-0.1C- 
0.4Cu samples, which cause hardening. 

KEYWORDS: radiation hardening, heavy ion irradiation, micro-Vickers hardness test, iso- 
chronal annealing, defect clusters 

The nuclear reactor pressure vessel (RPV) is the most important  component for evaluation 
of plant life because it needs complete integrity. It is well known that low-alloy steels for 
RPVs are embrittled by neutron irradiation, and it is necessary for the estimation of plant 
life to predict embritt lement accurately. Nowadays, empirical methods are employed for 
the evaluation of embrittlement, but mechanistic modeling is needed for the prediction of 
embritt lement after several decades of irradiation, for which no empirical data are available. 
It is also needed for estimating how long recently improved materials will be safely usable. 
However,  mechanisms of embritt lement are not well understood. Data analyses of me- 
chanical property tests after the surveillance and material test reactor (MTR) irradiations 
have revealed that a residual level of copper enhances embritt lement [1,2]. It is known that 
nickel, which is an alloying element of RPV steels, has an effect on embritt lement [1,3]. 
Various microanalytical methods such as transmission electron microscopy (TEM), positron 
annihilation (PA), small angle neutron scattering (SANS), and atom probe field ion mi- 
croscopy (APFIM) have been applied to the study of embritt lement mechanisms [4]. Pro- 
duction of copper-rich precipitates and matrix defects have been reported as dominant 
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mechanisms from these methods [1,4], and more study is required to obtain knowledge 
about their nature and the processes of their formation, growth, and annihilation, 

Radiation embrittlement of nuclear reactor pressure vessel steels is a function of many 
factors such as neutron fluence, neutron flux, neutron energy spectrum, irradiation tem- 
perature, chemical composition, microstructure, etc. Irradiation experiments in which these 
factors are separated are desirable for better understanding of the mechanisms. However, 
it is difficult to separate these factors due to the complexity of the chemical composition of 
steels and the difficulty in neutron irradiation at different fluxes under the same spectrum. 
We think that ion irradiation has the advantage of relatively easy control of irradiation 
conditions such as damage rate and irradiation temperature and that it is useful for the 
fundamental study of radiation embrittlement. Low radioactivity of ion-irradiated samples 
is another advantage, which makes handling of the specimens easy. So we applied ion 
irradiation to the study of embrittlement mechanisms. Fe-C-Cu, Fe-C-Ni, and Fe-C-Cu-Ni 
model alloys were prepared in order to simplify the effect of the elements of copper and 
nickel. In this study, irradiation was carried out with varied fluence and fixed flux and 
temperature as the first stage of experiments. 

Experimental 
In this study we used micro-Vickers hardness as a measure which gives information on 

internal phenomena. Because the damaged region of samples irradiated with energetic heavy 
ions is limited to a thin surface layer, low load (0.5 g) was employed so that the diamond 
indentor does not penetrate too deeply. According to previous studies [5], the shift of ductile- 
brittle transition temperature (DBTT) caused by neutron irradiation is generally proportional 
to the hardness increase. Therefore, it is important to investigate the hardening mechanisms 
using microstructural and microchemical methods. We attempted to apply TEM techniques 
to interpreting the hardness data. 

Model Alloys 

The chemical compositions of the model alloys investigated in this study are shown in 
Table 1. It is well known that carbon has a great effect on vacancy mobility in iron. Therefore, 
it is probable for carbon to have an effect on embrittlement of RPV. So we added copper 
and/or nickel to Fe-0.1 wt%C (Fe-0.1C). The copper contents were 0.i ,  0.2, and 0.4 wt% 

TABLE 1--Chemical compositions (wt% ) of the model alloys 
investigated. 

C Cu Ni O, ppm 

Fe <0.01 <0.01 <0.01 24 
Fe-0.1C 0.10 <0.01 <0.01 7 
Fe-0.1C-0.1Cu 0.09 0.11 <0.01 8 
Fe-0.1C-0.2Cu 0.10 0.20 <0.01 8 
Fe-0.1C-0.4Cu 0.10 0.38 <0.01 6 
Fe-0.1C-0.7Ni 0.11 <0.01 0.72 9 
Fe-O.1C-O.1Cu-O.7Ni 0.09 0.11 0.72 10 

NOTE: Fe = balance; other elements: Si, Mn, Cr, Mo, V < 
0.01; P, S, Sn, As < 0.003; A1, Ti, Nb, Co < 0.005. 
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(Fe-0.1C-0.1Cu, Fe-0.1C-0.2Cu, and Fe-0.1C-0.4Cu, respectively). Nickel of 0.7 wt% was 
added to Fe-0.1C and Fe-0.1C-0.1Cu (Fe-0.1C-0.7Ni and Fe-0.1C-0.1Cu-0.7Ni, respec- 
tively). Model alloys are called in their nominal value of chemical composition below. 

All the model alloys were melted by high frequency induction heating in vacuum, hot- 
rolled, and then cold-rolled to 0.2 mm in thickness. The final reduction ratio is Z5 for each 
alloy. They were mechanically polished, punched out in the form of TEM disks 3 mm in 
diameter, annealed in vacuum using recrystallization annealing of 1130 K-0.5h followed by 
solution annealing of 1023 K-lh, and then furnace cooled: Each of them except Fe has 
ferrite-pearlite structure, and the grain size of ferrite was 10 to 50 txm, They were electro- 
polished finally using a 900 mL acetic acid-100 mL perchloric acid-0.5 g chromium trioxide 
(CrO3) electrolyte. 

1on Irradiation 

In order to introduce displacement damage, the specimens mentioned above were irra- 
diated with Ni 3§ ions, which were accelerated to 4 MeV by the Tandetron accelerator at 
the High Fluence Irradiation Facility, University of Tokyo (HIT Facility). Ion flux and 
irradiation temperature were fixed, and irradiation time was varied in the range of 10 to 
104 s. Irradiation temperature was kept at 563 K, which is the normal temperature for RPV 
steels in service. According to the damage profile calculated by the EDEP-1 code [6], the 
damaged layer is about 1 txm thick and the damage peak is 0.8 Ixm deep from the surface 
(Fig. 1). Displacement per atom (dpa) at the damage peak is used as a scaling parameter 
for the irradiation dose. The damage rate at the damage peak is controlled to have a value 
of 10 4 dpa/s in this case, greater by seven orders of magnitude than that in RPVs. This 
can make the radiation-induced change enhanced or suppressed by the accelerated irradiation 
[7]. Specimens were irradiated to 0.001, 0.01, 0.1, and 1 dpa at the damage peak in order 

FIG. 1--Damage profile and range distribution for Fe irradiated with 4 MeV Ni 3+ tO 1019 m -2. 
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to obtain data in the wide range of dose, while the maximum end-of-life neutron dose at 
the belt line of a four-loop PWR pressure vessel will be 2.3 x 1023 n/m 2 [8], which ap- 
proximately corresponds to 3.9 • 10 -2 dpa. 

Micro-Vickers Hardness Test Employing Low Load 

A micro-Vickers hardness test was carried out to obtain data about radiation hardening 
caused by ion irradiation in room atmosphere at room temperature. As the damage region 
is only within the surface layer of about 1 Ixm in thickness, micro-Vickers hardness tests 
employing low load (0.5 g) were carried out so that the tip of the diamond indentor stopped 
within the damage region. The depth of indentation is 0.57 ~m for the hardest sample and 
0.81 p.m for the softest one in this study (Fig. 1). The grain sizes of specimens are larger 
than the diagonal of the diamond traces, so the effect of grain boundaries on hardness is 
avoided when the center region of a grain is indented. Vickers hardness numbers (HV) 
were determined as the mean value of five or more different grains. 

Isochronal annealing after irradiation was done to measure the hardness change of spec- 
imens irradiated to 1 dpa at 563 K. Each annealing step was performed in a vacuum better 
than 10 -4 Pa during 4 h. The duration of 4 h was chosen to keep the heating and cooling 
periods short [9,10]. 

Transmission Electron Microscopy ( TEM) 

TEM observations were carried out for irradiated Fe-0.1C and Fe-0.1C-0.4Cu to obtain 
information about the microstructural evolution caused by ion irradiation. Thin foils of the 
damage peak region were prepared from irradiated samples. Controlled electropolishing 
was done to polish out the layer from the irradiated surface to the damage peak region 
followed by back-thinning using Tenupol-3 to make a hole. The electrolyte used was 900 
mL acetic acid-100 mL perchloric acid-0.5 g CrO3, and the polishing voltage during back- 
thinning was 35 V. There was difficulty making a round hole because carbide could fall out, 
creating corrugated holes. This added another difficulty to the TEM observation in addition 
to the magnetic field caused by ferromagnetic ferrite samples. 

Results 

Hardening of As-Irradiated Specimens 

Radiation hardening caused by heavy ion irradiation was detectable by the micro-Vickers 
hardness test. Figure 2 shows the dependence of irradiation hardening on dose. The hardness 
change on the ordinate is the difference between the hardness number of the irradiated area 
and unirradiated area in the same specimen so that the effect of thermal history is eliminated. 
The hardness value of an irradiated sample is an average over the damaged layer. As ion 
energy was constant, damage profile in the depth direction is probably similar in shape for 
all dpa levels. So the AHV is a relative value, but it represents the characteristics of hardening 
caused by ion irradiation. When the standard deviation of AHV (tr{AHV}) is defined as 
cr{AHV} = [(cr{HV~,,}) 2 + ((y{HVunirr})2] 1/2, the mean value of cr{AHV} is 7.1 (where HV~rr 
and HV,,~r, are the Vickers hardness numbers measured at the irradiated area and the 
unirradiated area on a specimen, respectively). 

The hardening of each specimen increases with increasing dose. Hardening of Fe-0.1C- 
0.4Cu and Fe-0.1C-0.1Cu-0.7Ni is relatively greater than that of the other alloys except at 
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FIG. 2--Dependence of radiation hardening caused by ion irradiation on dose. 

10 -3 dpa, at which all data are within -+5 of zero. At  doses higher than 10 -3 dpa, larger 
copper content enhanced hardening. Fe-0.1C and Fe-0.1C-0.7Ni have a similar hardening 
trend, and the hardening of the two alloys is lower than Fe at 10 -2 and 10 -1 dpa. With 
respect to nickel content, there is no or little effect of nickel content for the alloys without 
copper. However,  nickel has an effect for alloys containing 0.1 wt% copper. 
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Hardness Measurement of Isochronal Annealed Specimens 

Figures 3 and 4 show the AHV change as a function of temperature in isochronal annealing 
for 4 h for Fe-0.1C, Fe-0.1C-0.1Cu, Fe-0.1C-0.2Cu and Fe-0.1C-0.4Cu, and for Fe-0.1C- 
0.1Cu, Fe-0.1C-0.7Ni, and Fe-0.1C-0.1Cu-0.7Ni, respectively. A hardness change in HV 
(0.5 g) on the ordinate is defined as the difference between the hardness number of irradiated 
and unirradiated areas in the same annealed samples. This value contains uncertainty of ---5 
in HV (0.5 g) as mentioned above. 

In Fig. 3 the hardening of Fe-0.1C and Fe-0.1C-0.1Cu is gradually recovered and after 
673 K annealing it seems to be recovered completely. Significant hardening was observed 
for Fe-0.1C-0.2Cu and Fe-0.1C-0.4Cu after annealing at 613 K. Hardening of Fe-0.1C-0,2Cu 
and Fe-0.1C-0.4Cu was not recovered completely even after annealing at 713 K. 

In Fig. 4 hardening of Fe-0.1C-0.7Ni seems to be recovered after 673 K annealing. Hard- 
ening of Fe-0.1C-0.1Cu-0.7Ni would not be completely recovered after annealing at 713 K, 
while that of Fe-0.1C-0.7Ni seems to be completely recovered after the annealing. Further 
hardening caused by annealing after irradiation was not observed in Fig. 4. 

TEM Observations of Irradiated Specimens 

TEM observation of Fe-0.1C and Fe-0.1C-0.4Cu irradiated to 0.01, 0.1, 1 dpa, and Fe- 
0.1C-0.2Cu irradiated to 1 dpa was carried out using a JEM-200CX electron microscope. 
Figure 5 shows the dark field image of Fe-0.1C-0.2Cu irradiated to 1 dpa at 563 K (g = 
1 1 0). It is a typical example of the dark field image of ion-irradiated specimens. Other 
specimens showed similar images. White spots of small defect clusters were observed whose 
number density against dose are shown for Fe-0.1C and Fe-0.1C-0.4Cu in Fig. 6. Figures 7 
and 8 show the size distribution of observed defect clusters for Fe-0.1C and Fe-0.1C-0.4Cu, 
respectively. Number density of visible defect clusters increases, and larger defect clusters 
are formed in both cases as dose increases. Because of difficulties in observation mentioned 
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FIG. 5--Typical example of dark field image of Fe-O.1C-O.2Cu irradiated to 1 dpa at563 K, g = 110. 
This is typical of our irradiated samples. 

FIG. 6--The dose dependence of number density of defect clusters observed in irradiated Fe-O.1C and 
Fe-O. 1C-0.4Cu. 
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previously, it is probable for clusters of small diameter not to be detected. This may be the 
reason why the size distribution is not symmetric. 

According to previous studies [11], when defect clusters act as barriers to the movement 
of dislocations, the hardness increase can be represented as follows 

AHV = KctGb(Nd)  1/2 

where 

K - constant. 
a = strength parameter for the obstacle (0 < a < 1), 
G = shear modulus, 
b = Burgers vector, 
N - number density of clusters, and 
d - diameter of clusters. 

(1) 

As K.  ct, G, and b are constant, AHV is proportional to (Nd) 1/2 when defect clusters cause 
hardening. Figure 9 shows the relationship between (Nd) ]/2 and AHV for Fe-0.1C and Fe- 
0.1C-0.4Cu, where the error bars on the X axis are 20% and come from uncertainty in the 
thickness of observed foils and the thickness of polished layers, and the error bars on the 
Y axis are the standard deviation of the hardness number. As shown in Fig. 9. there is good 
proportionality between (Nd) ~a and AHV. Therefore, radiation hardening may probably be 
caused by the observed defect clusters and their smaller, unobservable counterparts. 
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Discussion 

In this study, we attempt to apply ion irradiation to the study of embrittlement mechanisms 
of RPVs. In spite of the large difference between neutron and ion irradiation regarding dose 
rate and damage profile, ion irradiation data have some trends similar to neutron irradiation 
from the viewpoint of copper content dependence of hardening or the combined effect of 
copper and nickel (Fig. 2). This may justify application of ion irradiation to the study of 
embrittlement mechanisms in neutron-irradiated steel. So ion irradiation experiments con- 
cerning the dose rate effect or the irradiation temperature effect may be promising for 
fundamental understanding of the hardening mechanisms. 

Observed defect clusters would cause hardening, but we could not acquire credible evi- 
dence to determine their nature, i.e., interstitial type or vacancy type. At this irradiation 
temperature the mobility of vacancies is not so large; the defect clusters are more likely to 
be of the interstitial type [12]. The following is based on the assumption that the observed 
defect dusters are of the interstitial type. During irradiation a copper atom may have served 
as a heterogeneous nucleation site of an interstitial cluster, and the number density of 
interstitial clusters may have been enhanced compared with the alloy without copper (Fig. 
6). On the other hand, Smidt et al. [13] have reported that higher binding energy exists 
between vacancies and copper atoms than between vacancies and other elements such as 
nickel or vanadium. Then it is possible to form copper-carbon-vacancy complexes during 
irradiation, considering a carbon atom is rapidly trapped by a vacancy. In brief, copper 
atoms may simultaneously serve as the nucleation sites for interstitial clusters and form 
copper-carbon-vacancy complexes for Fe-0.1C-0.4Cu during irradiation. Fairly good cor- 
relation between (Nd) "2 and AHV (Fig. 9) presumes that radiation hardening was caused 
mainly by observed interstitial clusters and the contribution of copper-carbon-vacancy to 
hardening was small compared to that of the interstitial clusters. 

A significant hardening due to a post-irradiation anneal at 613 K for only Fe-0.1C-0:2Cu 
and Fe-0.1C-0.4Cu was observed as seen in Fig. 3. Similar hardening due to post-irradiation 
anneal has been observed in neutron-irradiated model alloys: Takaku et al. [14] irradiated 
Fe, Fe-0.1Cu, and Fe-0.3Cu in the Japanese Material Testing Reactor (JMTR) at 523 K to 
5 • 10 TM n/cm 2. Data on isochronal annealing after the irradiation showed hardening after 
573 K annealing for Fe-0.1Cu and Fe-0.3Cu similar to the present work. They indicated 
that the phenomenon is possibly due to the formation of complex defects such as Cu-C-V 
or Cu-N-V (V: irradiation defects) in the matrix. In this ion irradiation experiment Cu-C- 
vacancy complexes may have been produced during irradiation and have remained after 
irradiation. In the isochronal annealing experiment Cu-C-vacancy may have enough mobility 
to form clusters during 613 K annealing and caused hardening. Above 623 K, release of 
carbon atoms from the traps and the corresponding recovery of hardening has been reported 
as evidence for defect annihilation by Takahashi et al. [15] from the internal friction mea- 
surement of neutron-irradiated Fe-C-Cu alloys. So the recovery of hardening for Fe-0.1C- 
0.2Cu and Fe-0.1C-0.4Cu at 633 K may be caused by annihilation of vacancies from the 
Cu-C-V clusters. The annihilation of vacancies and the release of carbon possibly resulted 
in the production of copper clusters from Cu-C-V clusters and incomplete recovery of 
hardening for Fe-0.1C-0.2Cu and Fe-0.1C-0.4Cu after 713 K annealing. 

Conclusions 

In order to obtain fundamental knowledge about radiation embrittlement of RPV steels, 
ion irradiation techniques were applied. The micro-Vickers hardness test successfully de- 
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tected relative hardening caused by ion irradiation. Hardening increased with dose for each 
specimen and was attributed to clusters observed by TEM; larger copper content enhanced 
hardening. The proportionality between AHV and (Nd) 1~2 indicated hardening caused by 
defect clusters for Fe-0.1C and Fe-0.1C-0.4Cu. Hardening of materials containing both 
copper and nickel was greater than the sum of the hardening of materials containing the 
same level of copper or nickel alone. Further hardening was observed after 613 K-4h, 
annealing and hardening was not recovered completely after 713 K-4h annealing in irradiated 
Fe-0.1C-0.2Cu and Fe-0.1C-0.4Cu. The effect of copper on these phenomena may be ex- 
plained by the heterogeneous nucleation of defect clusters enhanced by copper and the 
formation of copper-carbon-vacancy complexes during irradiation and copper cluster for- 
mation during isochronal annealing at above 613 K. 
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ABSTRACT: To examine the effectiveness of the small punch test for evaluating strength and 
toughness of irradiated ferritic steels, detailed procedures are described aiming at standard- 
ization of the test. The statistical approach to analysis of the SP energy as a function of 
temperature for evaluation of DBTI" was also reviewed. The method was then applied to 
neutron-irradiated ferritic steels, which included F-82, F-82H, HT-9, and 2I/4Cr-lMo steel. 
Fluence and irradiation temperatures ranged from 2 to 12 • 1023 n/m 2 (E ~ 1 MeV) and from 
573 to 673 K, respectively. Comparison of parameters obtained from the small punch test with 
the properties measured by the conventional method indicated that: (a) the 0.2% offset stress 
and the ultimate tensile strength at room temperature can be correlated well with the param- 
eters, pJ(to) 2 and Pma,/(to) 2, respectively. Here, Py and Pmax are the loads corresponding to 
the yield and the maximum, and to is the initial thickness of a specimen; (b) fracture toughness, 
J1c, can be evaluated using equivalent fracture strain, ~qr, and the previously established 
relationship between these values; and (c) DBTT measured by a Charpy test can be predicted 
from the results of temperature dependence of SP energy determined from the area under the 
load-deflection curve using a statistical analysis based on a Weibull distribution. 

KEYWORDS- small specimen test technique, SP test, ferritic steel, irradiation, strength, 
toughness, DBqT 

Among various small specimen test techniques (SSTT), the miniaturized bulge test (SP 
test) is of no less importance than other methods such as the tension test. There have been 
a number of investigations on the evaluation of strength and toughness of various alloys 
using the SP test method [1-4]. However, the details of the method employed by individual 
researchers have differed somewhat from one to the other: specimen size, punching ball or 
rod, setup of specimen, etc. 

In this paper we describe the basics of our testing procedure, which was aimed at stan- 
dardization of the technique. Then, the results obtained when the method was applied to 
unirradiated ferritic and austenitic steels are presented to indicate if the test procedure is 

i Department of High Temperature Engineering, Japan Atomic Energy Research Institute, Tokai- 
mura, Ibaraki-ken 319-11, Japan. 

2 Faculty of Engineering, Tohoku University, Aza-Aoba, Aramaki, Aobaku, Sendai 980, Japan. 
3 Faculty of Engineering, Muroran Institute of Technology, Mizumot0-cho 27-1, Muroran 050, Japan. 

241 

Copyright�9 by ASTM lntcrnational www.astm.org 



242 SMALL SPECIMEN TEST TECHNIQUES 

effective for evaluating the strength and toughness of these materials. As to the ductile-to- 
brittle transition temperature (DBTT), a statistical method to analyze a limited number of 
data points has already been proposed by Misawa et al. [5]. Their method will be described 
so that the applicability of their method to irradiated materials can be discussed. Although 
results obtained by a number of researchers indicate that the SP test can be utilized to 
evaluate mechanical properties of metallic materials, relatively few investigations have dealt 
with irradiated specimens. 

Since one of the advantages of the SP test would be its applicability to irradiated materials, 
it is important to accumulate data on irradiated materials to confirm the effectiveness of 
the test as an SSTT. To do this, the SP test was carried out on neutron-irradiated ferritic 
steels and the results discussed focusing on its effectiveness and how it can be standardized. 

The paper involves cooperation among the Japan Atomic Energy Research Institute, 
Tohoku University, and the Muroran Institute of Technology in the development of the 
technique. 

Basics of the SP Test 

Outline o f  the Test 

Figure 1 shows a schematic of the specimens and the set up for the SP test [3]. Three 
kinds of coupon-type specimens are used: (1) 10 by 10 by 0.5 mm, (2) 10 by 10 by 0.25 mm, 
and (3) 3 mm in diameter by 0.25 mm in thickness (TEM disk). Specimens differing in 
thickness were used to examine the effect of specimen thickness on the result of the small 
punch test. Steel balls of different size for loading fixtures are employed, i.e., 2.4 and 1 
mm in diameter. 

The two parameters which correspond to fracture toughness can be obtained from the 
load-deflection curve: (1) SP energy is calculated from the area under the load-deflection 
curve; (2) the equivalent fracture strain, ~ql, is calculated from the maximum deflection at 
fracture, 8*. The SPDBTT can be derived from the result of the SP energy-test temperature 
relationship. 

JicsP can be esimated from the empirical correlation curve between equivalent fracture 
strain and J~c. Here, JicsP represents the Jic value estimated as a result of the SP test. 

Small Punch Test 
( Bulge Test ) d2 -> dl + 2to 

FIG, lISchernatic of the setup for the SP test. 

Small TEM disk 
(lOx t0) (~3) 

0.50 
0.25 0.25 
2.4 t.O 
4.0 t.5 
0.2 0.2 

#2.4 # 1 

: mm 
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Test Method 

Apparatus--A screw-driven testing machine is used for loading compressively the fixture 
shown in Fig. 1. The load is measured with an accuracy of 1%. Steel balls for loading should 
have a hardness number of HRC62 to HRC67. The lower die in contact with the specimen 
should have a smooth surface, e.g., Rmax = 3.2 S. Here,  Rmax and S are defined in the 
Japanese Industrial Standard JIS B 0601. The above value means that the maximum am- 
plitude of roughness is smaller than 3.2 ~m over any given distance of  0.8 mm on a surface. 
Holes machined adjacent to the space for mounting a specimen in the lower die are required 
to facilitate the handling of the specimen. 

Deflection was measured from the displacement of the crosshead, to which a dial gage 
was attached. For irradiated specimens, the deflection was also measured using a clip gage, 
which was connected to a push rod in contact with the back surface of a specimen. A 
schematic of this case is shown in Fig. 2. An accuracy within -+1% should be achieved 
whichever method is used. 

Upper rod 

~ ~ _ ~ -  Puncher ~ - ~  
~ M3 rnochine bolt-~....~/j 
~.wi~h hexogonol hole u 
~_~Upper ho lder~ .~  

~ Lower h o l d e r ~  

n .Pushing.~ Flt,7 1 71 

17'" 11 
t J  Pl in~/ /o~u ~ t ra in gage 

CII~P 'geGmg; e;~ use 
~11 Lower rod 

FIG. 2--Schematic for the apparatus for the SP test on irradiated materials. 
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Temperature control during the test was within 2~ For the low-temperature test in this 
paper,  liquid nitrogen and an appropriate sheathed heater wound around the specimen 
holder beneath the specimen or a constant temperature chamber with gas evaporating from 
liquid nitrogen was used. The latter system was used for irradiated specimens. In both cases 
the temperature of the whole loading fixture was maintained at each test temperature.  

Specimen surfaces should be as smooth and flat as possible. Specimens were polished 
mechanically or electrochemically. For the mechanical polish, No. 1200 emery paper was 
used, and, in most cases, a buff was also used for polishing. No additional polishing was 
made after the irradiation. Since the specimens were irradiated in capsules filled with helium 
and stored in oil until the testing started, practically no corrosion products nor debris were 
observed on the specimen surface. 

Procedure--Specimens were placed at the center of the fixture, and bolts were used to 
clamp the specimen. The clamping torque ranged from 0.5 to 1.0 N-m. Crosshead speed 
was 0.5 mm/min.  

Calculation and Interpretation of Results 

Evaluation of Equivalent Fracture Strain ~qf and Estimation of Jtcsp--The maximum de- 
flection at fracture 8" is defined as one at the fracture load, Pr, beyond which the load 
decreases with a sudden drop. A typical load-deflection curve is shown in Fig. 3. ~qr is 
calculated using the following rational equation. 

~qr = In (to~t*) (1) 

= [3(~*/to) ~ (2) 

where to is the initial thickness of the specimen, t* is the minimum thickness of the fractured 
specimen, and [3 is a constant. Values of 0.09 and 0.043 were chosen for ferritic and austenitic 

0 
._1 

//•93 K 

I r r a ~ ~  

RT/ 

~---" Pmax 

DEFLECTION 

FIG. 3 Typical examples for the load-deflection curve obtained by the SP test. 
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steels, respectively, as determined from the results obtained in the previous experiments 
[4]. J1c can be estimated by a correlation between ~q f  and Jlc obtained for various alloys, 
which will be described below [3,4,6]. 

Evaluation of SP Energy and SPDBTT--SP energy is estimated from the area under the 
load-deflection curve up to the fracture load or maximum deflection. Either a roller plan- 
imeter or numerical integration method is employed for the estimation. 

SPDBTF is defined by the temperature at the energy level of (SPmax + SPrain)/2 where 
SPmax and SPmin are energies at the upper and lower shelves, respectively. In the present 
experiment the upper shelf energy was not constant, so the maximum value of SP energy 
was chosen as SPmax. For SPmi,, SP energy at 50 K was taken by extrapolating the data points 
in the transition regime as done in Ref 5. 

Dependence of SP energy on the thickness of specimens was extensively examined at 
JAERI.  Figure 4 shows an example of the results obtained on 10 by 10-mm coupon specimens 
of the forged 2VaCr-IMo steel irradiated at 673 K to a fluence of 4 • 1023 n/m 2 (E -> 1 
MeV). It is seen that the SP energy is a reproducible measure as long as the specimen 
thickness is properly evaluated. The results shown here could be taken into account when 
one has to machine SP specimens from irradiated Charpy specimens. The thickness variation 
is often rather large in cases where the handling of specimens in the hot cell is difficult. 

Determination of SPDBTT by Statistical Analysis--Since, in general, a limited number of 
irradiated specimens are available and scatter is large for SP energy because of the un- 
avoidable microstructural heterogeneity for the SP test, a statistical approach is desired for 
the determination of SPDBTT. This should be investigated further, e.g., with regard to the 
possibility of application of the SP test to the weld. We employed the statistical analysis 
proposed by Misawa et al. [5]. Figure 5 is a typical example of an SP energy-temperature 

3 

v 2 

>, 

r 

CO 

Forged 

m 

1 

0 
0.3 

I I 

t 2 21/4Cr-1Mo steel (NT) OC o 

673K, 4x1023n/m 2(E>IMeV 
I I 

0.4 0.5 0.6 
Initial thickness ( rnm ) 

FIG. 4--Dependence of SP energy on the thickness of the specimen. 
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FIG. 5--Examples of the temperature dependence of  SP energy based on the data-partitioning method 

for the TEM disk specimens of F-82 [5]: (a) every six data at ten test temperatures, (b) a single datum 
at six test temperatures. The middle solid lines show the estimated Eo in the two separated regions. The 
lower and higher thin lines represents 5 and 95% failure probability, respectively. 

curve for F-82 ferritic steel obtained by them, which is shown to summarize the statistical 
analysis. In this case, SPDBTI" is defined as the temperature corresponding to the middle 
energy between the energy at the intersection of the two fitting curves and that at 50 K. 

The statistical analysis is carried out by the data-partitioning method on the basis that the 
SP energy is to be expressed by the Weibutl distribution. The Weibull distribution param- 
eters, m and E0, are determined from the Weibull plot gradient, and the energy corresponding 
to a cumulative distribution of 63.2% by using the least squares method, i.e., 

F(x) = 1 - e x p [ - ( x / E o )  m] (3) 

All the data points obtained are used for analysis. Figure 5a is an example. SPDBTT, 
defined above, is nearly equal to that estimated by the standard method where a curve for 
mean energy, Ix, in the Weibull plot at each temperature is evaluated. Next, three data 
points at each temperature, then two, and then one chosen randomly are analyzed using 
the fitting procedure. Figure 5b is the result of an extreme case where only six data points 
were used for the analysis. 

Table 1 summarizes the results of statistical analysis done by Misawa et al. for F-82H, 
HT-9, and F-82 ferritic steels. It is indicated in this table that the scatter of estimated SPDBTT 
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increases as the number of data points sampled for the analysis decreases. However,  for 
the F-82 and F-82H steels, even a set of one data point at each temperature gives an SPDBTI" 
within an error of ---5 K. To determine SPDBTT for HT-9 steel, more data are necessary 
to assure the above accuracy. 

Necessary Minimum Number of Specimens for SPDBTT Measurement--The minimum 
number of irradiated specimens to determine SPDBTT can be estimated in the following 
way. First, six unirradiated specimens are tested at room temperature.  The shape parameter,  
m, is determined from the gradient of the measured Weibull plot of SP energy. If m is 
greater than or equal to 18, a reliable SPDBTT can be estimated using ten specimens because 
the material is believed to have a fairly homogeneous microstructure. If m is smaller than 
18, more specimens are necessary for SPDBTT to be reliably determined. 

In reality, to estimate the reliability of SPDBTT for irradiated specimens, we need a value 
of m for irradiated specimens, m' .  However, m'  is very difficult to obtain, so we assume 
m = m'  for the first approximation. 

Application of SP Test to Neutron-Irradiated Ferritic Steels 

The technique summarized in the previous section was applied to several irradiated ferritic 
steels to examine the effectiveness of the method and to accumulate SP test data for further 
discussion. 

Materials, Specimens, and Test Method 

Four ferritic steels were tested: 21/4Cr-lMo steel (Cr-Mo steel, hereafter), F-82, F-82H, 
and HT-9. Chemical compositions are shown in Tables 2a and 2b. Both specimens of the 
10 by 10 by 0.5 mm and TEM disk type were used for the Cr-Mo steel, whereas only the 
latter was used for the other materials. Specimens were prepared and SP tested according 
to the procedure described above. 

Conventional tests for comparison with the SP test results were done on standard or 
common specimens. The gage section of tension specimens was 4 mm in diameter and 22 
mm in length. J~c was calculated using disk-shaped compact tension (DCT) specimens 10 
mm in thickness and 27 mm in diameter, which were tested following the procedure des- 
ignated in the ASTM Test Method for J~c, a Measure of Fracture Toughness (E 813-81). 
Specimens of this type were used to be accommodated effectively in an irradiation capsule. 
Details of the results on these specimens, including those on the effect of specimen thickness 
and the difference observed between ASTM E 813-81 and ASTM E 813-89, are published 
elsewhere [7]. 

The microstructure of Cr-Mo steel consists mainly of bainite with a small amount of pre- 
eutectoid ferrite. The other steels consist of tempered martensite, and the HT-9 contains 
1% ~-ferrite. 

Neutron Irradiations 

Irradiations were performed in JRR-2 at JAERI .  Irradition conditions are given in 
Table 3. 

Results and Discussion 

Correlation of SP Parameters with the Tensile Properties--Figures 6a through 6d show 
results of several trials for correlating SP-related parameters with tensile properties of Cr- 
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TABLE 3--Irradiation conditions. 

Fluence, 1023 n/m 2, 
Material E > 1 MeV Temperature, K 

Cr-Mo, A 2 573 
Cr-Mo, Aged A 3 673 
Cr-Mo, B 4 673 
F-82, F-82H, HT-9 12 600 

Mo steels. Both SP and conventional tests were done at room temperature. One can see 
that the parameters, PJ(to)  2 and Pmax/(to) 2, correlate well with 0.2% offset stress and ultimate 
tensile strength, respectively. However, as for total elongation, only a qualitative tendency 
common to each material was observed with the parameter ~*/to. For room temperature 
tensile properties of F-82, F-82H, and HT-9, correlations similar to those for the Cr-Mo 
steel were observed. 
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FIG. 6--Strength parameter correlation for: (a) the 0.2% offset stress, (b) ultimate tensile strength, 

and (c, d) total elongation. 
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However, it seemed that the parameters obtained for the SP test at low temperatures 
could not be correlated well with tensile properties. The cause for this is not clear at present. 
The experimental difficulties at the lower temperatures, including the possibility of the 
inclination of the specimen during the test, might be a cause. 

Evaluation of Fracture Toughness--~qs w a s  calculated using Eq 1 or 2. It has not yet been 
confirmed that 13 and the exponent in Eq 2 remain unchanged after irradiation. JJc obtained 
from the DCT test versus ~qf calculated from Eqs 1 or 2 is plotted in Fig. 7. The value of 
~ql after irradiation is an average for two or three test runs. Most data points for irradiated 
specimens seem to obey the relationship proposed by Takahashi et al. [4]. For HT-9, how- 
ever, ~qf calculated by Eq 1 was higher, whereas that calculated by Eq 2 was lower. Changes 
caused by irradiation are indicated by the arrows. The JJc of HT-9 was not estimated after 
irradiation because of its elastic characteristics. The cause for this is not clear, but one 
possibility is that the constants in Eq 2 might change after irradiation. Thus, it is recom- 
mended that when the fracture toughness is evaluated from the results of an SP test, the 
thickness of the irradiated specimens after fracture is also measured. 
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As reported in Ref 8, values of ~qr for irradiated Cr-Mo steel were somewhat higher than 
expected from the relationship shown in Fig. 7. To determine the cause of this, more data 
should be accumulated. It should be mentioned that one must be very cautious about the 
application of the result of the SP test to the estimation of fracture toughness of irradiated 
materials. 

Evaluation of  SPDBTT-- I t  is well known that SP energy falls drastically corresponding 
to the ductile-brittle transition of the material. SP energy was analytically related with the 
ductile-brittle transition behavior by several researchers [3,9]. The transition temperature 
(SPDBTI')  is approximately linearly correlated with DBTT measured by a Charpy test 

SPDBTI" = a x CVN-DBq-T (4) 

where a is the correlation coefficient ranging from 0.35 to 0.45 [9-11]. Here, each DBTT 
is represented in K. 

In the present experiment on the ferritic steels other than Cr-Mo, only five to six irradiated 
specimens were tested at temperatures from 113 to 300 K so that the statistical analysis 
described in the previous section was applied to the data points. The results on the F-82H 
alloy are shown in Fig. 8. SPDBTTs were determined using the same distribution parameters 
obtained for the unirradiated specimens. 

The CVN-DBTT shift predicted by SP tests are plotted in Fig. 9 against the increase in 
0,2% offset stress. The CVN-DBTT shift was estimated assuming a = 0.4 in Eq 4. The 
line mentioned in Ref 12, which represents A T / A r t 0  2 = 5 K/10 MPa, is shown in the figure 
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for comparison. It is seen that the estimation of DBTT of irradiated HT-9 alloy is also 
difficult. However,  the results on the other materials seem reasonable. The results indicate 
that the CVN-DBTT shift can be evaluated from that of the SPDBTF and that as many as 
20 specimens would be desirable to assure reliability of evaluation. 

Data on the Charpy impact test of irradiated HT-9 steel were obtained by Vitek et al. 
[13]. The lower fluence in their paper is 0.86 x 1024 n / m  2 and the temperature is 573 K, in 
comparison with 1.2 x 1024 and 600 K in the present study. The DBTT shift obtained by 
them seems to be less than 20 K, which gives a data point still lower than the line in 
Fig. 9. 
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FIG. 9--Charpy DBTT shift estimated from SP test results plotted as a function o f  change in 0.2% 
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Conclusions 

Detailed procedures of the SP test including the apparatus, the definition of SP-related 
parameters,  and the interpretation of results were presented, aiming at its standardization. 
A statistical approach to analyze the results on SP energy of a limited number of specimens 
was also reviewed for application of the method to irradiated ferritic steels. 

Neutron-irradiated F-82, F-82H, HT-9, and 21/4Cr-lMo ferritic steels were tested in the 
proposed way at temperatures from 100 to 300 K. Irradiation conditions were 2 to 12 x 
1023 n/m 2 (E > 1 MeV) at temperatures from 573 to 673 K. 

The main conclusions are." 

1. The 0.2% offset stress and the ultimate tensile strength of these materials at room 
temperature can be evaluated from SP-related parameters such as Py/(to) 2 and Pm,x(t0) 2 
obtained from the SP test at room temperature.  

2. Fracture toughness can be evaluated in principle using the relationship established 
previously between Jxc and the equivalent fracture strain, ~qr, on various materials, 
though there were discrepancies observed for HT-9 and 21/4Cr-1Mo steel. 

3. The DBTT measured by a Charpy test may be estimated from the results on the 
temperature dependence of SP energy, i.e., SPDBTT obtained from five or six spec- 
imens. However,  the number of specimens necessary for the more reliable prediction 
would be larger, especially for the materials with a heterogeneous microstructure. 
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Evaluation of Tensile Properties Using a 
TEM Disk-Size Specimen 
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ABSTRACT: Attempting to miniaturize mechanical specimens is certainly not new. In fusion 
reactor material development, limited space in the test reactor and the dose to personnel in 
the post-irradiation state dictates that the specimen size be reduced without reducing the 
accuracy of the test. A four-point bend test on TEM disk specimens (0.3 mm in thickness and 
3 mm in diameter) was carried out to evaluate tension test parameters. The bending load- 
deflection records obtained from the miniature specimen were interpreted with a large-scale 
deflection bending analysis. The tensile yield strength and the ultimate tensile strength of both 
a 316L-type stainless steel and a 7075 T6 aluminum (Al) alloy obtained from the miniature 
four-point bend test agreed well with standard tension test results. A gripping system for 
tension testing of the TEM-size specimens was also developed. The ultimate tensile strength 
results of two stainless steels agreed well with those obtained from standard-size specimens; 
however, the tensile yield strength could not be determined. 

KEYWORDS: small specimen, tensile properties, bend test, small tension test, fusion reactor 
materials 

The following advantages are evident if a material can be examined using a small-size 
specimen. First, the restriction concerning the size of the test material is released. Specimens 
can be extracted from a small piece of the structure following catastrophic failure. Distri- 
bution of mechanical properties in a minute part as well as distribution of the chemical 
composition can be examined employing an electron probe microanalyzer (EMX). Since 
the weight of a material for specimen fabrication decreases, the cost of materials is reduced. 
Reduction of manufacturing cost of the specimen is also expected. The cost of test equipment 
is reduced with the subsequent decrease in test load parameters. In addition, where there 
is concern about pollution from radioactive materials, the risk is dramatically reduced in 
proportion to the weight of the specimen. 

Prior to designing a structure, detailed data of material characteristics are necessary. 
Material testing is performed to obtain properties data, particularly concerning mechanical 
properties. If the mechanical properties are linearly related to specimen size, experimental 
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data from miniaturized specimens may easily be converted into values for standard-size 
specimens. However, in engineering standards, the dimension and shape of the specimen 
are defined in detail since most mechanical properties do not depend on the size of the 
structure in a simple manner. Some properties change discontinuously with specimen-size 
change, and therefore the actual component size must be tested unless a law for the con- 
version is established. Fracture toughness is an example, where the safety of a structure 
cannot be confirmed by using a reduced scale model except under special circumstances. 
Therefore, the potential for using miniaturized specimens is dependent on whether or not 
a conversion rule is established. Some conversion rules provide only approximate values, 
which affect the accuracy of the evaluation [1]. 

In a miniaturized specimen the measured length will be small, and therefore errors are 
easily introduced. As a result, the accuracy of the evaluation is decreased. To compensate 
for accuracy losses from using miniaturized specimens, a high precision of the loading and 
measuring systems is required, although this suppresses the advantage in decreasing the cost 
of testing. 

The mechanical properties of a structural material are strongly dependent on grain size 
and grain structure. Manufacturing miniature specimens may change the relative effect of 
the crystal boundary. Though the evaluation of mechanical characteristics by using minia- 
turized specimens has many merits, it has not been adopted for general test procedures 
because of the above-mentioned disadvantages. Its use is minimal and limited only to special 
circumstances. 

In evaluating and developing nuclear fusion first wall material, the specimen size should 
be as small as possible because of the limited volume for irradiating specimens, the high 
cost of irradiating specimens, and the difficulty in handling irradiated material. 

Therefore, employing a miniaturized specimen technique is extremely desirable. However, 
the results obtained from miniaturized specimens must be equivalent to those obtained using 
standard-size specimens. In addition, accurate nuclear reactor material characteristics are 
of prime importance. Unfortunately, there has been no advancement in improving the testing 
technique in recent years. Use of miniaturized specimens has, however, been adopted for 
the development of gradient function material, which is a newly developed material [2]. 

The specimen size adopted to evaluate the first wall material characteristics has been a 
TEM disk, 3 mm~b by 3 mm (Fig. 1). The disk-bending test, the disk-punching test, and the 

FIG. 1--TEM disk-size specimen. 
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micro-hardness test have been performed using this specimen [3,4], but they do not provide 
the stress-strain relationship which represents the essence of the mechanical characteristics 
of the material. Detailed information of the stress-strain relationship is earnestly required 
in designing the furnace. The tension test provides the tensile properties directly, but the 
test machine has difficulty gripping the TEM disk. Gripless-type specimens are desired for 
a test done in the hot laboratory, where manipulator operations are required. The authors 
developed a method evaluating the stress-strain relationship by a combination of miniaturized 
four-point bend test and numerical analysis. It is known that the bend test alone does not 
provide a knowledge of reliable mechanical properties. 

The authors have developed a new type of gripping system for tension-tension fatigue 
testing of TEM-size specimens [5]. Tensile properties were also determined employing this 
equipment in two stainless steels. The .small tension test seems inferior to the analytical 
bend test, which is easy to perform and produces accurate results for irradiated materials. 

Experimental Procedure 

The materials used in the present work were a modified 316 austenitic stainless steel and 
a 7075 T6 aluminum alloy. The chemical compositions are listed in Table 1 for both materials. 
The steel, which had been rolled in various reductions, was supplied by the Japan Atomic 
Power Research Institutes in the form of TEM disks. 

Since the disk shape, stress, and moment change with distance from the loading point 
due to sectional area alteration in four-point bending, an accurate stress analysis becomes 
difficult. Therefore, a bar-like specimen was used in the present work. 

For the test apparatus, tool alloy rods 0.3 mm in diameter were used for the loading pins, 
with intervals between the outer and inner pins equal to 2.2 and 0.8 mm, respectively. 
Standard-size tension specimens were also used in comparative tests. Details of the small 
tension test are described in Ref 5. 

Evaluation 

True Stress--True Strain Relationship 

The true stress-true strain relationship cannot be deduced analytically from the load 
deflection record of three- or four-point bend tests where the material has been plastically 
deformed. 

In this evaluation a true stress-true strain relation cr(e) was assumed, and the correspond- 
ing bending load/deflection curve was deduced numerically as shown in the following sec- 
tions. The curve was compared with that obtained experimentally, and the assumed relation 
cr(e) was adjusted for the next calculation. If the calculated load/deflection curve was within 

TABLE 1--Chemical composition of material tested (wt%). 

Alloy C Cr Ni Mo Ti Fe 

316Mod 0.04 14.0 16.0 2.5 0.25 bal. 

Alloy Cu Fe Si Mg Mn Zn Cr Ti AI 

7075 1.49 0.17 0.08 2.65 0.02 5.46 0.25 0.01 bal. 
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an acceptable tolerance band,  based on the experimental ly determined load/deflection curve, 
then the original assumption was assumed correct. 

Moment-Curvature Relationship 

The equi l ibr ium equations of the force and the moment  in the bending bar are given in 
the form of the following integrals 

f ~r(1 - v  �9 e) exp(e) de = 0 

~(1 - v"  e){exp(e) - 1} exp(e) de = M B00 

(1) 

(2) 

where cr is the true stress, e is the true strain, v is Poisson's ratio, M is the moment ,  K is 
the curvature,  and B0 is the initial width of the bar. Since both the upper  and lower bounds 
of the integral are a function of K, Eqs 1 and 2 are differentiated with respect to K, applying 
Leibnitz 's  rule. 

det dec 
o', exp(e,) ~ - cr~ exp ( - e~ )  ~'K = 0 (3) 

d~t 
cr,{exp(2e,) - exp(e,)} 

dec 
- cr~{exp(2er - e x p ( -  e~)} ~ = 

B0 2M + K 

(4) 

where or, and crc are the true tensile and the true compressive stresses, respectively, e t and 
ec are the true tensile and the true compressive strains, respectively, and H is the thickness. 
Equat ion 3 is given in the following form of differential equation 

de, _ crc (1 + ve~) 

dec or, (1 - re,) e x p ( - e ~  - e,) (5) 

e, - K and ec - K quantit ies are given by numerical  integration using the Runge-Kut ta ' s  
method.  

The curvature K may also be expressed as follows 

K = {exp(e,) - exp(-~c)}/H (6) 

Equat ion  4 may also be given in the following form of differential equat ion 

de~ d__.MMdK = B-2K2 or, (1 - ve,){exp(2~,) - exp(e,)} 

dec] 2M 
-or, (1 + v~){exp(-2e~)  - exp(~)} dKJ K (7) 
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The M-K relation is also given by numerical integration using Runge-Kutta's method. When 
integrating Eq 7, e, - ~, ec - K, det/dK - K, and de~/dK - K relations obtained above are 
used. 

Load-Deflection Relationship 
The load applied to a large deformed bar can be deduced from the M-K relationship after 

due consideration of the effect of friction between the loading pin and the specimen and on 
the loading vector change. 

Assuming the friction coefficient is Ix and the friction angle to = arctanlx, the relationship 
between the load P and the moment M of the deformed bar may be written as follows [6,7] 

, t -  t , ( - )  M = ~ x + ~-sin0. + ~ t a n ( 0 . -  to) y - ~ c o s 0 .  

{O<-x<-a- ( r+H)  sinO.- ( r+H) cosO.} (8) 

/ "  ( " )  M = ~ a - r + (sin0. + sin0c) + ~- tan(0 . -  to) y - ~-cos0. 

" ~ (y H ){  ( H )  ( H )  --2ta~(0c + o~) -y , .  +-~cosOc a -  r + s i n 0 o -  r + cos0. 

< x - < l -  ( r + H )  sin0~} (9) 

where 0. and 0c are angles between the bar axis and x-axis at the outer pin and the inner 
pin, respectively (Fig. 2) and are also equal to dy/dx in Eq 10. The curvature K may be 

I[. L , ! ' "  a k 

L , 
FIG. 2--Four-point bend test. 
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written as follows and may be solved numerically 

d2y 
dx 2 

K= ( (  1 + ~)2}3/2 

where y is the deflection at x. 

(lo) 

Young 's  Modulus ,  Y ie ld  Strength, and Tensile Strength 

Yield strength and Young's modulus may be directly read from the true stress-true strain 
curve. The tensile strength can be obtained as follows. In the tension specimen, the load is 
the product of the true stress and area of specimen cross section 

P =  orA 

d P  = ordA + Ador 

Tensile strength is the stress where the load P is maximum. 

d P  = 0 

d A  dor - (11) 
A or 

During plastic deformation, the volume of specimen is held constant. 

V - L A  

d V  = L d A  + A d L  - 0 

Substituting Eq 11 into Eq 12 

dA d L  

A L 

do" 
or 

d~ 

de (12) 

That is, the value of or which agrees with the gradient of the true stress-true strain curve 
is the " t rue" tensile strength and is converted into the nominal tensile stress or, using the 
following relationship 

or 

or" exp(%) 

Ductil i ty 

The elongation and the local contraction are often used for engineering measures of the 
ductility of the material. In the common bend test, however, such parameters are not 
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FIG. 3--Calculated true stress-true strain curves. 

available. Inspection of them, the uniform elongation, the elongation at the maximum load, 
and the absorbed energy up to the maximum load were obtained from the resultant true 
stress-true strain relationship. 

Results and Discussion 

To confirm the analysis, three different geometrical stainless steel specimens were em- 
ployed: (L) 180 by 32 by 6, (M) 90 by 16 by 3, and (S) 45 by 8 by 1.5 (mm). Figure 3 shows 
the true stress-true strain curves deduced from a standard scale four-point bend test (as- 
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suming the friction coefficient equals zero) compared with that from the tension test using 
the same material. From the first approximation, the deduced curves agree with those 
obtained experimentally. There is a small effect of specimen size, however, because the 
curve from the larger specimen showed better agreement. 

The difference vanished when the assumed frictional coefficient was 0.20, and thus in 
subsequent calculations this value was used for the deduction from the bend test record of 
the TEM disk specimen (Fig. 4). 

Figure 5 shows an example of the load curves obtained from the miniaturized bend test. 
The scatter in the curves was attributed to the variation in specimen size, and the subsequent 
scatter in the true stress-true strain curve was less than that in the load curves. Figure 6 
shows the true stress-true strain curves for the modified stainless steel where IX = 0.2 was 
assumed. Table 2 shows the 0.2% proof stress and the tensile strength of the steel obtained 

15 
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FIG. 5--Load-deflection carves by the miniature specimen bend test. 
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FIG. 6--True stress-strain curves o f  the modified 316 stainless steel. 

from the miniaturized four-point bend test and the regular tension test. They were deduced 
under the assumption of both "no friction" and a value of IX = 0.2. Deduced 0.2% proof 
stresses using a value of Ix = 0.2 did agree surprisingly with regular tension tests. Except 
for the 0% reduction steel, errors in the tensile strength remained less than 5%. The reason 
for the larger error in the tensile strength of the 0% reduction steel was investigated according 
to the following conditions: (1) local deformation of both the specimen and loading pins. 
(2) microstructural effect of the material, and (3) calculation errors due to large plastic 
deformation. The effect of the local deformation in the specimen and in the device seems 
negligible according to the hardness data analysis. As for the polycrystal material, more 
than three grains in the slipping direction are required [8]. When the grain size of the steel 
tested was about 100 Ixm, there were more than three grains existing in the smallest specimen 
section. The true strain deduced from the bend load record was less than 5%. and the true 
strain at the estimated maximum load was more than 20%. For precise extrapolation, the 
load record incorporating larger plastic deformation may be required. 

Figure 7 shows stress-strain diagrams from miniature tension tests for a SUS316L stainless 
steel. Although the shape of each plot was not identical, their ultimate strengths showed 

TABLE 2 Tensile properties obtained by the micro-size bend test and the regular-size tension test in 
a 316L-type stainless steel and a 7075-T6 A l  alloy (MPa). 

0.2% Proof Strength Tensile Strength 
Materials 
Specimen rd Micro Regular Micro Regular 

316L 

7075-T6 

0% 232 237 274 526 
25% 721 733 798 761 
50% 900 902 1012 979 

450 461 490 530 

NOTE: rd = reduction by cold rolling: 
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FIG. 7--Stress-strain diagrams from miniature tension tests for a SUS316L stainless steel. The solid 
line represents a regular-size tension test result. 

good correspondence. The solid line in Fig. 7 represents the stress-strain diagram from a 
regular-sized specimen of the same steel. Since measurement in the early stages of displace- 
ment is unsuccessful, the tensile yield strength and the elongation were not evaluated. The 
displacement-measuring system is being improved. Figure 8 also shows stress-strain diagrams 
from miniature tension tests for a SUS304 stainless steel. 
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Conclusion 

The experimentally obtained bending load-deflection records from TEM disk-type min- 
iature specimens were interpreted following the development o f  a large-scale deflection 
bending analysis. The effect of friction in the device was small, but for precise evaluation 
a friction coefficient of 0.20 should be incorporated into the analysis. The tensile yield 
strength of a 316L-type stainless steel and a 7075-T6 AI alloy deduced from the miniature 
four-point bend test agreed well with the standard specimen tension test. Except for the 
most ductile steel, errors in the experimentally obtained tensile strength remained less than 
5%. 
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ABSTRACT: A miniature-disk bending fatigue specimen was earlier developed for testing 
materials to be used for fusion reactor applications. The specimen is based on a 3-mm-diameter 
transmission electron microscope disk. A second larger rectangular specimen was also devel- 
oped, with dimensions of 30.16 by 4.76 by 0.76 mm. The specimens, made from annealed type 
316 stainless steel, were tested using a specialized bending fatigue machine at temperatures 
of 25, 550, and 650~ In the current study, the results are compared against standard full- 
size specimen results. 

Strain ranges were calculated using an analytical technique based on specimen geometry 
and material properties. For the rectangular specimen, strains were also measured using strain 
gauges attached to the gauge region. The calculated strains were then modified using a cali- 
bration factor based on the measurement. The rectangular specimen results were in good 
agreement with ASTM full-size specimen results. The miniature-disk specimen data fell below 
the other results, indicating that the analytical technique underestimates strain values. No 
clear temperature dependence was evident for the miniature-disk specimen, unlike larger 
specimens which show a degradation of fatigue properties with increasing temperature. The 
miniature-disk specimen results also show a greater scatter about the best-fit curve, which was 
attributed to greater sensitivity to misalignment. 

KEYWORDS: miniaturized specimen technology, fatigue, stainless steel, fusion 

Miniaturized specimen technology (MST) is of significance in the nuclear industry and 
has been utilized in the past for developing, testing, and monitoring materials used in or 
proposed for nuclear power generation systems. The current fusion materials program has 
further added to the interest in the development of small-scale specimens due to the limited 
irradiation volume available in existing and proposed neutron irradiation facilities capable 
of simulating fusion reactor conditions [1]. Fluence gradients in irradiated specimens, gamma 
heating, availability of materials, and concerns regarding radiation exposure to personnel 
are other factors that make MST attractive [1,2]. 

Currently envisioned fusion reactors will operate in a cyclic mode. Therefore, thermal 
fatigue becomes an important factor, and determination of cyclic properties of materials in 
an irradiated condition become important for the design of first wall and blanket materials. 
At Auburn University, two small-scale bending fatigue specimens have been developed for 
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this purpose. Earlier papers have described the development of the specimens and compared 
results with accepted larger sub-size axial fatigue specimens [3,4]. It was shown that good 
agreement existed between the fatigue data for the two specimens. In this paper, fatigue 
test results obtained for the smaller of the two specimens, the miniature-disk specimen, are 
compared with those obtained from the full-size and the other subsize specimen. 

Experimental 
Specimen 

The specimen developed is termed the miniature-disk specimen and is shown in Fig. 1. 
It is basically a 3-mm transmission electron microscope disk with two circular notches of 
radius 1.5 mm each, cut from the disk to form the gauge region. The specimens were made 
from type 316 stainless steel of reference heat 8092297 obtained from Oak Ridge National 
Laboratory. All specimens were fabricated from the same batch of material. The specimens 
were fabricated from 0.254-mm-thick sheets using the electric discharge machining tech- 
nique. This technique produces one of the smallest depths of surface damage among the 
various metal-cutting techniques available [5]. 

Along with the miniature-disk specimen, a second specimen, termed the rectangular 
specimen, with dimensions of 30.16 by 4.76 by 0.76 mm, was also developed and is shown 
in Fig. 2. Results obtained using the rectangular specimen were compared with the miniature- 
disk specimen results [3,4]. All specimens were subjected to a vacuum anneal at 1050~ for 
1 h. The specimens were electrolytically polished using a 95% ethanol-5% perchloric acid 
electrolyte at 0~ to remove surface damage produced during fabrication. 

Fatigue Test Machine 

A specialized bending fatigue machine was developed for testing both specimens. The 
specimens are tested in a cantilever beam configuration with one end fixed and load applied 
to the free end. The load is applied by means of an eccentric cam which enables changing 
the deflection and hence the load on the specimen. The load is detected using a load cell 
consisting of four strain gauges connected to the end of the cantilevered specimen holder 
arm in a Wheatstone bridge network. The output of this bridge is calibrated in terms of 

~=3 

DIMENSIONS ARE IN (mm) 

I 
I 
I 

FIG 1--The miniature-disk specimen whose dimensions are based on those of a transmission electron 
microscope disk. 
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applied load. The output of the load cell is conditioned by a control box before being 
monitored on an oscilloscope. Both cyclic load and input deflection can be monitored 
simultaneously. 

The control box is used to terminate the test when the load decays to a pre-speCified 
value, which in this study was 80% of the original load. The elevated temperature tests were 
performed using a stainless steel furnace enclosure around the specimen containing an electric 
heater coil, which is attached to a temperature controller. The temperature of the specimen 
is monitored by a thermocouple located at the center of the specimen gauge region which 
continually feeds temperature information back to the controller: An argon atmosphere is 
maintained within the furnace. Additional information concerning the test setup may be 
obtained from Ref 6. 

Resu l t s  and D i s c u s s i o n  

The fatigue data for the miniature-disk specimen are plotted in terms of total strain as a 
function of failure cycles in Fig. 3. Strain ranges were calculated using the specimen geometry 
and material properties [6]. The total strata range was calculated for the cross section of 
maximum stress where the fatigue crack formed. The results indicate no specific temperature 
effect. The results were analyzed in terms of a simple power law relation containing two 
components for the elastic and plastic regimes of the total strain range 

n e  = A N  -~ + B N  -B (1) 

The results are shown in Table 1. The exponents ct and 13 were asszgned values of 0.12 and 
0.5 for comparison with fatigue results obtained by Liu and Grossbeck, who used these 
values for the exponents in their analysis [7,8]. 

The results for the rectangular specimen are also shown in Fig. 3 for the three temperatures 
investigated. For the rectangular specimens, strain ranges were both calculated (using the 
same analytical technique used for the miniature-disk specimen) and measured using strain 
gauges attached to the gauge region. The analytical technique was found to underestimate 
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FIG. 3--Fatigue results for the miniature-disk specimen compared with the rectangular specimen results 
at 25, 550, and 650~ 

strain ranges. To correct  for this difference,  all calculated strains were  modif ied by a cali- 
brat ion factor  de te rmined  by the actual measu remen t ,  which was a funct ion of the  strain 
range,  and the results are shown in Fig. 3. The results of a least squares  regression of the  
data to fit Eq  1 are shown in Table 1. In this case, there  is a clear degradat ion  of  fatigue 
proper t ies  with increasing test  t empera tures ,  with the 650~ results falling below the room 
tempera tu re  and 550~ results. 

The room tempera tu re  data are compared  in Fig. 4 with results r epor ted  by Jaske and 
Frey using s tandard  A S T M  full-size axial fatigue specimens  [9]. The material  tes ted by Jaske 

TABLE 1--Comparison of power law exponents and constants in Eq I for the miniature disk and 
rectangular specimens. 

Data Temperature, ~ A a B 13 

Disk 25 0.0072 - 0.12 0.02 - 0.5 
Rectangular 25 0.007 - 0.12 1.07 - 0.5 

Disk 550 0.007 - 0.12 0.044 - 0.5 
Rectangular 550 0.014 - 0.12 0.11 - 0.5 
Axial (ORNL) ~ 550 0.016 - 0.12 0.66 - 0.5 

Disk 650 0.008 - 0.12 0.06 - 0.5 
Rectangular 650 0.009 - 0.12 0.6 - 0.5 
Axial (ORNL) b 650 0.014 - 0.12 0,54 - 0.5 

Ref 7. 
b Ref 8. 
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ASTM full-size specimen results for annealed type 316 stainless steel. 

and Frey was annealed type 316 stainless steel, which is the same condition used in this 
study. It can be seen that the corrected strain range values for the rectangular specimen are 
in good agreement with the full-size specimen results. However, results for the miniature- 
disk specimen lie below the full-size specimen data, indicating that the analytical technique 
used in this study underestimates strain values. 

Figure 5 similarly compares the elevated temperature results obtained for the miniature- 
disk and rectangular specimens with full-size specimens using annealed type 316 stainless 
steel tested at 550~ [9] and 650~ [10]. The figure also shows data reported by Liu and 
Grossbeck using subsize axial fatigue specimens which are half the size of a standard ASTM 
E 606 [ASTM Recommended Practice for Constant-Amplitude Low-Cycle Fatigue Testing] 
hourglass specimen with an identical geometry. They used 20% cold-worked type 316 stain- 
less steel, which accounted for their data points lying above the annealed full-size specimen 
data [7,8]. Liu and Grossbeck have analyzed their data using Eq 1, and the results are shown 
in Table 1. 

Jaske and Frey found that their data at different temperatures could be approximated by 
the relation 

At  = A N I  ~ + Ar (2) 

where the values of A, a, and A~L were functions of temperature [9]. The data from this 
study were also analyzed using Eq 2, and the results obtained using a least squares regression 
are given in Table 2. As can be seen from Table 2 and Fig. 5, the elevated temperature 
data for the rectangular specimen are also in good agreement with the data reported by 
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FIG. 5 Elevated temperature data for the miniature-disk specimen compared with rectangular spec- 
imen and ASTM full-size specimen results. 

Jaske and Frey and Conway et al. for the full-size specimens. The  data for the miniature-  
disk specimen again fall below the other  results. 

It is clear f rom the above discussion that the analytical technique used to calculate strain 
ranges underest imates the actual strain range values as seen for the rectangular  specimen.  
While  there was good agreement  between the miniature-disk specimen data and the rec- 

TABLE 2 Comparison of constants in Eq 2 for the miniature- 
disk and rectangular specimens with full-size specimen results. 

Data Temperature. ~ A a AeL b 

Miniature disk 25 0.1314 0.21 0.00277 
Rectangular 25 6.65 0.672 0.0017 
Full size" 20-25 3.4445 0.687 0.00277 

Miniature disk 550 1.83 0.75 0.00144 
Rectangular 550 0.81 0.57 0.00253 
Full size" 538-566 1.521 0.691 0.00338 

Miniature disk 650 0.284 0.56 0.00164 
Rectangular 650 1.03 0.54 0.00197 
Full size" 625-650 0.278 0.502 0.0025 

" Ref 9. 
AeL represents the asymptotic limit as N t approaches infinity 

and provides an approximation of the almost horizontal trend of 
the fatigue curves at low strains. 
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tangular specimen data when the analytical technique was used for strain measurement, 
additional refinements are required in the calculations for strain values. The good agreement 
between real strain values for the rectangular specimens with the full-size specimen data 
indicates that, with modifications in the strain calculation technique, the two bending fatigue 
specimens may be used to scope fatigue properties of irradiated materials. Efforts are under 
way to attach miniature strain gauges to the miniature-disk specimen to measure actual 
strain values. An alternate technique, moire fringes, is also being pursued. Finite element 
methods are also under consideration for strain calculations. 

It was seen earlier that the miniature-disk specimen did not show a clear temperature 
dependence as seen for the larger specimens. This separately indicates the necessity for 
refining the method for determining strain values. Moreover, the miniature-disk specimen 
results show a greater scatter about the best fit curve as compared to the rectangular 
specimen. This can be attributed to slight misalignments while mounting the smaller mini- 
ature-disk specimen. With further development, it is hoped that the miniature-disk specimen 
can be used as a screening test to quickly scope fatigue behavior of irradiated materials. 

Conclusions 

1. A miniature-disk bending fatigue specimen was developed to scope cyclic properties 
of irradiated materials. The specimen has the dimensions of a 3-mm-diameter trans- 
mission electron microscope specimen. A slightly larger rectangular specimen was also 
developed. The specimens, made of annealed type 316 stainless steel, were tested at 
25,550, and 650~ 

2. Strain values for both specimens were estimated analytically using specimen geometry 
and material properties. For the rectangular specimens, actual strain values were mea- 
sured by attaching strain gauges to the specimens. The calculated strains were then 
calibrated to measured strains using a calibration factor. 

3. Results for the rectangular specimen were in good agreement with the ASTM full-size 
specimen results. However, the data for the miniature-disk specimen fell below the 
full-size specimen results, indicating that the analytical technique used for calculating 
strains underestimates the actual strain values. 

4. There was no clear temperature dependence evident for the miniature-disk specimen 
data unlike the larger specimens. The miniature-disk specimen data also show a greater 
scatter about the best fit curve. This was attributed to the greater sensitivity to alignment 
of the miniature-disk specimen. 
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ABSTRACT: This paper demonstrates two miniature fatigue test methods in response to the 
requirements of the fusion reactor wall materials development program. It is known that the 
fatigue strength evaluated by the axial loading test is independent of the specimen size, while 
that evaluated by the bend test or torsion test is dependent upon the size of specimen. The 
new type of gripping system for the axial, tension-tension, fatigue testing of TEM diskS-size 
specimens that has been developed is described in this paper. An alignment tool assists in 
gripping the miniature specimen. The miniature tension-tension fatigue test method seems to 
provide reliable S-N curves for SUS304 and SUS316L stainless steels. 

An indentation method has also been developed to determine fatigue properties. A hard 
steel ball or ceramic ball was used for cyclically loading the specimen, and an S-N curve was 
subsequently obtained. The merit of this method is primarily simple handling. S-N curves 
obtained from four materials by this indentation method compared well with those obtained 
from the rotary bend fatigue test employing a standard-size specimen. 

KEYWORDS: small specimen, fatigue properties, tension-tension fatigue, indentation 
method, fusion reactor materials 

Fatigue characteristics are of fundamenta l  importance when choosing a structural material .  
especially when deciding upon the material for the fusion reactor wall. where long-term 
safety is of primary importance [1]. It is well known that a metal may fail under  imposit ion 
of a stress considerably lower than the normal breaking stress if that stress is applied in a 
cyclic manner .  However.  the fatigue properties of highly irradiated wall materials have not  
been studied in detail. This is primarily due to the shortage of materials that are suitable 
for such studies. In an axial-type fatigue test, a larger-size specimen is required compared 
to other mechanical  tests to minimize the gripping effect and to el iminate fatigue fracture 
in the grips. Nevertheless.  in the case of fusion reactor wall materials,  the limited irradiation 
space for the specimen requires the use of T E M  disk-size specimens in mechanical tests to 
cooperate with safety regulations [2]. 
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ku, Yokohama, Japan 227: z former students of the graduate school. Tokyo Institute of Technology; 
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Disk-shape speomen for transmission electron microscope, about 3 mm in diameter and 0.3 mm 
thick. 
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A bending-type fatigue specimen requires less material than the axial-type specimen, but 
the fatigue characteristics evaluated from the fatigue bend test are strongly influenced by 
specimen size. Fatigue characteristics obtained from an axial fatigue test are not affected 
by the size of specimen [3]. The size effect of the specimen under bending fatigue in irradiated 
materials is unknown and impossible to evaluate. 

In the present work, the authors have developed a new type of gripping system for the 
axial, tension-tension, fatigue testing of TEM-size specimens. An alignment tool assists in 
gripping the miniature specimen. The tension-tension fatigue test method, adopting the 
newly developed gripping system, seems to provide reliable S-N curves of SUS304 and 
SUS316L stainless steels. 

It is desirable to use axial loading for miniature specimen fatigue testing since the effect 
of specimen size is less important. However, the axial loading method is less practical because 
of the difficulty in gripping by remote operation in the hot laboratory. The authors also 
have applied the cyclic indentation method to determine fatigue properties [4]. A hard steel 
ball or ceramic ball was used for cyclically loading the specimen, and an S-N curve was 
obtained from the load amplitude and the loading cycle-displacement curve. The merit of 
this method is primarily simple handling since no gripping problems are encountered. An 
advantage of the indentation method is that a complete S-N curve may be obtained from a 
single specimen, whereas alternative methods required a single specimen for each data point 
on the curve. S-N curves obtained from four materials by this indentation method agreed 
well with those obtained from the rotary bend fatigue test employing a standard size spec- 
imen. 

In this investigation, two miniature fatigue test methods for irradiated materials are re- 
ported. One has a high reliability, and the other is a more practical technique. 

Experimental Procedure 

Tension-Tension Miniature Fatigue Test 

A bend-type fatigue test has previously been successfully performed using the static me- 
chanical test system for TEM disk-size specimens where no grip system was required [5]. 
However, the results were not converted to the standard size specimen test results since a 
relationship concerning the size effect was unknown (also a function of material properties). 
In a fatigue test, if there is a stress gradient near the surface, the fatigue behavior is governed 
by the gradient and the direction of the slip system, which depends on both the specimen 
size and the material characteristics [6]. The tension-tension fatigue test method, in the 
current work, has been adopted for miniaturized specimen fatigue testing to eliminate any 
effect of stress gradient. 

The shape and size of the tension-tension fatigue specimen machined from a TEM disk 
is illustrated in Fig. 1. The specimen was of a "dog bone" type with a stress concentration 
factor of 1.21. This specimen shape was adopted primarily because of the ease of machin- 
ability. The materials used for the tests were SUS316L and SUS304 stainless steels. Some 
of the SUS316L stainless steel specimens were mill machined from a 3-mm-diameter rod 
with symmetric side slots along the rod length. A number of other specimens were made 
from a 0.3-mm-thick sheet by electro-spark discharge machining (EDM). 

In order to alter the average grain size of the SUS304 stainless steel, solution treatments 
were performed at various temperatures ranging from 900 to 1300~ for 30 min, resulting 
in grain sizes of 20, 60, and 110 g~m. The SUS316L stainless steel specimens were solution 
treated at 1050~ for 30 min. After heat treatment, all specimens were polished using 6- 
p~m diamond paste. 
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FIG. 1--Tension-tension fatigue specimen machined from a TEM disk. 

A gripping system designed to maintain the axial alignment of the specimen was developed 
and consisted basically of upper and lower grips, two universal joints, and four sets of 
bearings. A special jig for gripping was also developed, which eliminated bending and 
shearing forces on the specimen during the gripping work. The gripping procedure is as 
shown in Fig. 2. 

1. A precise vise is set on a horizontal plane. 
2. The sides of the setting jig with two guide pins are precisely clamped by the vise. 
3. One side of the upper grip and lower grip are set on the jig. A 1-mm gap between 

them is provided by two 1-mm-diameter pins on the tip of the shaft which are inserted 
into a bearing located on the center of the jig. 

4. The miniature specimen is thrown into the proper position along the two guide pins. 
5. The other sides of the grips are clamped under uniform torque. The specimen is fixed 

by friction between the specimen and files of the grips. 
6. The complete assembly of the gripped specimen is attached to the universal joints on 

the fatigue testing machine, and then the vise and the jig are detached (Fig. 3), 

The fatigue testing machine used was a servo-hydraulic fatigue testing machine (capacity 
of 9807 N). The applied load was monitored by a precise tension-compression load cell 
possessing a capacity of 490 N. The cyclic load was applied at a stress ratio of 0.1 and a 
frequency of 25 Hz under load control using a sinusoidal form wave. 

The stress amplitude, S, was the nominal stress amplitude and was equal to the product 
of the stress concentration factor and the'applied load amplitude divided by the minimum 
cross-sectional area. 

Cyclic Indentation Loading Test Procedure 

A schematic diagram of the indentation fatigue system is shown in Fig. 4. A hard ball is 
indented into the specimen surface that has previously been polished using 1-r diamond 
paste. The test procedure is as follows. Initially, a monotonic load, Pm is applied to the 
specimen surface so that the indentation depth equals the radius of the ball. The load is 
subsequently reduced to the mean load, P,,, and the cyclic load applied at an amplitude 
equal to Pa, R = 0.1, and f = 20 Hz. The fatigue-testing machine adopted also was a servo- 
hydraulic fatigue-testing machine which was the same as that used for the axial fatigue test. 
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FIG. 2--Assembling procedure; (a) setting a precise vise on a horizontal plane; (b) clamping the sides 
of the setting jig with two guide pins; (c) setting one side of the upper grip and lower grip and providing 
a 1-mm gap by two 1-mm-diameter pins of the fig; (d) the miniature specimen is thrown along the two 
guide pins; (e) clamping the other side of lower grip under uniform torque; (f) clamping the other side 
of the upper grip. 

The mean indentation displacement was monitored using a laser displacement meter (res- 
olution of 0.5 ~m). 

Rectangular-shaped specimens made from 7075-T6 aluminum alloy, cold-rolled 0.45%C 
steel, SUS316L stainless steel, and pure copper sheet were used for the cyclic indentation 
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FIG, 3--A general view of the miniature tension-tension loading unit. 

loading tests. The chemical compositions are not listed since the fatigue data obtained from 
standard size specimens are for comparison purposes only. 

S-N Curves in the Indentation Loading Test 

Figure 5 shows a typical example of the relationship between the vertical displacement 
of the indentation ball and the applied number of fatigue cycles, N. A discontinuous increase 
in the displacement at a specific number of cycles, Nr, is observed in all records. In general 
the fatigue process in metallic materials consists of the following stages: (1) formation of a 
persistent slip band (PSB) near the surface, (2) formation of intrusions and extrusions on 
the surface originating in the persistent slip band, (3) initiation of micro-cracks (Stage I 
fatigue growth), and (4) further growth of a dominant crack (Stage II fatigue growth). To 
examine whether the cyclic indentation loaded specimen experienced the fatigue process 
mentioned above, cyclic loading was interrupted at predetermined cycles (0.05, 0.15, 0.25, 
0.5, 0.9, 1.0, t.1, 1.5 and 2.0Nr) and a micro-structural examination made of specimen cross 
sections. Areas of persistent slip bands normalized by that at N s = 1.0 were plotted against 
N i in Fig. 6. Early formation of PSBs, which saturated at about 0.25Ni, are shown in the 
figure. A dominant growth micro-crack was observed only in the specimen after 1.0N r No 
crack was observed in the specimen when the test was interrupted befor e 0.9N s. It is therefore 
considered that 1.0N s corresponds to th e critical stage where a dominant crack is observed 
[7]. If, during the fatigue life of a rotary bend specimen, no clear crack initiation process 
is observed, then the N r may be regarded as equal to the fatigue life (i.e., the horizontal 
axis of the S-N curve). Although small discontinuities were often observed on the records 
due to electric noise or other sources, in most cases the N I was distinctive from them. Figure 
7 shows a fatigue crack in the specimen after 1.5 Nr. 

Practical evaluation of the stress amplitude S in the S-N curve is necessary to adopt the 
present method as the miniaturized fatigue testing method. We considered the case of 
monotonic indentation where the mean indentation pressure on the contact area is S,, and 
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FIG. 4 Flow diagram showing indentation fatigue testing. 

the applied load and the radius of contact are P and a, respectively. Tabor [8] investigated 
indentation flow stresses for many kinds of materials, According to his work. the stress 
amplitude may be written as follows 

S = cSm = cP/~ra 2 (1) 

where c is a function of elastic constant and yield strength and equal to 0.33 for most metallic 
materials. 

Proof Test Results and Discussion 

Tension-Tension Miniature  Fatigue Test 

The results of fatigue tests performed on tension-tension mimaturized specimens manu- 
factured from SUS316L stainless steel are plotted in Fig. 8. which also shows the rotary 
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FIG. 6--Persistent slip band ( PSB) saturates in the early stage of the fatigue life. 

bend S-N curve for regular-size specimens of the same material [9]. The material from the 
reference was solution treated and mill finished. The open symbols in Fig. 8 represent data 
for solution-treated material and agree fairly well with the result from Ref 9. Therefore, 
the axial loading type fatigue test using a TEM disk-size specimen can provide reasonable 
fatigue data, while results from the bend-type miniaturized specimen are in danger of over- 
estimating the fatigue strength. The effect of surface finish on the miniaturized specimens 
was approximately the same as that in the regular-size specimen. 

In the SUS304 stainless steel, fatigue tests were carried out with specimens possessing 
grain sizes of 20, 60, and 110 txm. Results are plotted in Fig. 9. It was found that fatigue 
life increased with reduction of grain size. The solid line represents results from an axial 
loading fatigue test where a regular-sized specimen, solution treated at 1050~ was used 
[9]. The mismatch in results between 1050~ heat-treated specimens was attributed to surface 
finishing effects. The miniaturized specimen was finished using a 3-1xm diamond paste, 

FIG. 7--Indentation fatigue cracks at N = 1.5Nf, 7075-T6 Al  alloy. 
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whereas the reference specimen was finished with a No. 600 emery paper. To illustrate the 
effect of surface roughness, a few TEM disk-size specimens were finished with the No. 600 
emery paper and then tension-tension fatigue tested (Fig. 10). The difference apparently 
caused by specimen size (shown in Fig. 9) disappeared, illustrating the importance of the 
surface finish on fatigue behavior. 

Figure 11 shows 105 times fatigue strengths of SUS304 stainless steel as a function of grain 
size. The dependency of fatigue behavior on grain size in both miniaturized and regular- 
size specimens [10] were in accordance with the Hall-Petch equation despite different surface 
finishes and other testing conditions. 

Indentation Fatigue Test 

The stress amplitude, S, calculated from Eq 1, and the number of cycles at N r of (a) 7075- 
T6 aluminum alloy, (b) cold-rolled 0.45%C steel, (c) SUS316L stainless steel, and (d) pure 
copper were plotted in Fig. 12. The fatigue characteristics of these materials used for proof 
tests were investigated, and their S-N  curves have been reported elsewhere [11-13]. Figure 
13 shows the scatter bands of both axial and rotary bend fatigue test S-N  data in the 0.45%C 
steel [13]. The solid lines in Fig. 12 represent the mean rotary bend fatigue data, which 
abound in quantity. The number of cycles, N, of the rotary bend fatigue S-N curve ap- 
proximately equal the cycles for fatigue crack initiation since the cycles required for cata- 
strophic propagation seem to be negligible in the rotary bend fatigue specimen. Outlines of 
the plots in Fig. 12 were in agreement with the rotary bend S-N  curves. It may thus be 
concluded that the indentation loading method has a good potential as a miniaturized fatigue 
testing method. 
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In ISO R-79 standards for hardness tests, the minimum requirements for the indentation 
specimen size are described. To perform a valid fatigue test using a TEM disk specimen, 
the diameter of the indentation ball must be less than 75 Ixm. It seems to be possible to test 
using a 75-~m-diameter ball, but in practice there are technical problems to be solved, 
primarily the indentation displacement monitor and the load control. The minimum ball 
diameter used in the present work was 300 Ixm, which corresponded to a 1.2-mm-thick 
specimen. 

The crystallographic effect on the fatigue life evalua~ted by this method may be smaller 
than that by any other fatigue test technique since all crystallographic orientations exist in 
the contact area even if the specimen is a single crystal. 

C o n c l u s i o n s  

1. A gripping system for the axial, tension, fatigue testing of TEM-size specimens was 
developed. The S-N curves obtained agreed well with published data. This fatigue test 
method using a TEM disk specimen is applicable for irradiated materials, but there is a 
disadvantage requiring a complicated gripping operation. 
2. Cyclic indentation loading also was demonstrated as a miniaturized fatigue test method 
for irradiated materials. The ball was indented initially into the specirhen and subsequently 
cyclically loaded under a given load amplitude. The number of failt~res on the S-N curve 
was evaluated from the mean indentation displacement monitor record. According to the 
crystallographic analysis, the monitor record represented the cycles corresponding to fatigue 
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S-N curves of carbon steel regular-size specimens (Ref 13). In the case of $45C steel (a) 87 out of 88 
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crack initiation. The stress amplitude was deduced from Tabor's work. The S-N curve 
obtained agreed well with conventional data using a standard size specimen in four materials. 
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ABSTRACT: Devices for a punch test on annular notched specimens, small punch (SP) tests, 
and miniaturized tension tests in hot cells were developed. A micro-manipulator to handle 
small specimens and an electro-discharge machine (EDM) to extract miniaturized tension 
specimens and annular notched specimens from transmission electron microscopy (TEM) disks 
were also fabricated. These devices were designed and made for remote operation in hot cells. 
Preliminary tests to evaluate the applicability of test methods were carried out. Correlation 
between SP test results and tensile properties was not strong. Miniaturized tensile results were 
reasonably similar to the results with larger specimens. The ductile-brittle transition temper- 
ature (DBTT) by the punch test on annular notched specimens was higher than that obtained 
from the SP test. However, materials dependence of the DBTT was different from that 
measured by standard Charpy V-notch (CVN) tests. This may be due to a specimen size effect. 

KEYWORDS: small specimen testing, TEM disk specimen, SP test, miniaturized tension test, 
hot cell, manipulator, fracture properties, DBTT, ductility, strength, austenitic stainless steel, 
ferritic steel, neutron source 

Accelerator-driven deuterium-lithium (D-Li) stripping reaction-type neutron sources, such 
a s  the International Fusion Materials Irradiation Facility (IFMIF) planned by the Interna- 
tional Atomic Energy Organization and the Energy Selective Neutron Irradiation Facility 
(ESNIT) planned at the Japan Atomic Energy Research Institute, are recognized as the 
most promising facilities to obtain test environments of high-energy neutrons for fusion 
reactor materials development. The limitation on the available test volume for irradiation 
requires development of small specimen test techniques. 

Preliminary tests to evaluate feasibility of miniaturized tension tests, small punch tests, 
and a punch test on annular notched specimens are carried out. For most of the tests, 
transmission electron microscopy (TEM) disk specimens of 3 mm in diameter with thickness 
of 0.25 mm were used. Results of a miniaturized tension test using specimens extracted 
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from TEM disks are examined in terms of specimen size effects. Results from punch tests 
are compared with those obtained by standard methods of tension and Charpy tests. De- 
veloped devices for hot cells are also introduced. 

Small Punch (Ss Test 

Test Method 

Figure 1 schematically illustrates a cross-sectional view of the specimen holder with a 
hemispherical punch and a specimen. Prior to the test, the holder is forced to clamp the 
specimen rigidly to limit specimen deformation in the region at the hole of the lower fixture. 
Then the specimen is deformed by punching. A 3-ram-diameter transmission electron mi- 
croscopy disk with a thickness of 0.25 mm and a rectangular plate of 10 mm square with 
0.5-mm thickness are used as specimens. Dimensions of the radius of hemisphere of the 
punch, the lower holder hole diameter, and the radius at the shoulder of the lower holder 
for two types of specimens are also shown in Fig. 1. The clamping force on the specimen 
is selected to be the value that brings about an average compressive stress of about 10% of 
the yield stress for the materials in the annealed condition at test temperature,  that is, about 
120 N for TEM disk specimens of Type 316 stainless steel at room temperature.  

F 

Loading Point 

Upper Part of 
Specimen Holder E ~ , Punch Rod 

Specimen Holder 

~ . _ _  Displacement 
Measurement Rod 

rl r2 D 
TEMdisk 0,5 0.2 1.5 
10mmSQ. 1.2 0.2 4.0 

(in mm) 

FIG. 1--Schematic illustration of test rig with a hemispherical punch and a specimen. By applying 
force to the loading point of the punch end, the specimen is deformed. Dimensions of the hemisphere 
radius of the punch, the lower holder hole diameter, and the radius of the shoulder of the lower holder 
for the TEM disk specimens and the lO-mm-square plate specimens are shown. 
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During the test, the deformation mode of the specimen changes successively. Baik et al. 
[1] described the deformation mode change in four stages, which are: elastic bending, plastic 
bending, plastic membrane stretching, and plastic instability development stages. These 
stages are shown with a typical load displacement curve in Fig. 2. The energy to fracture, 
which is obtained from a load displacement curve, expresses a toughness of the materials 
for the SP test. Efforts have been made by many researchers to obtain correlations between 
the toughness (SP energy) and known fracture-related properties and between characteristics 
of the load-displacement curve and tensile stress-strain relationships. Baik et al. demon- 
strated that the temperature dependence of the energy (elastic plus plastic energy) for some 
ferritic alloys showed a steep decrease with decreasing temperature in a temperature range 
and that the transition temperature correlated well with a transition of the fracture mode; 
cleavage fracture had occurred at lower temperatures than the transition temperature. Suzuki 
et al. [2], McNaney et al. [3], and Misawa et al. [4] also showed that there was a simple 
relation between the transition temperature (SP DBTT)  and the ductile brittle transition 
temperature (DBTT) from Charpy V-notch (CVN) tests from several different steels. Tak- 
ahashi et al. [5] and Suzuki et al. indicated that SP energy and the minimum thickness of 
the specimen at fracture also correlated well with the elastic-plastic fracture toughness, J~c, 
of the materials obtained by ASTM standard test method for J1c measurement [6]. Okada 
et al. [7] and Suzuki et al. examined load displacement curves of irradiated and unirradiated 
alloys. Okada et al. pointed out that the maximum load of the punch test correlated well 
with tensile strength, and Suzuki et al. reported that (tensile) yield stress exhibited a similar 
change with the transition load from the elastic to the plastic stage (see Fig. 2) by irradiation. 

Testing Device for SP Test 

A test device capable of SP testing and miniaturized tension testing has been developed. 
As the machine is used in a hot cell, care was taken to design it for easy manipulation of 

Plastic Membrane 
Stretching S t a ~  I 

<~ b IoPlastic bility 
O / I Stag e Elastic Bending j "  I 

~ ! 
DISPLACEMENT 

FIG. 2--Deformation mode during SP test (after Baik et al. [1]). 
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the specimen holder and operation of the machine. Figures 3 and 4 show the inside of a 
vacuum chamber of the machine. To conduct tests, holders with specimens are placed first 
into the holes in the turntable by a manipulator. Then the turntable turns to a right angle, 
placing exactly one of the holders above a lower r o d - - t h e  lower rod travels upward to carry 
the holder to an upper rod. The lower rod thrusts the holder to the upper rod to apply force 
on the holder clamping the specimen between the upper and lower part of a holder. Finally, 
an actuator travels down to deform the specimen and the lower rod moves downward to 
place the holder on the turntable after the test. This sequence can be operated automatically 
by a computer until tests for twelve holders are finished. 

Another  feature of this test device is in displacement measurement. Displacement during 
an SP test is usually obtained from the travel of the punch rod at the loading point (see Fig. 
4). The actuator rod of this machine is relatively long and therefore can shrink elastically 
by compressive testing forces. Therefore, a displacement measurement rod equipped with 
a LVDT is attached to the bottom surface of the specimen during the test to avoid distur- 
bances by the deformation of the actuator rod. The effective rigidity of the load train of 
about 1 • 104 N/mm is not small, however. 

Table 1 shows current performance of the device. Testing at a low temperature of 150 K 
is possible; however, it takes about 3 h to cool the holder. This is not practical, and im- 
provement is now in progress on a temperature control system for low temperatures. 

FIG. 3--A view of the interior of the vacuum chamber of the SP and miniaturized tension testing 
device. A turntable with twelve holes for holder placement, a furnace, and lower and upper rods are seen 
in the chamber (see Fig. 4). 
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Actuator Rod 
Vacuum Chamber _ III / "  

Soec, en o   "' : ooe  oO 

L ~ ~  2;rwn;?bleod 
FIG. 4--Schematic illustration of  a vacuum chamber, a turntable, specimen holders, an actuator rod, 

and a lower and an upper rod. To conduct the test: 1: turn a turntable to a right angle to place one of  
the holders exactly above a lower rod; 2: a lower rod travels upward to carry a holder to an upper rod 
and thrusts to the upper rod to clamp a specimen between a lower and an upper part of  the homer; 3: 
the actuator travels downward to deform the specimen, and; (4) the lower rod travels downward to place 
the holder into a hole in the turntable. 

Results for  SP Test 

Figure 5 shows two load displacement curves in the initial stage of deformation. A TEM 
disk specimen of an annealed Ti-modified austenitic stainless steel (JPCA) was used for this 
test. Mechanical properties of the alloy are similar to Type 316 stainless steel. The nominal 
chemical composition of the alloy is Fe-0.06C-0.5Si-14Cr-16Ni-1.5Mn-2.5Mo-0.25Ti. In the 
curves, displacement was obtained from the travel of the loading point of the rod actuator 
for Curve 1 and the travel of the lower displacement rod for Curve 2. Larger displacement 
at the loading point of the actuator rod indicates that the rod deformed elastically. Load 
was applied until Curve 1 showed yielding. Then. the load was removed and reloaded to 
bring about further deformation. Residual deformations after reloading A for Curve 1 and 
B for Curve 2 were obtained after the unloading. Deformation A was far larger than B. 

TABLE 1--Performance of  test machine for SP and 
miniaturized tension tests. 

Test Method 
Small Punch Test 

Miniaturized Tension Test 

Load capacity/rigidity of load train 
Temperature range 
Displacement rate range 
Maximum number of holders 

in the vacuum chamber 

5 to 10 kN/mm 
150 to 1073 K 
1 ~m/s to 10 mm/s 

12 
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curve 2 (Displacement Rod) 

Z i # L3 ~eatolrRod) 

q 

0 I 140 
DISPLACEMENT, pm 

FIG. 5--Load displacement curves of the initial stage of deformation. Displacement was obtained from 
the travel of the actuator rod for Curve I and from the displacement measurement rod for Curve 2. 

Examination of deformation on both top and bottom surfaces of the separate specimen, 
loaded to the same level of L1, revealed that a denting of 0.15 mm diameter by the hem- 
ispherical punch was produced on the top surface while no obvious deformation was observed 
on the bottom surface. This indicates that a deformation like a ball hardness test had initiated 
at L1. Yielding load L3 for Curve 2 was about twice as much as L1. L3 seems to indicate 
the load at which the plastic deformation penetrates to the bottom surface. Figure 6 shows 
load displacement curves for TEM disks obtained from annealed and cold rolled to 25% 
and 50% JPCA plates. Tensile properties of the materials with 5 by 5 mm cross section and 
25-mm-long gage length specimens are shown in Table 2. The maximum load increased with 
the degree of cold-working rate as did the yield stress (try) and ultimate tensile stress (cr,ts) 
of tension test results. However, the ratios were different: trut, for 50% cold-worked material 
was larger than that of the solution-annealed material by 70%. Maximum displacement was 
not sensitive to the cold-working rate, while uniform, total, and fracture strains by tensile 
results were rather sensitive to the cold working. Fracture by SP test occurred at displace- 
ments of about 0.7 mm. The stress state during the SP test changed with deformation. This 
may indicate that the fracture condition and plastic instability of the SP test do not strongly 
rely on ductility of the material. Ghosh [8] revealed that fracture of the thin sheet metal 
during punch stretching occurred by localized necking. The condition of the localized necking 
initiation was strongly dependent on the stress state. Localized necking occurred at minimum 
strains under the plane strain stretching condition, and the deformation limit during punch 
stretching on thin metal sheet specimens tended to be close to the strain of the localized 
necking initiation under the plain strain stretching condition when friction between the sheet 
and punch was large (the strain for the localized necking initiation becomes maximum under 
bi-axial stretching [8]). However, because the specimen for the SP test is relatively thick 
and the friction effect may not be very large, the stress state may deviate from bi-axial 
stretching to plane strain stretching during testing. Therefore, it may be said that the fracture 
condition for the SP test is determined not only by ductility of the material tested but is 
also affected by friction between the punch and the specimen. 
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FIG. 6--Load displacement curves of SP tests on solution-annealed, 25% cold-worked, and 50% cold- 

worked JPCA specimens. 

T e n s i o n  T e s t  

Specimen and Jig 

Irradiat ion often causes a hardening of materials and a reduct ion in uniform elongat ion 
to close t o  zero [9]. A m o n g  the tensile properties for such hardened materials,  ductility 
(measured by reduct ion of area, t rue fracture strain, etc.) ,  yield stress, and work-hardening 
characteristics are the most impor tant  propert ies to characterize mechanical  propert ies  of 

TABLE 2--Tensile properties of solution-annealed, 25% cold-worked and 50% cold-worked JPCA 
obtained from specimens with gage section of 5 mm square and 25 mm long. 

Material 
Condition <r,, MPa CruTs, MPa %, MPa crl, MPa ~,, % ~,, % ~ ~ R.A., % 

SA 240 530 1210 1100 52 60 1.13 1.38 75 
25% CW 703 760 1230 1020 19 27 0.85 1.05 65 
50% CW 840 900 1240 1050 0.5> 7 0.72 0.89 60 
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materials. Ductility is a rather sensitive property to specimen configuration; in particular, 
the width-thickness ratio (w/t)  and length-width ratio (l/w) in the gage section are important. 
Therefore, evaluation of the specimen configuration effect on tensile properties were ex- 
amined to obtain the proper configuration at the gage section for miniaturized tension 
specimens. 

Figure 7 shows specimen width-thickness ratio and fracture strain (= In(AJAr) ;  Ao and 
A r are areas at minimum cross sections before and after the test, respectively). Width and 
length of the gage section of the specimen used for these tests were 5 and 25 mm, respectively. 
Materials were of solution-annealed (SA), 25% cold-worked (25% CW), and 50% cold- 
worked (50% CW) JPCA. The width-thickness ratio (w/t)  was changed by changing spec- 
imen thickness. Fracture strain was clearly affected by w/t  values; with increasing w/t,  
fracture strain for each material monotonically decreased. The w/t  effect was relatively small 
at w/t  between 1 and 2. Therefore, the maximum w/t  value for miniaturized tension spec- 
imens was chosen to be equal or smaller than 2. As for l /w,  the effects on uniform elongation 

1.5 

._c 

O3 

(3 
L _  

I i  

1.0 

0.5 

25%Cold Work 

- 75%, Cold Work "~ ~ ' ~ / , ~  

.50% Cold Work 

I | I I I I a I I 

1 5 10 

w/t 
FIG. 7--Fracture strain as functions of specimen width-thickness ratio (w/t). Specimens of solution- 

annealed 25% cold-worked, 50% cold-worked, and 75% cold-worked JPCA were tension tested. The 
gage length and width of the gage section were 25 and 5 mm, respectively. With increasing (w/t), f~acture 
strains were monotonically decreased. 
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and the displacement produced during neck development were not large with l/w of larger 
than 2. The l/w ratio for miniaturized tension specimen was selected to be 2 or larger. Yield 
stress was not affected by l/w and w/t ratios to any appreciable level. 

As indicated earlier, strain-hardening behavior is another important property expected 
to be extracted from miniaturized tension tests. By observing specimen shape during testing, 
reduction at minimum cross section may be obtained. To obtain specimen images during 
the test, it was preferable to develop the neck at the center of the gage length. This is 
because jigs for the test cover the specimen and only the central region of the gage section 
(about 0.5 mm long along the tensile direction) is available for width measurements. To 
make necking occur at the central region of the gage section, the width of the gage section 
was reduced by 0.4 mm. Figure 8 shows the configuration of a miniaturized tension specimen. 

Testing Machine and Method of Displacement Measurement 

The same testing machine as used for SP testing can be used for miniaturized tension 
tests. Figure 9 shows the specimen holder for the test. Both ends of the tension specimen 
are held by the jig at hooks. Images of the specimen were obtained with two video cameras, 
and the images were recorded continuously on video tapes and intermittently on magneto- 
optical disks. An arrangement of the cameras and a jig is shown in Fig. 9. By comparing 
specimen width during the test with the width before the test, the reduction at minimum 
cross section and the distribution of the reduction along gage length were obtained during 
the test. Figure 10 shows specimen images obtained before testing and just before fracture. 
Dimensional resolution of the image was equivalent to about 0.5% of strain. 

I 

I 
i 

i . . . . .  

i 

I 

1.8 

(mm) 
FIG. 8--Dimensions of the miniaturized tensio n specimen. 
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FIG. 9--(a) Jig for the miniaturized tension specimen (see Fig. 8); F stands for the test load; (b) video 
camera arrangement for specimen width measurement; both ends of the specimen are held by the jig at 
its hooks. 

FIG, lO--Example of images of a miniaturized tension specimen: (a) before the test; (b) after the test: 
necking and cracking occurred during the test. Dark parts at the top and the bottom in the photographs 
are images of the grips. 
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Results o f  Miniaturized Tension Test 

Specimens of SA-JPCA, 25% CW-JPCA, and 50% CW-JPCA were fabricated by electro- 
discharge machining (EDM). Thickness of the damaged layer by EDM was about 10 txm 
or less. After the EDM, specimens were electro-polished to remove about 20-1xm-thick of 
the surface layer. Helium (He) atoms were implanted in some of the 25%-CW JPCA 
specimens to concentration levels of 1 and 50 appm. A cyclotron at the NRIM operated at 
16 MeV and equipped with a degrader was used to implant He atoms uniformly in the 
specimen. During the implantation, specimen temperature was monitored and kept below 
473 K. Tests were carried out at room temperature. 

Figure 11 shows nominal stress strain curves and true stress-strain curves of the specimens. 
Results for unirradiated miniaturized tension specimens agreed well with the results from 
larger specimens, except for stresses and strains at peak and at fracture for 50% CW 
specimens. Results for the larger specimens are shown in Table 2. Helium implantation 
caused slight hardening. 

The results indicate that specimen miniaturization did not introduce marked change on 
tensile properties for the materials tested. 

to 
Q_ a 

25%CW 

/" ~ SA Or) Y ,, 
LU 500 ~ 

<7 ' .  
w ' , 

50 
ELONGATION (%) 

r,--'-J ! . or,-z-- " 
I/\ IIK--" '~176176176 

I 
1.0 1.0 

T R U E  STRAIN  

FIG. ll--(a) Nominal stress-strain curves of solution-annealed ( SA ) and 25% cold-worked (25% CW) 
specimens; (b) true stress-strain curves of SA, 25% CW, and 50% cold-worked (50% CW) specimens; 
(c) true stress-strain curves of helium (He) implanted specimens. Helium was implanted to I and 50 appm 
in 25% cold-worked specimens prior to the tests. These stress-strain curves were obtained from minia- 
turized tension specimens. 
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Shear Punch Test on Annular Notched Specimen 

Test Method for  Shear Punch Test on Annular Notched Specimen 

Ductile to brittle transition temperature (DBTT) may be obtained from small specimens; 
however, small specimen DBTT is often far lower than that obtained from a standard CVN 
test. The lower DBTT causes difficulty in conducting the tests; the lower test temperature 
requires a longer time to conduct the test. It is well recognized that DBTT is sensitive to 
the strain rate in the specimen. A notch can increase the strain rate at the notch root. The 
shear punch [10] test is one of the best methods to bring about deformation at a high strain 
rate because the volume in the specimen to be subjected to the deformation is relatively 
small. The maximum strain rate in the specimen may be increased by introducing an annular 
notch on TEM specimens for shear punch tests. 

Figure 12 shows a schematic view of the test method. A larger gap between the punch 
and die compared with the original shear punch [10] was employed to allow brittle crack 
propagation. 

Punch Testing Machine on Annular Notched Specimen 

Figure 13 shows a punch testing machine for annular notched specimens. The mechanism 
and test sequence are similar to the testing machine for SP and miniaturized tensile specimens 
except that the upper and the lower rod contact to fix the specimen directly and the liner 

FIG. 12--Schematic illustration of the shear punch test on annular notched TEM disk specimen. Depth 
of the annular notch was about half of the specimen thickness. F stands for test load. 
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FIG. 13--Photographs of the testing machine for the shear punch test on annular notched TEM disk 
specimens: (a) a specimen chamber and an actuator; (b) positions of upper and lower rods during specimen 
exchange (position of the specimen holder is indicated); (c) during the test (specimen is clamped between 
upper and lower rods). 

traveling specimen holder is employed instead of the turntable. Maximum displacement rate 
is 1 m/s,  which is about 1000 times larger than the machine for the SP test. A load cell with 
a free resonance frequency of over 50 kHz was used; the time to punch out the specimen 
was 0.2 ms or smaller and 50-kHz resonance frequency of the load cell is at the lower end 
of available resonance frequency for the test. Installation of a temperature control system 
is now in progress. 

The machine was also designed to conduct miniaturized Charpy tests with specimens of 
20-mm-long, 1.5 by 1.5 mm cross section by changing jigs. 

Results of  the Annular Notched Shear Punch Test 

TEM disk specimens of tempered 2V4Cr-IMo, 8Cr-2WTa, and HT-9 ferritic steels were 
used for the test. Tests were conducted at a displacement rate of 2 mm/s; as the temperature 
control system was not equipped yet to the machine fabricated for this test, an Instron-type 
tension testing machine with a cooling bath was used for the test. Time-load curves were 
recorded using digital memory. 

Figure 14 shows time-load curves and a temperature dependence of absorbed energy for 
8Cr-2WTa steel. Absorbed energies were calculated from the area beneath the time-load 
curves and the nominal displacement rate. Absorbed energies dropped clearly with decreas- 
ing temperature from 200 to 100 K. Specimen deformation, which is illustrated also in Fig. 
14, changed corresponding to the temperature dependence of the absorbed energy. Scanning 



302 SMALL SPECIMEN TEST TECHNIQUES 

E 
v 

>- 
(.9 
OC 
W 
Z 
w 
t7 
w 
o3 
OC 
0 

o3 

2 0 -  

1 0 -  Time-Load 
Curves 

200N 

ABSORBED ENERGY 

J 

I 

"lOOms Cleavage Fracture Ductile 
Shear 

Illustrations of ~ ~  
Fracture Modes ~...,,:....@~ 

(Cross sectional view) Cleavage Fracture Cleavage Fracture Ductile Shear 
I plus ductile shear j 

100K 200K 

TEST TEMPERATURE 
FIG. 14--Temperature dependence of absorbed energy of the shear punch test on annular notched 

TEM disk specimens of  8Cr-2WTa ferritic steel. Load-time curves and illustrations (cross-sectional view) 
of fracture modes at temperatures for cleavage fracture (see Fig. 15a and 15b), cleavage fracture plus 
ductile shearing (see Fig. 15c and 15d) and ductile shear (see Fig. 15e and 15f) are shown. 

electron micrographs (Fig. 15) of fractured surfaces also show the transition of the fracture 
mode: cleavage (15a and 15b), cleavage plus ductile shear (15c and 15d), and ductile shear 
(15e and 15f). At lower temperatures below the transition temperature region, specimens 
failed by brittle cleavage fracture. In the transition temperature region, fracture occurred 
by mixture of cleavage fracture and ductile shearing. As illustrated in Fig. 14 (at 150 K) 
and seen in the fracture surface in Fig. 15d, fracture occurred at the notch root and prop- 
agated producing a cleavage fractured surface. Then, brittle crack propagation was stopped 
and the rest of the specimen failed by ductile shear. This arrest of the cleavage crack 
propagation may indicate that the stress state at the crack tip changed when the thickness 
of the ligament became smaller than some critical size. When the plastic zone size became 
comparable or larger than ligament size, stress was reduced to arrest further brittle crack 
propagation. The thickness of the region failed by ductile shear may have a correlation with 
the plastic zone size at the temperature. 

Figure 16 shows temperature dependence of absorbed energy for 8Cr-2WTa steel and 
HT-9. Results by SP [11] and CVN tests are also shown in the figure. DBTT by this test is 
clearly higher than that by the SP test for 8Cr-2WTa steel and was reasonably close to that 
by CVN test. On the other hand, the difference between DBTTs for 8Cr-2WTa steel and 
HT-9 was about 79 K by CVN tests while the difference by this method was only 4 K. 
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FIG. 16--Temperature dependence of the absorbed energy by the shear punch test on annular notched 

TEM disk specimens of 8Cr-2WTa ferritic steel and HT-9 steel. Results by standard CVN and SP tests 
[ll] on TEM disks are also plotted. 

The difference in the results by CVN and by this method may be interpreted by the 
relation between plastic zone size and ligament size. Smaller CVN energy in the transition 
region and upper shelf region for HT-9 may be the result of smaller fracture toughness of 
the steel. As the yield stresses for both steels were not largely different [11], plastic zone 
size for 8Cr-2WTa steel might be larger than that for HT-9, and this could be the cause of 
the different CVN behavior. However, the plastic zone size for HT-9 was small, and it might 
be comparable or larger than the ligament size of an annular notched specimen at, for 
example, 200 K, in this method. If this was so, DBTT by this method for both steels would 
not be much different, as has been seen. If the analysis above is valid, it will be very difficult 
to overcome specimen size effect for DBTT measurement. Examination of size dependence 
may be important to understand DBTI" property for these steels. 
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Manipulator for Small Specimens and a Device for Electro-Discharge Machining 

Micro-Manipulator 

Development of devices to manipulate, examine, and machine is also an important subject. 
A micro-manipulator to handle specimens and to use for the examination of specimens 
before and after the tests is now under development. An EDM for small specimens to obtain 
miniaturized tension specimens and annular notched specimens has been made. 

In the manipulation process, it is frequently required to mount randomly dispersed spec- 
imens on a table into specimen holders. A computer-controlled manipulator was designed 
to do this operation. Figure 17 shows the manipulator. To insert specimens in vials into 
holders, first the specimens are dispersed on the tray by a conventional manipulator. A 
video camera is equipped over the tray to obtain digitized images of the specimen in the 
tray. By pointing at a digitized image of each specimen, signals corresponding to the position 
are sent to the computer to move the X-Y-Z arm to pick up the specimen. The arm is 
equipped with vacuum tweezers. The position of the specimen holder hds been also supplied 
as digital data into a computer program prior to the operation, and the arm carries the 
specimen to the holder and puts the specimen into the holder. This device also has mech- 
anisms to turn the specimen over and to turn the specimen (a turntable) to obtain the wall 
thickness distribution after a SP test with an X-ray source and an X-ray camera. 

EDM is also computer controlled to machine specimens in the holder (twelve specimens 
can be inserted in a holder) sequentially. Figure 18 shows the EDM for small specimens. 
As EDM is to be operated remotely and the required machining accuracy is to be high 
enough for small specimens, the consumption rate of the machining electrode and the surface 

FIG. 17--A photograph of micro-manipulator. Specimen tray (black plate on the right), X .Y -Z  arm 
with a vacuum tweezers, and a specimen holder for EDM device are shown. 
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FIG. 18--A photograph of an electro-discharge machining device. A specimen homer, a machining 
electrode, and an actuator for the electrode are shown. 

roughness after the machining are particularly important  for practical use. An electronic 
machining power supply is designed to apply negative bias voltage to minimize the con- 
sumption rate and surface roughness by minimizing arcing between an electrode and a 
specimen. The consumption rate of 3% and surface roughness of less than 5 ~m has been 
achieved for the machining of carbon steel. 

Summary 

Devices for small specimen testing that have been and will be installed in hot cells of the 
Japan Atomic Energy Research Institute are briefly introduced. Test methods for the devices 
are also introduced. Preliminary results of the test methods were presented and discussed: 

1. SP  test. Tensile properties of solution-annealed and cold-worked austenitic stainless 
steel were compared with SP test results obtained by a testing device developed for 
hot cell use. SP results were not sensitive to the cold work rate of the materials in 
contrast to the tensile results. 

2. Miniaturized tension test. Reasonable correlations between the tensile results with larger 
size specimens and those with miniaturized specimens have been obtained. 
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3. Shear punch test on annular notched specimen for  D B T T  measurement. DBTT by this 
method was higher than that obtained by the other method with TEM disks. Measured 
DBTT dependence on materials was different from that by CVN test. This may be 
due to specimen size effects. 

4. Devices developed for  small specimen tests. Devices developed for small specimen tests 
are a testing machine for SP and miniaturized tension tests, a testing machine for 
DBTI" evaluation from TEM disks and miniaturized Charpy specimens, a micro-ma- 
nipulator for handling specimens, and a device for electro-discharge machining to obtain 
miniaturized tension and annular notched specimens from TEM disks. 
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ABSTRACT: Estimating the mechanical properties of a service-exposed component in a quasi- 
nondestructive manner implies sampling as little material as possible from the component 
itself. Different subsized or miniature specimens to be employed in the various fields of 
mechanical testing are presented and discussed: 

1. Cylindrical specimens with circumferential crack for fracture toughness testing in the 
brittle regime and miniature disk-shaped specimens for the upper-shelf ductile regime. 

2. Miniature reconstructed specimens for residual creep strength evaluation by means of 
isostress temperature-accelerated tests. 

3. Small-size specimens for low-cycle fatigue testing with enhanced cycle frequency. 

Data significance and transferability to actual components, as well as accuracy of results, 
are discussed. Particular emphasis is devoted to usually favorable comparisons obtained with 
respect to larger, conventional specimens considered by ASTM test standards. 

KEYWORDS: residual life evaluation, life extension, subsized specimens, miniature speci- 
mens, fracture toughness testing, cylindrical specimens, disk-shaped specimens, residual creep 
strength evaluation, low-cycle fatigue testing 

Knowing the mechanical properties of the structural materials of plant components is one 
of the starting points for reliable integrity assessments and correct residual life predictions. 
In recent years, the introduction of a damage-tolerant philosophy for assessing service- 
exposed plants has enhanced the need for a comprehensive knowledge of the material 's 
crack growth characteristics, such as fracture toughness (FT), fatigue, low-cycle fatigue 
(LCF), creep, fatigue crack growth (FCG) and creep crack growth (CCG). These data are 
usually unavailable for the oldest plants, which require more careful assessment for continued 
operation. On the other hand, even if data for the as-received materials were available, 
their significance and usefulness would be questionable since actual service conditions and 
related damage mechanisms can deeply affect the materials '  behavior. It is therefore nec- 
essary to obtain data from the component itself so that both metallurgical conditions and 
residual mechanical properties can be directly assessed. 
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Excluding microstructural characterization, which can be completely nondestructive in 
case of accessible surfaces, the evaluation of the mechanical properties requires sampling 
material from the component (with the exception of hardness measurements). Sampling can 
usually be performed only when the sample size is so small that easy repairing or even no 
repairing at all is eventually needed. This requirement implies the use of very small speci- 
mens, usually not complying with the size requirements imposed by ASTM test standards. 

Presently, an intense effort is being carried out in many test laboratories to set up reliable 
testing procedures and data reduction methods for material characterization by means of 
subsized and miniaturized specimens. Several aspects are of particular concern: 

1. Significance of test data, which must retain full theoretical validity and be comparable 
with standard test results. 

2. Data transferability to actual components. 
3. Appropriate data reduction techniques. 
4. Data accuracy with respect to available laboratory instrumentation. 

In the framework of ENEL (Italian Electricity Board) activities aimed at assessing the 
integrity of critical components in fossil-fueled power stations, a considerable amount of 
experimental work has been performed at CISE and ENEL-CRTN in the field of miniature 
specimen testing; particular attention has been devoted to fracture mechanics, low-cycle 
fatigue, creep, and fatigue crack growth testing. 

In the present paper, details on different subsized and miniature specimen geometries, 
testing techniques, and test results on different steels are presented; data significance and 
transferability are subsequently discussed. 

Fracture Mechanics Testing 

Cylindrical Specimens with Circumferential Crack 

Fracture toughness testing in the linear elastic regime normally requires large and ex- 
pensive specimens if one wants to comply with the dimensional requirements imposed by 
widely used standards like ASTM Test Method for Plane-Strain Fracture Toughness of 
Metallic Materials (E 399-90). For the residual life evaluation of a service-exposed com- 
ponent, the main problem is the unavailability of large amounts of sample material, thus 
forcing the need to consider alternative specimens to the conventional compact tension 
[C(T)] or single edge notched bend [SEN(B)] geometries. 

The cylindrical specimen with circumferential notch, precracked by rotary fatigue and 
tested in tension, represents a valuable solution for K~c testing: its geometry is shown in Fig. 
1. Its main advantages with respect to conventional specimens are the following: 

1. Machining is simpler, quicker, and considerably cheaper. 
2) ,~A small amount of sample material is required (the possibility of enhancing material 

saving by reconstruction is currently being investigated). 
3. The circumferential crack guarantees plane-strain conditions at the tip through a triaxial 

stress distribution induced by its particular configuration. 
4. The actual test is just a straightforward tension test and requires no extensometer or 

strain gages on the specimen. 

A series of tests at room temperature have been conducted using three proportional sizes 
of this specimen; the material was a 1Cr-lMo-0.25V steam turbine rotor steel (ASTM A 
370 Grade B). Comparisons were eventually made with K~c values oM~ined on C(T) spec- 
imens tested according to the requirements of ASTM E 399. 

Precracking--A circumferential crack of controlled depth was achieved at the root of the 
machined notch on a rotary fatigue machine applying a four-point bending moment to t h e  
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~m 

Specimen type A B C 

D 6 9.4 12 

m 1.09 1.7 2.17 

L 48.5 76 97 

FIG. 1--Cylindrical specimen with circumferential crack for fracture toughness testing (dimensions 
in ram). 

specimen. Precracking load was chosen so that the applied K during precracking corre- 
sponded to approximately 50% of the expected K~c. Crack depth was monitored by a magnetic 
transducer mounted above the notch, sensing specimen deflection caused by crack growth; 
specimen deflection was eventually associated to crack depth by a simple best-fit procedure. 
Ideal conditions, defined after some attempts, yielded precracking times of approximately 
30 min (~  150 000 cycles with a rotational speed of 5000 rpm). More details on the precracking 
of cylindrical specimens have been given elsewhere [1]. 

Test Results--Only the load at fracture was required for calculating the Kic value according 
to the formula [2,3] 

g l c  ~ m 

where 
P = load at fracture, N, 
D = specimen outer diameter, mm, 

D3/2. F (1) 

d = inner diameter (accounting for the crack), mm, and 
F(d/D) = dimensionless geometrical factor. 

An effective crack length, given by the measured value plus a correction factor related 
to the plastic radius at the crack tip [4] was used in Eq 1. Test results are summarized in 
Table 1, where a straightforward comparison is presented with K~c values obtained according 
to E 399 on C(T) specimens with B = 25.4 mm thickness. More tests and statistical analyses 
are now needed for assessing the real significance of Kic differences between cylindrical and 
conventional C(T) specimens. 

Miniature Disk-Shaped Specimens 

The disk-shaped compact, DC(T), is one of the specimens considered by ASTM standard 
E 399-90 for fracture toughness testing in the linear elastic regime. Although no mention 
of it is made by other standards relating to the upper-shelf regime, like ASTM Standard 
Test Method for Jic, a Measure of Fracture Toughness (E 813-89), this specimen has been 
used for some years at CISE for evaluating the ductile fracture resistance of a service- 
exposed component [5] using the C(T)formulas  for J-integral calculations. Thanks to its 
miniaturized dimensions (diameter 16 to 20 mm, see Fig. 2), it can easily be machined out 
of plugs obtained in  the residual life evaluation of a plant. 
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TABLE 1--Test results for cylindrical specimens and comparison with K~c data obtained from C(T) 
specimens (material: 1Cr-1Mo-O.25V steam turbine rotor steel, ASTM A370 Grade B). 

Specimen Type Specimen Size Number of Tests K~c, ~ MPa~/m 

Cylindrical D = 6 mm 5 52.3 -+ 3.1 
Cylindrical D = 9.4 mm 10 54.9 -+ 3.5 
Cylindrical D = 12 mm 9 58.8 -+ 5.1 
Compact-tension B = 25.4 mm 3 58.5 +- 6.7 

" Average values, with standard deviation. 

The inapplicability of a conventional clip gage on such a small specimen has been successfully 
overcome by utilizing an indirect methodology for deriving load-line displacement; extraneous 
displacements due to of load system compliance and elastic deformations in the grips and 
specimen are measured by testing an unnotched specimen and eventually subtracted from the 
crosshead displacement during the actual test. This method is similar to other techniques 
commonly used for SEN(B) specimens, like the one described in ASTM E 813-89, Annex A1. 

The miniaturized DC(T) specimens should not be used in cases where the investigated material 
is in the brittle or brittle/ductile regime, since they most likely fail to meet the dimensional 
requirements of the standards and are likely to significantly overestimate the real fracture 
toughness of the component unless their thickness coincides with that of the component itself. 
On the other hand, in the upper-shelf regime they can provide sufficient J-capacity for most 
ferritic steels to be used for toughness characterization within the limits imposed by the standards; 
their results compare very favorably with data obtained on larger, conventional specimens, both 
in terms of fracture parameters (J~c) and resistance curves. Figure 3 shows an example in which 
J-Aa data from B = 25.4 mm C(T) and D = 16 mm DC(T) specimens are compared with 
relevant R-curves; the material is the same CrMoV rotor steel already considered for the 

d 

D, 

Specimen type A B C 

D 16 18 20 

d 3.2 3.4 4 

H 6.5 7.3 8 .14  

B 5.92 6 .67  7.4 

FIG. 2--Miniature disk-shaped specimen for fracture toughness testing (dimensions in ram). 
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FIG. 3--J-R curves obtained from miniature disk-shaped and conventional C( T) specimens (material: 
1Cr-1Mo-O.25V). 

cylindrical specimens. Fracture resistance curves are also being obtained on a single-specimen 
basis employing the reversing direct current electrical potential drop (RDCEPD) technique [6] 
for monitoring crack growth in the specimen. 

Miniaturized RDCEPD-instrumented DC(T) specimens have also been used for fatigue crack 
growth testing, showing satisfactory trends with respect to larger specimens. However, their 
very small size tends to restrict the experimental AK range too much, thus missing out the first 
and some of the second stage of crack growth. Further investigations are currently underway. 

Creep Testing 
ENEL has been developing, since 1972, methods for residual life assessment of high- 

temperature components of thermal power plants [7]. Different stages have been considered: 
theoretical analysis, nondestructive controls, metallographic examination, and post-exposure 
testing. At first, steam pipes were considered, then superheaters and reheater boiler tubes, 
as well as steam turbine components. From 1986 on, ENEL began monitoring headers 
operating at elevated temperatures to verify life extension in terms of reliable and safe 
operation [8]. 

Among the ~,arious techniques for the determination of the remaining life of components 
working in creep conditions, one of the most quantitatively reliable is the creep-rupture 
strength evaluation by means of tests on service-exposed materials cut from the component 
[9]: but the direct application of such methodologies to steam headers is not possible because 
of the inapplicability of cutting out large spool pieces. 

Suitable methods for quantitative estimation of residual life have been developed and 
validated, such as cutting small samples through the header shell, preparing miniature and 
reconstructed specimens by specific welding procedures, and setting up the experimental 
system and methodology for creep-rupture testing in argon with a temperature accelerated 
isostress extrapolation [10]. The specimen dimensions for these creep-rupture tests depend 
on the ex-service cutouts available. Whenever a plug could be sampled in the shell thickness 
of the header, creep-rupture tests could be performed in argon on subsized semi-standard 
specimens (Fig. 4a). Moreover, if just a small boat sample was machined on the thin shell 
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FIG. 4--Small-size specimens for creep testing: (a) subsize semi-standard specimen; (b) miniature 

weld-reconstructed specimen (dimensions in mm). 

of  the header ,  miniature  specimens for creep-rupture  testing in argon can be adopted,  
reconstructing them by e lect ron-beam welding techniques and using service-exposed material  
for the gauge zone and joining matching materials for the specimen heads (Fig. 4b). 

Creep-rupture  tests on subsized (5 by 25 mm) specimens of a 21/4Cr-lMo ( A S T M  A335 
P22) header  ex-service steel have been per formed mainly to compare  the rupture  times in 
air with those in argon. Table 2 illustrates testing parameters  and results: a reduct ion of 

TABLE 2 Test parameters and results for creep-rupture tests on subsized spectmens (material: 
2~ACr-IMo). 

Stress. Temper.. t,, a Elong., Red. of ~ , ,c  
Environment MPa ~ hours % area. % PLM b %/hour 

Argon 45.1 700 110.6 70 95 21448 1.08. 10 -1 
Argon 45.1 680 228.0 46.6 91.4 21307 1.16. 10 -2 
Argon 45. I 670 700.5 80 96 21543 1.26 �9 10 -2 
Air 45.1 670 442.4 54 94 21355 1.07 . 10 -2 
Air 36.5 670 1094.4 32 96 21726 1.12 ' 10 -3 
Argon 45.1 655 1447.4 52 92 21493 3.65 ' 10 -3 
Air 36.5 650 4551.6 21836 8.76. 10-" 
Argon 45.1 635 3928.0 46" 89' 21423 8.87 ' 10-" 
Air 45.1 635 2673.0 37 95 21272 2.53. 10 -5 

"t, = rupture time. 
h PLM = Larson-Miller parameter. 
' ~,~, = minimum creep rate. 
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FIG. 5--Creep test results from standard and miniature specimens (material: 21/4Cr-lMo ). 

rupture times, caused by specimen surface oxidation, can be observed; moreover,  whenever 
a direct comparison could be made between tests performed at the same temperature and 
stress value, a reduction factor of approximately 1.5 in rupture times was found. 

Miniature specimens (2 by 10 mm) of the same steel (2~ACr-IMo, ASTM A 335 P22) have 
been creep tested in argon. A comparison of rupture times (Fig. 5), ductility, and minimum 
creep rate between subsized and standard specimens has been made to verify the significance 
and accuracy of data, with respect to the transferability to the component behavior and to 

t h e  suitability of the laboratory procedure. Results obtained up to present (Table 3 and Fig. 
5) support the feasibility of obtaining the actual creep strength of the service-exposed ma- 
terials and, therefore, deducing the remaining component life by means of the critical 
isostress extrapolation to the header operating temperature.  

Low-Cycle Fatigue Testing 

LCF resistance of a material is the result of complex t ime-dependent phenomena produced 
by the combined action of cyclic plasticity, creep, and environmental attack (mainly oxidation 
in the case of structural steels for plant components of power industry). Material metallurgical 
instability during long-term operation is also relevant. As far as LCF tests are concerned 

TABLE 3---Comparison between test results on miniature and standard creep specimens (material: 
2�88 

Deformation at 
Specimen Type Stress, MPa Temperature, ~ t~, h Rupture, o~ Emin, %/h 

Miniature 44.5 700 152 92.48 5.5 - 10 -2 
44.5 680 595 68.27 1.5 - 10 -2 
44.5 664 883 67.72 5.3. 10 -3 
44.5 660 1319 71.00 4.8" 10 -3 

Standard 44.5 700 168 52.24 4.9 '  10 -2 
44.5 680 724 45.68 9.2. 10 -3 
44.5 675 560 39.00 1.2. 10 -2 
44.5 660 1332 37.31 4.2 �9 10 3 
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on service-exposed materials taken from plant for residual life evaluation purposes, these 
tests must inherently involve a strong acceleration in time with respect to realistic times of 
transients in plants and in view of the fact that utilities need short-time answers. Extrapolation 
of accelerated test data is always a problem in LCF, as no model exists treating with ap- 
propriate reliability (in view of the long extrapolations involved) the complex combined 
effects of cyclic plasticity, creep, oxidation, and metallurgical instability. Therefore, LCF 
predictions up to now have mostly been based on calculations, using reference data on virgin 
material, analysis of component history, and damage models. However, even with a less 
ambitious aim (as for instance with pure creep, where a real estimate of the creep residual 
life is derived, e.g., from isostress tests), LCF tests on samples taken from service-exposed 
components have also been carried out during the last few years at CISE. This work is 
mainly to get indications about material LCF damage situations. Essentially what one expects 
from these tests is a comparison with the endurance data of the original material (if available) 
or at least with nominal LCF curves Considered in design. The classical LCF waveforms 
considered at CISE for these tests therefore involve: (1) strain control with constant am- 
plitude, (2) continuous cycling (triangular cycles), or (3) cycles with a hold time (HT) of 1 
h at maximum tensile strain. In standard testing for LCF material characterization, two basic 
configurations of round specimens were considered in the past at CISE: (1) hourglass spec- 
imens with axial strains evaluated from measurements taken with diametral extensometers 
(Fig. 6a), and (2) cylindrical specimens (Fig. 6b). Alignment and compressive stability are 
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FIG. 6--Standard and miniature specimens for low cycle fatigue testing: (a) standard, hourglass; (b) 
standard, cylindrical; (c) miniature, hourglass; (d) miniature, cylindrical; (e) miniature reconstructed, 
hourglass; (f) miniature reconstructed, cylindrical (dimensions in mm). 
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important aspects. As far as this latter point is concerned, an hourglass geometry is preferred 
when ductile materials are to be tested at high strain ranges (5%), especially if a compressive 
HT is present; use of cylindrical specimens is essential when testing nonisotropic materials 
and welded joints (CISE's experience indicates approximately 80% shorter LCF lives are 
obtained for cylindrical with respect to hourglass specimens). A large specimen minimum 
diameter is beneficial for a fixed specimen length for compressive stability: in the standard 
CISE specimens a value of D = 9 mm is used. Proper alignment (maximum bending strain 
below 5 �9 10 -6) is obtained by the use of flat button heads, 25 mm in diameter. In testing 
service-exposed material, the rather large size of these specimens, particularly in view of 
the wide button heads, is a problem, not only because of the amount of material which is 
needed for machining the five or six specimens necessary to develop a typical fatigue curve, 
but also because material at the center of the specimen is unavoidably far from the position 
where thermal fatigue is expected to be highest in the component (i.e., at the surface). 
Therefore, the possible use of miniature specimens was considered having 5-mm minimum 
diameter (below this dimension oxidation would become excessive for ferritic steels) and 
10-mm-diameter threaded ends (Figs. 6c and 6d, utilizing a volume of material which is only 
8% of the volume needed for specimens 6a and 6b); more recently, the use of weld- 
reconstructed miniature specimens was also investigated (Figs. 6e and 6f, with 2.3% volume 
of material with respect to conventional specimens; material waste during sampling and 
machining operations is not considered in these figures). 

The main aspects considered were: strength of the thread-button head couplings (a nickel- 
based superalloy provides reusability of this part), alignment and compressive stability, 
significance of miniature specimen data with respect to standard specimen data. As far as 
this last point is concerned, perfect identity must not be expected, as size dependency is a 
typical feature of LCF testing (because of oxidation, essentially dependent on the surface- 
to-volume ratio, and because of the different extent of plane stress/plane strain regions in 
the samples). Instead of trying to get a universal rationale for this size dependency of results, 
the activity described here was intended to provide, with reference to typical steels and 
typical test conditions, experimentally determined corrective factors applied to miniature 
specimen data to get estimates of conventional LCF curves. Up to now a comparative series 
of tests utilizing the specimen geometries in Figs. 6a to 6e have been concluded on the same 
1Cr-1Mo-0.25V rotor steel already considered for fracture tests, with T = 540~ ~ = 3 �9 
10 _4 S -1, tensile HT = 0 and i h. The reference LCF data on the conventional size specimens 
(D = 9 mm) considered in this analysis are from a previous extensive characterization 
activity on this rotor material [11]. Use of miniature specimens was found at risk of failure 
in the threaded end connections coupled to button heads (3 failures out of 27 specimens), 
with less risk in HT tests as expected (this being mainly a pure fatigue problem). Compressive 
stability of the miniature cylindrical specimens was a problem in one test only; however, 
tests at large strains were intentionally avoided in this work. The strength of the welds in 
the reconstructed miniature specimens was always adequate. 

Comparisons of conventional versus miniature specimen endurance data are shown in 
Figs. 7a to 7d. Differences are only moderate; but systematically inferior lives of the min- 
iature specimens with respect to the normal size specimens may be noted. No alteration of 
the core material, due to the weld cycle, of the weld-reconstructed miniature specimens was 
found, and such data compare well with the results of the other (sound, unwelded) miniature 
specimens. From a closer examination of results, it seems that life reductions tend to decrease 
slightly in the HT tests, whereas no particular trend is visible in relation to strain range 
levels and use of cylindrical versus hourglass geometry. Independently of possible uncer- 
tainties, a conservative life reduction .factor of 2/3 has been determined for the LCF data 
range (cyclic life, N I -< 10 000), which accounts for the worst cases experienced in testing 
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FIG. 7 - - L C F  test results on standard and miniature specimens: (a) hourglass, H T  = O; (b) cylindrical, 

H T  = O; (c) hourglass, H T  = 1 h; (d) cylindrical, H T  = 1 h (material: 1Cr-1Mo-O.25V). 

practice. This has become the corrective factor utilized at CISE for LCF integrity assessment 
studies of service-exposed components of the same steel (even welds) by tests on miniature 
specimens: in other words, the damage analysis considers tests on miniature specimens, 
cylindrical or hourglass, with the fatigue life numbers multiplied by 3/2, and then a com- 
parison is made with reference LCF data (often reference is made to the famous curves for 
rotor steels from Timo [12]). 
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FIG, 7--Continued. 

Conclusion 

A series of subsized and miniature specimens have been described for mechanical testing 
in the frame of the residual life evaluation of service-exposed components. The various 
aspects of fracture mechanics, creep, low-cycle fatigue, and fatigue crack growth testing 
using small-size specimens have been discussed, with particular emphasis given to the re- 
markably favorable comparisons with test data obtained on large, conventional specimens. 
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Weld-reconstruction techniques have also been addressed in view of the further material 
saving they can provide. More investigation is still needed to improve scientific correlations 
and experimental procedures: the object is enhancing data significance and transferability 
to actual service-exposed components. 
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DISCUSSION 

M: Brumovsky ~ (written discussion)--How do you evaluate tests of cylindrical specimens 
(for fracture toughness) in cases with eccentric cracks, and how large is their effect on test 
results? Do you apply similar correction formula as in the Gost (Soviet) Standard? 

SKODA Concern, Nuclear Machining Plant, 31600 Plzen, Czechoslovakia. 
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E. Lucon, V. Bicego, D. D'Angelo, and C. Fossati (authors' closure)--No different eval- 
uation procedure is needed for tests on cylindrical specimens showing eccentric cracks since 
no detectable effect was found on overall results whatsoever. We feel that no correction 
formula is therefore required. 

W. Schmitt 2 (written discussion)--How do you explain the fact that for cylindrical speci- 
mens low toughness was obtained from smaller specimen dimensions (D). 

E. Lucon, V. Bicego, D. D'Angelo, and C. Fossati (authors' closure)--At the time this 
paper was written, no explanation had been given to the fact that toughness values seemed 
to decrease with specimen size, instead of increasing as with conventional specimens. Not 
enough tests had then been performed in order to assess the significance of this effect. 
Subsequently, more tests on even smaller cylindrical specimens were carried out just to 
investigate specimen size influence and this trend was confirmed. Some physical consider- 
ations and a few preliminary FEM calculations showed that this might be related to the 
considerable amount of plastic deformation undergoing in the small-size specimen ligament 
before fracture: this should prevent the use of an LEFM formula, like the one found in the 
literature, to calculate critical Kc values. More details on this are to be found in Ref 1 of 
the Discussion Section. 

W. R. Corwin 3 (written discussion )--The apparent lack of significant effect of eccentricity 
of fatigue precracking is very important for the use of the notched rolled subsize specimen 
for irradiated testing in assuring reproducibility of results. It would be valuable to describe 
details of any dependency (or the lack thereof) on fatigue precrack eccentricity. 

E. Lucon, V. Bicego, D. D'Angelo, and C. Fossati (authors' closure)--More tests on 
cylindrical specimens of different size have been performed at CISE after this paper was 
written. An overall evaluation of test results clearly showed that no detectable influence of 
fatigue precrack eccentricity was found on toughness values, which were randomly distrib- 
uted around the mean value. More details of this are to be found in Ref 1 of the Discussion 
Section. 

G. R. Odette 4 (written discussion )--Was the fracture mode the same for all specimens? 
Was it cleavage? 

E. Lucon, V. Bicego, D. D'Angelo, and C. Fossati (authors' closure)--Yes, the fracture 
mode was the same for all cylindrical specimens tested, irrespective of their size; the ob- 
servation of the fracture surfaces with an optical microscope (magnification • 7) revealed 
typical brittle fracture features, although for some of the smaller specimens (D = 6 mm) 
the load/displacement trace showed evidence of a slight plastic deformation (loss of linearity) 
before fracture. 
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Tension Test System for Irradiated Small 
Specimens Operated by Remote Control 
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ABSTRACT: A robot-based tension test system has been developed to aid in the mechanical 
testing of highly radioactive specimens. This system reduces radiation hazards from specimens 
and allows for the uniform precision of testing results independent of experimenters' skills. 
The robot system is designed to accommodate a miniaturized tension specimen with a gage 
section 5.5 by 1.2 ram, with a total length and width of 12.5 and 2.3 mm, respectively, and 
thickness of about 0.2 mm. The system is composed of a manipulating robot, a vibrational- 
type specimen feeder, a rotating-type specimen tray, a specimen observation system, a sim- 
ulated tension test fixture, and a microcomputer for controlling the system. This system ac- 
complishes specimen arrangement in the specimen tray, specimen transportation and loading 
to the test fixture and testing, and removal of the broken specimen from the fixture. These 
procedures are performed quickly, safely, and with uniform testing precision by computer 
control remotely by an unskilled experimenter. 

KEYWORDS: tension test, miniature specimen, neutron irradiation, robot manipulating sys- 
tem, remote control 

The development of mechanical test techniques using small specimens is a primary task 
for fusion reactor materials research and also for fission reactor materials research. For the 
safe performance of experiments and for obtaining systematic irradiation experimental data, 
it is necessary to reduce the specimen size in order to lower the hazards of radiation from 
radioactive specimens and for the effective utilization of the limited volume of irradiation 
facilities. The development of various kinds of small specimen techniques for mechanical 
testing has been pursued over a decade since the fabrication of the FMIT facility (Fusion 
Materials Irradiation Test Facility in the United States) was planned [1,2]. Papers on small 
specimen techniques for irradiated materials were compiled in a book edited by Corwin and 
Lucas [3]. A variety of small specimen mechanical testing techniques were also reviewed 
by Kohyama and Igata [4] and Lucas [5]. The correlation among several kinds of small 
specimen techniques were discussed by Okada [6]. The successful establishment of these 
small specimen techniques for irradiation experiments strongly depends on the development 
of facilities. 

Specimen miniaturization for post-irradiation experiments has advantages for the exper- 
imenter. However, contrary to belief, this often brings more hazards. Because the specimens 
are so small, an experimenter tends to come too close to them and to need more time to 
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sort and place them in testing fixtures than in the case of conventional-sized specimens. At 
the present time, the handling of small specimens is usually done with bare hands, even 
though the radioactivity of the specimens is very high. This makes the quality of precision 
of the testing results low because an experimenter may feel anxious about the radiation 
level during specimen handling--the precision of the testing results may strongly depend 
on the experimenter's skill and patience. With the development of research in Japan, the 
number of specimens to be examined has increased daily, and the radioactivity of the 
specimens also has increased. Although the specimen sizes are small (a typical small specimen 
has a volume 1000 times smaller than conventional-sized specimens), the radioactivity of 
heavily irradiated specimens has become too high to handle with bare hands. Specimen sizes 
also are too small to handle easily with a conventional manipulator in a hot cell, even though 
it is controlled by a skilled operator. 

At present, facilities designed for miniaturized specimens are very limited. The devel- 
opment of specific facilities to assist the post-irradiation experiments is urgently required 
for the development of research work on irradiated materials. The development of facilities 
for assisting laboratory research seems delayed compared with that of manufacturing facil- 
ities. Quite recently, a manipulating robot system and an automated testing machine for 
small-sized radioactive specimens have been developed independently by Okada [7] and 
Kohyama [8], respectively. In the present work, a remote-controlled tension testing system 
for radioactive specimens has been developed for miniaturized specimens to demonstrate 
the feasibility of the application of a robot system to post-irradiation experiments on small 
tension specimens. 

System Design 
Requirements for the Tension Test System 

In Japan and elsewhere, miniaturized tension specimens are widely employed for irra- 
diation experiments. In Japan, the gage section is 5.5 by 1.2 mm, total length is 12.5 mm, 
and thickness is about 0.2 mm. The system described in this paper was designed to accom- 
modate miniaturized specimens of these dimensions. 

The following procedures are required for the system. A number of disordered specimens 
with high radioactivity should be arranged in a specimen tray prior to the experiment. 
Specimens should be identified with a suitable observation system. Then an arbitrary spec- 
imen is picked up from the tray and loaded to a testing fixture. During this process, the 
specimen should be treated carefully to avoid damage. After testing, two pieces of the 
broken specimen should be unloaded from the fixture and transported to a specimen con- 
tainer. 

The Construction of the System 

In order to respond to these requirements, a system was designed composed of a manip- 
ulating robot, a specimen feeder, an observation system for specimen identification, a spec- 
imen tray, a tension test fixture, and a microcomputer. A diagram of the system is shown 
in Fig. 1. It is basically composed of a specimen-manipulating system (right half of the 
diagram) and a specimen identification system (left half). An experimenter can select one 
of the job commands listed on a computer CRT to execute various steps of the system. The 
direction of specimen flow is shown by arrows in the figure: The specimen information, 
including specimen identification (ID) code and remarks on observation results, are entered 
from the keyboard and stored in the computer--they can be recalled on the CRT at any 
time. 
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FIG. 1--Block diagram of the system. Each assembly is connected with optical cables as shown by 
dotted lines, and light signals are sent to the computer via an input~output controller. Arrows indicate 
the direction of specimen flow. 

Setup o f  the System 

The setup of this system is shown in Fig. 2. The top surface of the base frame is 1200 by 
650 mm and 600 mm high. Each of the assemblies is shown in Figs. 3 through Fig. 6, 
respectively. A five-joint robot was employed for the transportation of a specimen from an 
assembly to the next assembly. 

Specimen Feeder 

The specimen feeder is shown in Fig. 3. This is composed of a commercially made vi- 
brational-type bowl feeder and a linear feeder; both are actuated by electromagnets at a 
frequency of 100 Hz. A specimen is fed along a spiral track of the bowl feeder and transported 
t o  the positioning plate attached to the exit of the linear feeder. The specimen feed speed 
can be changed by varying the amplitude of the vibration. A pressure plate is located at the 
terminal end of the linear feeder to hold a specimen in the correct position. 

Specimen Tray 

The specimen tray is mounted on a turntable driven by a stepping motor as shown in Fig. 
4. There are 30 numbered slits cut along the radial direction, one for each specimen. One 
of the slits' ends is open, so that the outer end of the specimen in the slit is pushed until it 
comes to the correct position in its axial direction. The width of the slit is 1 mm, including 
an allowance for the error of robot arm positioning, and the depth is 2 mm. 
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FIG. 2--Setup of the tension test system: (a) specimen feeder, (b) specimen tray on turntable, (c) 
simulated tension test fixture, (d) manipulating robot, ( e ) specimen container, (f) specimen identification 
system, (g) feeder controller, (h) input~output controller, (i) servo unit, (j) manual operation panel, and 
(k) base frame. A small air compressor is in the base frame but cannot be seen in the figure. 

Specimen Observation System 

The specimen should be inspected to determine whether it is good for testing and whether 
its position in the robot fingers is correct. The specimen ID code marked on the gripping 
ends of the specimen is read on a color TV monitor via a charge coupled device (CCD)- 
type TV camera. This is located at a position between the specimen feeder and specimen 
tray, as seen in Fig. 5. The specimen image can be observed on a 14-in. TV monitor at a 
magnification of 50. The exact specimen position can be checked on the TV monitor. 

Tension Testing Fixture 

In order to simulate tension testing, a fixture shown in Fig. 6 was fabricated. At present, 
this fixture has no measuring systems for displacement and load because it is only designed 
to extend a specimen. This fixture will be replaced by a real test machine for actual testing 
in the future. 

Microcomputer and Controlling System 

This test system is controlled by entering parameters with a keyboard responding to 
messages appearing on a computer CRT. All of the above active assemblies except for the 



FIG. 3--Vibration-type specimen feeder: (a) bowl feeder, (b) linear feeder, (c) pressure plate, (d) 
specimen positioning plate with optical sensor, (e) optical cables, and (f) air tubes. The pressure plate 
and specimen positioning plate move upward and downward. 

FIG. 4--Rotary-type specimen tray: (a) specimen tray with 30 sets that rotates counterclockwise, (b) 
stepping motor, (c) positioning sensor for setting the starting point, (d) specimen-adjusting plate, (e) 
loading position, and (f) specimen pick-up position. 

328 
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FIG. 5--Specimen observation system. The specimen is observed with a specimen identification system 
in Position a. Specimens to be tested are loaded in the tray by entering the specimen tray location together 
with the specimen 1D: (a) specimen, (b) optical microscope and CCD camera, and (c) illumination light. 

manipulating robot are connected with optical cables to detect and send light signals to the 
computer via an input/output controller for controlling the sequence of motion of every 
part of the system. If necessary, the robot can be operated in manual mode with a control 
panel. 

Power Source for  Actuating Active Assemblies 

A small air compressor is employed to actuate the pressure plate, specimen positioning 
plate, robot fingers, grips, and upper crosshead of the tensile fixture. The compressor 
generates a pressure of 0.7 MPa. 

System 

Specimen Transportation and Arrangement in the Specimen Tray 

Before starting the operation of the system, specimens are deposited in the specimen 
feeder bowl by either a manipulator or another robot hand. The specimen-feeding sequence 
in the specimen feeder is shown in Fig. 7A, B, C, and D. By the vibration motion of the 
feeder, specimens are fed along a spiral track of the bowl feeder (A) and transported one 
by one along a linear track of the linear feeder to the specimen-positioning plate attached 
to the terminal end of the linear feeder (B) and (C). As  soon as one of the gripping ends 
of a specimen comes to the position, a pressure plate moves down to hold the specimen in 
this position (D). Then the specimen-positioning plate is retracted downward to yield a 
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FIG. 6--  Tension test fixture: (a) a pair of  grips, (b) upper crosshead, (c) lower crosshead, (d) pneumatic 
cylinder for driving upper crosshead, (e) positioning sensor for upper crosshead, (f) optical cables, and 
(g) air tubes. 

space for the entry of the robot fingers. In order to hold a specimen softly, the pressure 
plate surface is covered with a soft rubber sheet. After the center of the specimen is gripped 
by the robot fingers, the pressure plate moves up to release the specimen, and it is transported 
to a specimen observation position shown in Fig. 5. An experimenter can then identify the 
specimen and observe the specimen condition on a TV monitor via a CCD camera. The 
distance between the CCD sensor and the specimen is about 0.3 m; an objective lens is at 
the midpoint. 

In the next step, an experimenter is supposed to select one of three directions of specimen 
flow. Namely, if a specimen is not held correctly by the robot fingers, it should be sent back 
to the specimen feeder bowl; otherwise the specimen cannot be inserted in the slit. If a 
specimen is not good for testing, it is transported to a container. Specimens to be tested 
are loaded in the tray by entering specimen information such as specimen ID code, material, 
comments, and so on and, finally, location of the specimen tray. Then the specimen is 
transported to the loading position. 

Corresponding to the entered slit number, the turntable rotates until the slit of this number 
appears at the loading position and the specimen is inserted in the slit on its side edge as 
shown in Fig. 8. For reading the Specimen ID code easily and correctly with a TV system, 
the ID code should be marked by laser engraving. Scratching with a needle point is not 
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FIG. 7--Specimen feeding sequence. (A, B): The specimen is fed to the specimen positioning plate. 
A light signal is sent to the computer from the specimen feed sensor. (C): The p~essure plate moves down 
to hold the specimen. (D): The positioning plate moves down to yield the entry of  robot fingers. Apparatus: 
(a) pressure plate, (b) specimen positioning plate, and (c) specimen. 

recommended, even though this can be read with a telescope for freshly produced specimens. 
These markings cannot be easily read after irradiation at elevated temperatures, however. 

Specimen Loading to the Tension Test Fixture 

An experimenter enters the slit number of the specimen tray, and the turntable rotates 
until the specimen to be tested reaches the pick-up position (Fig. 9). Just before the specimen 
arrives at this position, the outer end of the specimen in the slit is pushed automatically 
until it comes to the correct position in the slit by the action of the counterclockwise rotation 
of the turntable past a stationary position adjusting plate (Fig. 9) to eliminate the displace- 
ment from the exact position in the specimen axis direction. Precision of positioning in the 
specimen axis direction can be kept to an error of -0 .1  mm. This is smaller than the resolution 
of robot arm positioning. 

The specimen is then picked up from the specimen tray by the robot fingers and transported 
to a loading position of the fixture, as seen in Fig. 10A. The testing fixture has two pairs 
of grips: the upper grip is mounted on a movable upper crosshead, and the lower grip is 
fixed to a stationary lower crosshead. The upper grip is open and waits at a loading position. 



332 SMALL SPECIMEN TEST TECHNIQUES 

FIG. 8--Specimen arrangement in specimen tray. The turntable rotates until a slit o f a n  entered number 
comes into position and a specimen is inserted into the slit. 

FIG. 9--Specimen pickup from the specimen tray for testing. Before a specimen comes into position 
(a), its position in the slit is adjusted by an adjusting plate (b) by rotation o f  the turntable (c). 
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After the upper grip holds the top end of the specimen, the robot finger releases it, and 
then the lower grip holds the bottom end so that a specimen is not gripped by more than 
two points at the same time, as shown in Fig. 10B. This procedure reduces the possibility 
of deformation of the specimen due to misalignment between the axis of the test fixture 
and the specimen axis in the robot fingers. 

Tension Testing Simulation 

The upper crosshead moves to test the specimen. After the specimen is broken, the 
crosshead moves to an unloading position. The unloading sequence is shown in Fig. 10C. 
The two pieces of broken specimen are then removed from the grips and transported to a 
specimen container. 

Programming for the System Control 

The program for controlling the system, composed of about 1000 steps, is written in 
BASIC for the convenience of changing the parameters of robot hand movement. The robot 
motion is dictated by specifying the coordinates in three-dimensional space of points to 
which the hand is to move. These can be entered and saved as a data file for any specific 
task or set of tasks. Robot motion from a specified point to another specified point can also 
be written as a set of commands used in conjunction with the path data. The computer 
sends commands to the following assembly after receiving signals from the leading assembly 
via optical cables. 

Performance of the System Operation 

All functions of the system were confirmed to run well, and it was easy to operate the 
system by following the messages appearing on the CRT. The gripping force of the specimen 
grips and the pulling force of the crosshead generated by an air pressure of 0.7 MPa are 

FIG. lO--Specimen loading to the test fixture and unloading: (A, B) specimen loading into the grips 
of the test fixture, and (C) unloading of the two pieces of the broken specimen. 
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enough for testing miniaturized specimens of alloy steel even with a tensile strength larger 
than 1500 MPa. Although the robot is operated at a medium speed at present, it takes about 
30 s for specimen arrangement, excluding the time for entering specimen information from 
the keyboard, and another 90 s for transportation of a specimen from the tray to the test 
fixture and to the container, excluding a testing time which depends on the test conditions. 
The total time for the specimen handling for testing is thus 120 s per specimen; this is one 
half to one quarter the time required for manual operation. Although the reduction o( time 
is not great, the most important factor is the almost complete elimination of personal hazards 
during this process. 

The most important issue for obtaining reliable tension test results is the alignment of the 
specimen axis in the robot fingers with the axis of the tension test fixture because a specimen 
will be bent by any misalignment during loading, which affects the accuracy of the testing 
precision. The resolution of the positioning of the present robot is about -+0.3 mm for the 
full expansion of the robot arm. In the present system, the arm is operated within a half 

~expansion so the misalignment can be kept within +-0.3 ram. The misalignment by the 
resolution of the robot arm itself is inevitable. For the misalignment coming from the limit 
of robot arm resolution, the robot finger position of the present system can be adjusted. 
When the robot fingers were positioned carefully by the manual control panel before testing, 
deformation by misalignment was not observed for alloy steel specimens. So far, positional 
adjustment of the assemblies was not necessary for our alloy specimens. In this case, the 
rigidity of the specimen is high enough to accommodate a small amount of misalignment 
due to the resolution of the positioning of the robot because of the deformation of rubber 
pads of robot fingertips and a small deflection of a robot arm due to its compliance for a 
small deflection. In the case of soft materials with low yield strength, however, misalignment 
can be serious. The rubber pads of the robot fingers should be replaced by softer material 
and the robot finger structure changed to avoid misalignment from the limit of the resolution. 

Conclusion and Future Plans 

The present robot system is a prototype testing system to confirm the feasibility of using 
robot operation for a tension testing system. It was demonstrated that miniaturized tension 
testing can be done safely and quickly by a robot system even when controlled remotely by 
an unskilled operator. Uniform precision can also be expected. 

A change in the experimental setup will allow testing at low or elevated temperatures 
with this robot system. By using a shielding panel for the radiation, this testing system can 
be operated outside a hot cell. This is convenient for recovery procedures if the system fails 
and for its maintenance. Required improvements of the system are the addition of a recovery 
system for failures and the protection of the electronic devices and optical systems from the 
radiation of specimens. Eventually this system will be coupled to a real miniature tension 
test machine for the testing of radioactive specimens. 
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DISCUSSION 

G. Lucas ~ (written discussion)--What kind of positional resolution does the robot arm 
have? Is this adequate to ensure alignment of your specimens in the groups? 

A. Okada (author's closure)--The total positional resolution of the center of the robot  
fingers is within -+0.3 mm. The deviation of 0.3 mm in the direction of the specimen axis 
creates no problem for testing. Even for Fe-based dilute alloys (rigidity is not so high), the 
offset of the specimen axis of 0.3 mm from the tension axis can be accommodated by the 
deformation of soft rubber pads covering the robot finger surfaces in order to hold specimens 
softly. The resolution of the alignment of the system can be considered enough for our 
specimens. However,  when the specimen is very soft such as pure Cu, small deformation 
due to the offset may be inevitable. 

University of California at Santa Barbara. 
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ABSTRACT: Miniature sheet-type tension specimens are currently being used in a variety of 
radiation damage studies conducted in a number of different reactors. Although these spec- 
imens are very small (12.7 mm long, 0.25 mm thick, 1.0 mm gage width), they have proven 
successful in addressing issues encountered in both thermal reactors and anticipated fusion 
reactors. This paper reviews the results of a number of recent studies that illustrate the range 
of applicability of these small specimens. When combined with other types of specimens and 
other types of measurements made prior to tension testing, miniature tension specimens have 
been found to serve as very useful tools for application to both fundamental studies and alloy 
screening studies. 

KEYWORDS: tension specimens, miniaturization, radiation effects, neutrons, property-prop- 
erty correlations, neutron spectra, displacement rate, size effects 

Irradiation experiments directed toward the neutron-induced embrittlement of pressure 
vessel steels often involve the use of both tension and Charpy impact specimens, but min- 
iature versions of both types of specimens are usually required to compensate for the small 
test volumes available in various test reactors. It is difficult, however, to decrease the size 
of Charpy specimens below one half or one third of the standard size specified by ASTM 
Test Methods for Notched Bar Impact Testing of Metallic Materials (E 23-86) and obtain 
meaningful data. Even with subsize Charpy specimens, it is often difficult to irradiate enough 
specimens to cover the full range of environmental interest, especially for a pressure vessel 
annealing program involving an extensive time-temperature matrix. It is proposed in this 
paper that the simultaneous irradiation of both miniature tension and miniature Charpy 
specimens allows an expansion of the specimen matrix, provided that suitable property- 
property correlations are developed and that the smallest practical miniature tension spec- 
imens are used. 

One of the smallest sheet-type tension specimens is being used in a variety of radiation 
damage studies conducted by the authors in a number of different reactors. Figure 1 illustrates 
the small scale of both the specimens and the tension frame. Although these specimens are 
very small (12.7 mm long, 0.25 mm thick, 1.0 mm gage width), they have proven successful 
in addressing issues relevant to both operating fission reactors and anticipated fusion reactors. 

Staff scientist, senior scientist, and senior scientist, respectively, at Pacific Northwest Laboratory, 
P.O. Box 999, MS P8-15 Richland, WA 99352. 

2 Professor, University of Missouri, Materials Research Center, Rolla, MO 65401. 
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FIG. 1--Horizontal test frame and miniature sheet-type tension specimens employed in a large variety 
of radiation damage studies [1]. Since the specimens are held in wedge grips, all strain is confined to the 
gage section of the miniature specimens. 

This paper reviews the results of a number of recent studies that illustrate the range of 
applicability of these small specimens. When combined with other types of measurements 
made prior to tension testing, these miniature tension specimens have been found to serve 
as very useful tools for application to both fundamental studies and alloy screening studies. 
The production of the specimens, their testing, and the analysis of the tension data are 
described in Refs 1 and 2. 

Type of Radiation Studies Using Minitensiles 

Several categories of studies are in progress. One category involves the use of miniature 
tension specimens to develop and test models describing the microstructural origins of 
radiation damage in different materials and diverse irradiation environments. The second 
category addresses the factors that must be considered before data derived from such spec- 
imens can be confidently applied to the solution of any given problem. Size effects are 
important here, but it should be noted that most irradiation studies proceed at accelerated 
displacement rates and often in different neutron spectra than are found in the environment 
where the radiation damage problem arose. Thus. fundamentally oriented studies are re- 
quired on the effects of size. displacement, rate. neutron spectra, and temperature/flux 
history. 

The third category involves the application of miniature tension specimens to specific 
material's problems. This includes broad exploratory studies, more specific alloy screening 
and optimization studies, development of property-property correlations, and data base 
development for selected candidate materials. 

Mierostructurally Oriented Studies 

Side-by-side irradiation of miniature tension specimens and 3-mm microscopy disks allows 
the examination of the microstructural origins of the radiation-induced changes in tension 
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F I G .  2--Plot of yield strength change versus the square root of defect density for solution-annealed 
316 stainless steel irradiated in two diverse irradiation facilities at two temperatures [4,5]. 

properties while avoiding problems associated with gradients in neutron flux or temperature. 
Microscopy specimens can also be made from the end tabs of untested specimens. This side- 
by-side approach is important because the microstructural components that lead to hardening 
or softening vary not only with the materials being studied but also with the irradiation 
environment, particularly temperature and atomic displacement rate. 

For annealed metals irradiated at relatively low temperatures to very low displacement 
levels (<1 dpa), 3 the radiation damage usually consists of small clusters of interstitial atoms 
Coexisting with small vacancy clusters. These clusters can reorganize themselves into dis- 
location loops or stacking fault tetrahedra, but all serve as obstacles to dislocation motion. 
The resultant changes in yield strength are postulated to vary as the square root of the 
cluster density [3]. Using both miniature tension specimens and microscopy disks cut from 
their end tabs, Yoshida, Heinisch, et al. [4,5] showed that this relationship was consistent 
for microscopy-visible clusters at two temperatures (363 and 563 K) for annealed 316 stainless 
steel when irradiated in two different neutron spectra (OWR and RTNS-II), 4 as shown in 
Fig. 2. Muroga, Heinisch, et al. [6] also confirmed the applicability of this model to annealed 
pure copper irradiated at 316 to 363 K in three quite different spectra, that of OWR, RTNS- 
II, and LASREF 5. 

3 dpa = displacements per atom, a standardized damage exposure parameter. 
4 Omega West Reactor and Rotating Target Neutron Source-II. 
s Los Alamos Spallation Radiation Effects Facility. 
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At higher irradiation temperatures and high dose levels, the microstructural evolution 
can be much more complex, involving the relaxation or alteration of pre-existing micro- 
structural components and the simultaneous formation of precipitates, bubbles, voids, dis- 
location loops, and network dislocations. The matrix composition can also change signifi- 
cantly as a function of precipitation and/or transmutation in some alloys. In one series of 
studies conducted in FFTF 6 on three FeCrNi alloys at 638 to 873 K, for example, it was 
shown that the influence of alloy composition, metallurgical starting condition, helium gen- 
eration rate, and irradiation conditions on the radiation-induced evolution of room tem- 
perature tension properties could be described by conventional hardening theory involving 
the interaction of the radiation-dependent dislocation network with the various long range 
and short range obstacles [7-9]. In another series of studies on copper alloys irradiated at 
-673 K in FFTF to very large exposures (16 to 150 dpa), it was shown that the quite different 
tension response at room temperature of various irradiated copper alloys could be explained 
in terms of microstructural processes that were strongly influenced by atomic displacements, 
leading to enhanced diffusion, void growth, precipitate aging and/or dissolution. These 
processes were also sometimes influenced by the large level of solid transmutants formed 
[10-131. 

It has also been shown that miniature tension tests can be used as a microstructural probe 
to identify the existence of hardening contributions that are not easily imaged using electron 
microscopy. Examples of such contributions are short-range order, spinodal decomposition 
on a fine scale, and sub-resolvable defect clusters. For example, Brager, Garner, and Ham- 
ilton [14] found using miniature specimens that a significant and unresolved component of 
hardening developed in Fe-Cr-Ni alloys in the Invar compositional regime. They proposed 
that the hardening was a consequence of radiation-induced spinodal-like oscillations on a 
scale smaller than could be resolved using energy dispersive X-ray microchemical analysis. 
These oscillations are otherwise invisible using transmission electron microscopy. Subsequent 
studies later demonstrated that spinodal-like decomposition indeed occurred in these alloys 
[15-17]. It was later shown by Aidi et al. [18] that similar hardening developed in Fe-16Cr- 
Ni alloys at higher nickel levels not only during electron irradiation, but also during thermal 
aging. The hardening was attributed to local ordering. 

Grossbeck et al. [19] recently found that tension change data on an irradiated titanium- 
modified stainless steel could only be explained if an unresolved component of hardening 
developed at the higher end (603 to 673 K) of the 333 to 673 K temperature range explored. 
Several potential hardening components were identified by Grossbeck as requiring further 
study. 

Sekimura, Garner, and Griffin [20] also showed that the increased hardening observed 
in the ORR 7 reactor compared to that in EBR-II 8 was indeed the direct result of an un- 
precedented refinement of cavity microstructure that resulted from an unanticipated inter- 
action of the reactor's rather unique temperature history with the high helium generation 
rate produced in these materials by the ORR neutron spectrum. 

In some cases, however, the concurrent use of other techniques can aid the microscopy 
analysis to identify and describe the unresolvable hardening components indicated by the 
tension results. Brager, Garner, and Panayotou [21] used coupled microhardness and mi- 
croscopy measurements in a very low dose (-<0.003 dpa at 298 K) study of neutron-irradiated 
copper alloys to conclude that -70% of the defect clusters were smaller than resolvable by 

6 Fast Flux Test Facility in Richland, WA. 
7 Oak Ridge Research Reactor. 
, Experimental Breeder Reactor. 
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microscopy (~1 nm), thereby explaining the disparity between microstructure-based pre- 
dictions and miniature tension data. This large fraction of unresolvable clusters was thought 
at the time to present a significant problem in the tension-microstructural correlations under 
development by Heinisch et al. in an extensive study on the effects of neutron spectrum on 
damage development [22-25]. Since Heinisch's studies proceeded at higher temperatures 
(363 and 563 K) and to larger doses, where the cluster sizes were larger, the fraction of 
unresolved clusters was much smaller than those at 298 K. Thus, the resolution problems 
in his studies were found to be smaller than originally anticipated. 

Zinkle and Kulcinski [26] later extended the study of Brager et al. at 298 K, adding 
resistivity measurements to those of microhardness and microscopy [25]. Since resistivity is 
much more sensitive than microhardness to smaller defect clusters, it became possible to 
provide a much better description of the cluster distribution and to relate this distribution 
to the hardness and tension property changes typically observed at low dpa levels and 
temperatures. 

In the copper irradiation studies conducted at much higher temperatures (673 to 793 K) 
by Garner, Hamilton, Edwards et al. [10-13, 27-31], electrical resistivity (performed on 
the gage portion of the minitension prior to the tension test), density change measurements, 
and fractography were also used to complement the results of tension tests and thereby 
unravel the details of the microstructural and microchemical evolution in each alloy. 

Size Effects Studies 

The confident application of such small tension specimens requires that some estimate be 
made of the validity of the tension measurements and of the relationship between the 
measured bulk and small specimen values when the two diverge. Panayotou et al. [1] 
demonstrated that the miniature tension specimens used in the majority of the studies 
described in this paper yielded representative strength and ductility data at room temperature 
for three unirradiated alloys (20% cold-worked 316, austenized and tempered HT9, and the 
age-hardenable copper alloy CuBeNi) when compared to other commonly used larger spec- 
imen sizes and geometries. The assumption was made at that time that representative values 
would also be obtained from irradiated specimens. 

Igata et al. [32] explored in some detail the dependence of room temperature tension 
properties of 304 and 316 stainless steel for very thin unirradiated specimens and found that 
the properties exhibited a dependence on both grain size and specimen thickness, but above 
a critical ratio of specimen thickness to grain size, the 0.2% yield strength was equal to the 
bulk value. Igata also found that a thickness of 200 Ixm was required before the total 
elongation was equal.to the bulk value for these steels. Conclusions similar to those of Igata 
were reached by Rickerby et al. [33] for annealed type 316 stainless steel in the range 297 
to 1123 K, providing the thickness was greater than -2 .5  times the grain size, with the total 
elongation falling with decreasing thickness for very thin foils. 

Kohyama et al. [34-36] later showed that the yield stress at room temperature of ferritic 
alloys exposed to relatively low doses of 14 MeV neutrons at 300, 473, and 673 K was not 
dependent on specimen thickness as long as the thickness was larger than 0.1 mm. It was 
also shown, however, that the ultimate strength and uniform strain were somewhat depen- 
dent on specimen size, the difference varying with total displacement level. The smallest 
specimen employed in Kohyama's studies was thinner (0.15 mm versus 0.25 mm) but oth- 
erwise comparable to that employed by the authors of this paper. 

The applicability of miniature tension specimens to materials irradiated to very high 
displacement levels and at much higher irradiation temperatures is currently being studied 
jointly in FFTF by Kohyama's group and the authors of this paper, using a wide range of 
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O.04P. and Fe-15Cr-45Ni minitensions employed in the ~gNi isotopic doping experiment in FFTF-MOTA 
with the larger specimens used in earlier expenmems [38,40]. 

specimen thicknesses and two specimen sizes. Two well-characterized alloys, one austenitic 
and one ferritic/martensitic in nature, are involved in this irradiation series. An automated 
tension machine will be used to explore the influence of size effects on tension properties 
during either room temperature or elevated temperature testing [37]. 

As shown in Fig. 3, Garner, Hamilton. et al. [38,39] demonstrated that unirradiated 
minitension specimens employed in their study of Fe-Cr-Ni austenitic alloys yielded room 
temperature tension properties that were comparable to those derived from much larger 
specimens used in several earlier studies [40]. Both annealed and cold-worked specimens 
were employed in these studies. The data on irradiated specimens will be covered in a later 
section. 

It appears, therefore, that the tension specimens of the size shown in Fig. 1 can provide 
representative yield strengths and reasonably representative elongations for some materials 
but not others, depending not only on the material but also on the irradiation conditions. 
Some fraction of the divergence in the various studies quoted in this section may be due to 
the specimen preparation technique, as discussed in Ref 2. 

Environmentally Oriented Studies 

One of the major uses to date of the miniature specimens shown in Fig. 1 has been the 
examination of the effects of neutron spectra and displacement rate on damage accumulation. 
Understanding of the role of these parameters is required for interpretation of surveillance 
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data for pressure vessel steels and for the use of fission reactors as surrogates to generate 
data for design of fusion reactors. Heinisch et al. [22-25] have conducted a number of 
studies directed toward understanding the influence of these important variables. 

In the early days of fusion reactor materials development there was a concern that high- 
energy neutrons resulting from the D-T fusion reaction might produce displacement cascades 
in irradiated materials that were significantly different from those produced by fission neu- 
trons. Heinisch et al. [22-25] irradiated miniature tension specimens of various metals and 
alloys to low doses in three widely disparate neutron spectra that encompass the range 
between pure fusion (14 MeV) and several typical spectra used for radiation experiments. 
Tension tests conducted on these irradiated specimens at room temperature showed that 
similar damage was produced by 14 MeV (fusion) and fission reactor neutrons when cor- 
related using the dpa concept. Computer simulations by Heinisch [41] showed that such 
correlations work because of the formation of subcascades at high cascade energies. Based 
on the results of these and other studies [42-44], the following conclusions can be drawn 
concerning the effects of neutron spectra on radiation-induced changes in tension properties: 

1. If a large fraction of the displacement damage arises from the high-energy cascade- 
producing neutrons, the irradiation-induced hardening of alloys correlates very well 
using dpa as a correlation parameter, as shown in Fig. 4. This conclusion does not 
always hold in pure metals, however, as demonstrated for pure copper in Fig. 5. This 
difference in behavior is not yet fully understood. Copper alloyed with 5 wt% of Mn, 
Ni, or AI, or 0.25 wt% of A1203 does not exhibit such a disparity [24]. 

2. If a significant fraction of the displacement damage is produced by epithermal and 
thermal neutrons, dpa may not be a good correlation parameter. A damage parameter 
based on the production of "available" or ',freely migrating" defects may be more 
appropriate [42-43]. 
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FIG.  4 Yield strength changes for annealed Type 316 stainless steel irradiated in three disparate neutron 
spectra at significantly different displacement rates at 328 to 363 K. showing suitability of displacements 
per atom (dpa), as an effective correlation parameter [25]. Similar behavior was observed in most alloys. 
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FIG. 5--Yield strength behavior of  pure copper in the same experiment as that of  Fig. 4. In some pure 
metals, dpa was found not to be an effective correlation parameter [25]. 

3. The influence of displacement rate on hardening and embrittlement does not appear 
to be significant for relatively low irradiation temperatures, comparable to those ex- 
perienced by pressure vessels [44]. For high-dose and high-temperature irradiations 
typical of fusion or breeder reactors, this conclusion is not true, and rate effects can 
be very important, particularly in the transient regime of microstructural evolution 
[451. 

The latter conclusion concerning low-temperature irradiation arises from the lack of in- 
fluence of the wide range of displacement rates associated with the data of Figs. 4 and 5 
and also from a similar comparative study by Hamilton and Heinisch [44] involving A302B 
and A212B pressure vessel steels shown in Fig. 6. The range of displacement rates involved 
in the pressure vessel study of Hamilton and Heinisch relative to those of the recent HFIR 
pressure vessel embrittlement problem [46] is shown in Fig. 7. 

There are other aspects of the neutron spectrum that are of interest when "surrogate" 
spectra are employed in radiation damage studies, particularly at high neutron exposure 
levels [45-48]. These are the solid and gaseous transmutation products that can form at very 
high levels in some materials. The production rates of most transmutation products are very 
sensitive to neutron spectrum. While helium is the most important gaseous product, hydrogen 
production is large in some materials, although hydrogen has not received as much attention 
as helium. Solid transmutation products have not been found to be very important in typical 
structural steels, but they are important in other alloys such as those based on copper [45], 
aluminum [49], and vanadium base alloys [50,51]. 

The following sections present some results from two ongoing studies that employ min- 
iature tension specimens to study the effects of transmutants. One of these addresses the 
influence of helium in  austenitic steels and the other is directed toward the impact of solid 
transmutation products in copper alloys during irradiation, 
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OWR. R-1 and R-2 refer to separate RTNS-11 irradiations, which proceeded at slightly different ranges 
of displacement rate [44]. 

Isotopic Tailoring Experiments in FFTF 

Until recently it has been impossible to conduct experiments in which spectrum-related 
parameters such as the helium/dpa ratio were varied without also accepting variations in 
other important parameters, such as displacement rate or temperature history. A technique 
currently being used, however, allows the study of the influence of helium alone on density 
change, microstructural evolution, and tension properties. This technique utilizes isotopic 
tailoring to vary the helium production rate without introducing changes in neutron spectrum 
or displacement rate [52,53]. It is possible to generate substantial variations in helium/dpa 
ratio without varying any other important parameter by using alloys whose only difference 
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FIG. 7 Schematic representation of the dependence on displacement rate of yield strength changes 
observed in the study of Hamilton and Heinisch compared to those observed in HF1R and ORR [44]. 
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is in either the ~Ni/6~ ratio or the presence or absence of 59Ni, an isotope that does not 
occur naturally. The isotopically different specimens are then irradiated side by side in the 
appropriate reactor spectra. A series of such experiments involving 59Ni doping have been 
undergoing irradiation in the FFTF reactor using the Materials Open Test Assembly 
(MOTA), in which temperatures are controlled to +--5~ [52]. 

A particular advantage of comparative isotopic doping experiments is that one need not 
be concerned with the details of temperature history, which are now known to strongly 
influence the outcome of some fission-fusion correlation experiments [54]. Since both doped 
(59Ni added) and undoped specimens are irradiated side by side, the primary variable is the 
helium/dpa ratio. In FFTF the production rate of helium in doped specimens is also nearly 
constant throughout the experiment provided that no changes occur in the neutron envi- 
ronment. Relatively small variations in helium production rate do occur, however, in both 
sets of alloys in response to burn-in or burn-out of 59Ni [55]. 

The alloys employed in this study were Fe-15Cr-25Ni, Fe-15Cr-25Ni-0.04P and Fe-15Cr- 
45Ni (wt%) in both the cold-worked and annealed conditions. The acquisition of the 59Ni, 
the production of the 59Ni-doped tension specimens, and their irradiation conditions were 
described by Simons et al. [52]. Microscopy disks were also prepared and irradiated; the 
results of transmission electron microscopy (TEM) examinations are described in detail in 
Refs 7-9. The miniature tension specimens were tested at room temperature at a strain rate 
of 4.7 x 10 -4 s -1 in the horizontal test frame described in Ref 1. 

Although the experiment was conducted at four irradiation temperatures [38,39], only 
the results at two temperatures will be shown in this paper to demonstrate the utility of the 
isotopic doping technique. Figure 8 shows that, in the absence of variations in displacement 
rate or temperature, the yield strength of each of the three alloys during isothermal irra- 
diation at 365~ converged at a saturation level that was independent of both the thermo- 
mechanical starting condition and the helium generation rate, which in this case varied 
from 0.5 to 15 appm/dpa. The total elongation of the alloys also converged to a saturation 
value independent of these variables. Similar behavior was also observed at two other 
irradiation temperatures, but the saturation level of the yield strength fell with increas- 
ing irradiation temperature, and the saturation level for the total elongation increased 
with irradiation temperature. 

It is also possible to study temperature history effects using this technique, although in 
the following example the experiment took advantage of an experimental accident that 
caused a significant difference in temperature history. The original experiment was initiated 
in MOTA 1D in FFTF Cycle 7, but a short ( -50 min) and severe temperature excursion 
referred to as an "overtemperature event" compromised the integrity of many of the ex- 
periments in the MOTA. A decision was made, therefore, to run the MOTA in the helium- 
purged mode for the remainder of FFTF Cycles 7 and 8 while a series of reactivity feedback 
tests were conducted during which the majority of the MOTA canisters operated at variable 
but lower-than-targeted temperatures until the end of MOTA 1D. 

Irradiation of the compromised sequence at 495~ was continued into MOTA 1E and 
beyond, along with a replacement series that had not experienced the nonisothermal history. 
At 495~ only annealed tension specimens were irradiated, and it is therefore not possible 
to confirm from tension tests alone that convergence occurs at this temperature. TEM disks 
were irradiated at 495~ in both the annealed and cold-worked conditions, and convergent 
microstructures appear to have developed in both, regardless of helium generation or ther- 
momechanical starting condition [7-9]. The data at 495~ do demonstrate another type of 
convergence, however. Note in Fig. 9 that the strength of the original compromised spec- 
imens (i.e., those that were subjected to the overtemperature and subsequent low-temper- 
ature irradiation) initially reached a very high level and then fell to lower levels during the 
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FIG. 8--Influence of thermomechanical starting state and isotopic doping on yield strength and elon- 
gation of three Fe-15CroNi alloys irradiated in FFTF-MOTA at 365~ Filled and open symbols denote 
annealed and cold-worked specimens, respectively [39]. 

second and third irradiation sequences. The specimens in the replacement sequence, how- 
ever, reached the same lower levels directly. Similar but inverted behavior is evident in the 
corresponding elongation data at 495~ as also shown in Fig. 9. The specimens exhibited 
lower ductility levels initially, followed by higher ductility levels when the originally intended 
irradiation temperature was reestablished. Thus, both the microstructure and the tension 
properties converge at levels dependent more on the recent irradiation temperature than 
on earlier temperature history. 
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FIG. 9--1nfluence of isotopic doping and temperature history on the yield strength and elongation of 
annealed Fe-15Cr-Ni alloys following irradiation in FFTF-MOTA at 495~ The dotted line corresponds 
to the isothermal repeat sequence [39]. 

The high-strength levels that were reached originally did not arise from the temperature 
excursion itself, however, but from the prolonged irradiation at the lower temperatures 
during Cycle 8 that followed the overtemperature event. The higher density of microstruc- 
tural features and the resulting higher strength and lower ductility that developed at the 
lower temperatures were then replaced by microstructures and tension properties more 
appropriate to the temperatures achieved in the second and third irradiation segments. 

The most significant feature of the isotopic tailoring data shown in Figs. 8 and 9 as well 
as in other irradiation sequences [39] is the relative unimportance of isotopic doping at all 
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test temperatures in determining the yield strength. Also significant is the tendency toward 
convergence of the data for both annealed and cold-worked specimens to saturation levels 
that depend only on alloy composition and irradiation temperature. A similar convergence 
was observed previously in 316 stainless steel over a wide range of irradiation temperatures, 
with convergence levels dependent on both temperature and displacement rate [45,56]. 

It appears that the helium generation rate in this experiment is of minimal importance 
compared with the other variables studied. In the absence of variations in displacement rate, 
the influence of helium is minor. A similar conclusion was reached by Mansur and Grossbeck 
[57] in a comparison of data from EBR-II  and the High Flux Isotope Reactor (HFIR) on 
PCA, the prime candidate alloy of the fusion materials program. Although the displacement 
rates in the two reactors were comparable, the differences in helium generation rates in that 
comparison were even larger than in the current experiment. 

Copper Irradiation Experiments in FFTF 

For construction of the International Thermonuclear Experimental Reactor (ITER), rel- 
atively pure copper and oxide dispersion strengthened (ODS) copper have been selected to 
serve as the high heat flux materials and structural materials, respectively, for the diverter 
assembly. Copper alloys may also serve in commercial fusion reactors. The choice of the 
ODS type of copper alloy was a direct result of a series of tests conducted on miniature 
tension specimens and microscopy disks irradiated in FFTF/MOTA [10-13, 27-30]. Earlier 
candidates such as CuNiBe and MZC alloys were assigned a less favorable rating after being 
examined in these studies. Typical stress-strain curves are shown in Fig. 10. 
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FIG. lO--Typical stress-strain curves observed in two copper alloys after either thermal aging or 
irradiation in FFTF. CuAl25 is an oxide dispersion strengthened alloy chosen for fusion high heat flux 
service. 
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One major complication in these studies is the highly spectrum-dependent transmutation 
of copper to nickel, zinc, and cobalt (in order of decreasing formation rate), reaching 5% 
Ni, 0.6% Zn, and 0.2% Co after five years of operation under proposed commercial fusion 
reactor conditions [45]. As shown in Fig. 11, the addition of nickel to copper by transmutation 
in FFTF, or by prior inclusion, causes large changes to its electrical conductivity, although 
its impact on void swelling and tension properties is not very significant. The conductivity 
also falls strongly with the onset of void swelling, which is larger at -400~ than at 529~ 
The large level of swelling that occurs in copper also leads to a very unusual fracture behavior, 
as shown in Fig. 12. 

The interaction between transmutants, solutes, cold work-induced dislocations, and aging 
of pre-existing precipitates can be rather complex in copper alloys and may be different for 
each property measured. The quite different behaviors of Cu-2Be and CuNiBe shown in 
Fig. 13 demonstrate this complexity very well. Note, for instance, that Cu-2Be does not 
decline in conductivity with continued irradiation in the manner shown by CuNiBe (Cu- 
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FIG. 11--Comparison of swelling and conductivity changes of pure copper and Cu-5Ni observed after 
FFTF irradiation [27]. 
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FIG. 12--Unusual fracture surfaces observed in highly voided pure copper irradiated in FFTF-MOTA 
to 50 dpa at 411~ [11]. The lower figure shows a grain boundary region. 

1.8Ni-0.3Be). Using the combined techniques of microscopy, electrical resistivity, tension 
testing, and fractography, it was found that the progressive addition of transmuted nickel 
drives residual Be out of solution, forming a greater amount of beryllide precipitates. The 
impact on the electrical conductivity of the gradual loss of Be from the alloy matrix is 
balanced out by the continuous addition of Ni. In CuNiBe the Be was already driven out 
of solution by the large level (1.8%) nickel existing prior to irradiation. The absence of Be 
in solution in CuNiBe also leads to larger swelling, thus causing a greater drop in the 
conductivity. 

Other Types of Studies 

Several studies involving miniature tension specimens are in progress to determine the 
suitability of the FeCrMn austenitic alloys and FeCrWV ferritic/martensitic alloys as re- 



GARNER ET AL. ON RADIATION DAMAGE IN METALS 351 

30 

26 

22 

18 

14 

| lO 

-2 
100 

~ HTA 

iBe 

HTB 

HTA C u - 2 B e  

9 o p Y 

8 0 E J  HTC 

0 " ~  HTA 

6 0 ~  CuNiBe 

\r 
HTA & HTB 

0 I I I 

1000 ( 

, Cu-2Be 
800: ~ HTB 

\ / Ultimate 

 ,oo 

200 -: "V-, Yield CuNiBe 
HTC 

I I I 

0 50 100 150 
Displacements per Atom 

Cu-2Be 

200 

FIG. 13--Swelling, conductivity, and tension strength measured in beryllium-containing alloys after 
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placements for conventional alloys that exhibit a much higher level of long-term radioac- 
tivation [58-60]. Various fundamental studies are also in progress in a variety of reactors. 
A typical example is directed toward the composition dependence of irradiation-induced 
hardening in Fe-(3-18)Cr binary alloys in FFTF [61]. Another study involves the side-by- 
side irradiation of miniature tension specimens and low-cycle fatigue specimens in the DR- 
3 reactor (RISO, Denmark) as well as in EBR-II.  

Now that the spectral effects studies of Heinisch et al. have shown that the correlation 
of hardening data using dpa as the correlation parameter is valid for the LASREF facility 
as well as for other facilities, a series of tests are in progress or are being planned to take 
advantage of the unique advantages of the LASREF facility [62]. These tests involve: (a) 
the influence of copper level on embrittlement of A533B pressure vessel steel; (b) the dose 
and temperature dependence of pressure vessel embrittlement, exploring the question of 
damage saturation; and (c) an extensive property-property correlation experiment utilizing 
side-by-side irradiation of microscopy disks, miniature tensions, sub-size Charpy specimens, 
and sub-size fracture toughness specimens. 

Conclusions 

A large variety of experiments have shown the wide utility of miniature tension specimens 
for irradiation tests, particularly when combined with concurrent irradiation of other types 
of specimens and when subjected to other test techniques. The application of miniature 
tension specimens to pressure vessel embrittlement and annealing studies appears to offer 
significant advantages for future experiments. 
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for Small Specimens Heavily Neutron Irradiated in FFTF/MOTA," Small Specimen Test Tech- 
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ABSTRACT: The objective of this work is to develop a fully automated tensile machine for 
post-irradiation examination (PIE) of Fast Flux Test Facility (FFFF)/Materials Open Test 
Assembly (MOTA) irradiated miniature tension specimens. The anticipated merit of the au- 
tomated tensile machine is to reduce damage to specimens during specimen handling for PIE 
and to reduce exposure to radioactive specimens. This machine is designed for testing at 
elevated temperatures, up to 873 K, in a vacuum or in an inert gas environment. Twelve 
specimen assemblies are placed in the vacuum chamber that can be tested successively in a 
fully automated manner. 

A unique automated tensile machine for the PIE of FFTF/MOTA irradiated specimens, 
the Monbusho Automated Tensile Machine (MATRON) consists of a test frame with con- 
trolling units and an automated specimen-loading apparatus. The qualification of the test frame 
has been completed, and the results have satisfied the machine specifications. The preliminary 
tests utilizing unirradiated specimens reproduced duplicated data with those from an Instron- 
type testing machine. An automated specimen-loading apparatus has also been developed, 
and the qualification of the functions of this apparatus has been completed. The further 
improvements, which add flexibility to accept deformed specimens that do not fit the original 
dimensions, will also be reported. 

The capabilities of producing creep and relaxation data have been demonstrated for Cu, 
AI, 316SS, and ferritic steels. The specimen holders for the three-point bending test and the 
small bulge test (small punch test; SP test) were also designed and produced. These fixtures 
are currently being tested to verify the validity of the material test results, 

KEYWORDS: post-irradiation examination, tension test, small specimen test technique, au- 
tomated machine, bend test, creep test, relaxation test 

There is a strong demand to establish a good method for performing post-irradiation 
mechanical testing, especially for heavily irradiated and highly radio-activated materials 
utilizing small specimens [1-4]. The major motivations to establish small specimen test 
techniques are: limitations in irradiation volume, cost of irradiation and post-irradiation 
teSting, and radiation dose to personnel during post-irradiation specimen handling and tests. 
Recent efforts in fusion reactor materials research and development have led to standard 
specimen geometries in each national program or international collaboration program [5,6]. 
In the Japanese Monbusho fusion materials program, a standard small tension specimen 
with gage section dimensions of 1.2 by 5.0 by 0.25 mm (Japanese Type S) has been proposed 
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and utilized in the irradiation programs Rotating Target Neutron Source-II (RTNS-II), 
JOYO, Japan Materials Testing Reactor (JMTR), and FFTF/MOTA by major participants 
from Japanese universities. This specimen is much smaller than the SS-3 specimens used in 
the U.S. fusion program. In the Japan/U.S. collaboration program utilizing FFTF/MOTA, 
a large number of tension specimens with a variety of materials and thermomechanical 
treatments have been irradiated, and there is still more to come from FFTE In order to 
accomplish this amount of PIE, an automated tensile machine has been under development. 

In this paper, a newly designed and fabricated fully automated tensile machine, MATRON, 
which stands for Monbusho Automated Tensile Machine, will be described together with 
representative results. 

Design Concept and Specifications of MATRON 

The automated tensile machine was designed to satisfy the following requirements. 

1. To have specimen size flexibility by changing the specimen holder geometry, which 
enables testing U.S. SS-3 and Japanese Type S specimens. 

2. To have a test temperature range from room temperature to 873 K. 
3. To have a test environment that can be either a vacuum or an inert gas. 
4. To have specimen setting and unloading from the specimen holder done in a semi- 

automatic mode by remote control. 
5. To have the test carried out by remote operation out of the hot cell where the test 

frame is located. 

Specimen HoMer 

To simplify the test sequence, the specimen holder was designed to convert the pushing 
motion of the pushing rod into a pulling motion on the specimen to test by tensile action. 
Figure 1 shows two specimen holders, one with a new specimen and the other with a broken 
one. The tension specimen is assembled with pins, spacers, and washers and is clumped to 
the holder. Machinable Si3N4, Macor tubes are placed surrounding the sliding shafts of the 
holder to prevent sticking and to reduce friction at elevated temperatures. The maximum 
elongation is 100% for the Type S specimen. The designs to perform three-point bend 
testing, compression testing, small bulge testing, and small punch testing have also been 
completed in a manner to accommodate the rotating table of MATRON. Thus, it is quite 
easy to perform this variety of tests with only a change in specimen holders. 

Specimen Loading and Unloading Apparatus 

Specimen loading in the specimen holder prior to the test and unloading after the test 
can be done automatically by the specimen loading and unloading apparatus, as shown in 
Fig. 2a. The first step is to place the specimen holder in the right position in the apparatus, 
as shown in Fig. 2b (plane view) and Fig. 2c (side view). The next step is to select auto 
mode and push the start switch: the apparatus feeds pins to the holder, then feeds washers, 
a specimen, washers, spacers, and screws successively to set the specimen to the holder. 
The torque for the screw insertion to the holder can be adjusted by a dial selection. The 
sequence to assemble the specimen holder with the specimen is a process with about 60 step 
motions of bowl feeders, line feeders, air tweezers, and a pneumatic screwdriver. The whole 
operation takes about 10 rain. The unloading procedure is done in a reversal way. The 
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FIG. 1--The specimen homers prior to and after tension testing. 

FIG. 2--(a) The automated specimen loading and unloading apparatus and its schematic illustrations; 
(b) plane view; and (c) side view. 
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FIG. 3--(left) MATRON and (right) its system diagram. 

broken tension specimen and other fixture parts are retrieved separately and deposited in 
baskets. The baskets can then be removed from the apparatus. 

The apparatus works satisfactorily in auto mode for the mini-size tension specimens with 
their original dimensions. To improve flexibility and to be in a position to accept deformed 
or swelled specimens which do not have the original dimensions, manual modes have been 
introduced. One is a full-manual mode, where every motion is controlled under visual 
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observation. The other is a preset mode, where each specimen dimension is conveyed to 
the controller prior to the start of the apparatus. 

Test Frame and Operation System 
The test frame and the control panel of MATRON are shown in Fig. 3a, with the system 

diagram in Fig. 3b. The main unit of MATRON is schematically illustrated in Fig. 4, which 
consists of a test chamber, vacuum system, and main frame with a displacement operation 
system. 

The test chamber is made of Type 304 stainless steel and is comprised of an electric furnace 
and a turntable with twelve positions for specimen assemblies. The chamber is a front- 
loading type with a view window in the front door. A turbo-molecular pump with the capacity 
of 300 L/min and a rotary pump are installed as the evacuating system. The upper limit of 
the test temperature is 873 K with the vacuum of 6 • 10 -5 Pa and 5 x 10 4 Pa at room 
temperature and 873 K, respectively. The temperature history during the test can be con- 
trolled upon the selection of one of the 19 temperature history patterns memorize& Each 
temperature history pattern is preset up to 99 steps as a function of the furnace controller. 

The pretest motion of the machine starts with the rotation of the turntable so as to align 
the specimen and the specimen holder with the test axis. The pushing rod pushes up the 
specimen holder to the center of the electric furnace with the transfer speed of 25 mm/min, 
Then the test can be started with a displacement speed between 0.0001 and 0,9999 mm/ 
min, which is a strain rate from 3.3 • 10-Us to 3.3 • 10 3/s for the case of the Type S 
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specimen. The maximum test load is designed to be 50 kg, which corresponds to a maximum 
applied stress of 140 kg/mm 2 for the case of a standard Type S specimen. 

The tests may be performed by presetting the twelve test conditions of the twelve spec- 
imens. MATRON can be operated under either applied load or displacement control. There- 
fore, MATRON has the capability of performing creep, relaxation, and fatigue tests. 

Representative Test Results 

Regarding specimen size effects, previous studies have provided a fairly weak size de- 
pendence on the yield strength and a strong size dependence on both the ultimate strength 
and the total elongation of both unirradiated and neutron-irradiated materials [6,7]. In this 
study, the Type S specimens of Japan ferritic/martensitic steel (JFMS, 10Cr-lMo-lNi dual 
phase steel) annealed at 973 K for 30 min were tested with Instron-type tensile machines, 
Tensilon (trade name), and with the MATRON. As shown in Fig. 5, there is no difference 
between the strain rate dependence of the tensile properties as determined by MATRON 
and by Tensilon. These results suggest that the potential friction problem in the sliding 
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FIG. 5--Strain rate dependence of tensile properties obtained from MATRON and Tensilon. 

mechanism of the specimen holder is negligibly small for the case of JFMS and for the cases 
of metals and alloys with similar strength levels [8]. A typical example of temperature 
dependence obtained from MATRON is shown in Fig. 6, which is nearly identical with that 
from Tensilon. For the test at elevated temperature,  the Macor tube has to be essentially 
applied to reduce or prevent the problem, otherwise the results become inconsistent with 
that from Tensilon [8]. 

Yield strengths are known to be thickness independent for thicknesses larger than the 
critical thickness, tc [9]. The critical thickness for ferrous materials is about six to ten times 
the average grain size. Figure 7 shows the specimen thickness dependence of both the tensile 
strength and the yield strength for JFMS tested with MATRON. In this study, the thickness 
dependence could not be observed as the average grain size of these specimens was about 
15 txm and each specimen thickness was ten or more times this size. 

Future Application 

Utilizing the same specimen holder as for the tension test, creep tests can be carried out 
with MATRON. For creep tests, not only the specimen holder but also the pushing rod 
must be in a heat equilibrium state. Figure 8 shows a creep test result for a 0.25-mm-thick 
specimen of JFMS at 873 K. In this test, the creep load was 6 kg, and the resulting creep 
rate was 6 x 10-5/s. 

For the three-point bending test, a prototype specimen holder was designed and evaluated. 
Figure 9 depicts the holder, where the outer dimensions of the lower component are identical 
with those for tension test and the whole dimensions of the three-point bend test holder is 
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accommodated with the MATRON test frame. The support span, the radii of a loading and 
support noses, and specimen dimensions are set to be 12.5, 1, and 2 by 2 by 20 mm, 
respectively. Figure 10 shows, as an example of the soundness of the holder, the three point- 
bend test results at room temperature using the prototype holder for the carbon/carbon 
composite. Heat treatment at 873 K for 30 min improved flexural strength, which has been 
also demonstrated with a standard three-point bend test jig and has been interpreted to be 
due to outgassing by the heat treatment [10]. 

Conclusions 

A unique automated tensile machine for the PIE of F F T F / M O T A  irradiated specimens, 
the Monbusho Automated Tensile Machine (MATRON),  consisting of a test frame with 
controlling units and an automated specimen-loading apparatus, was designed and fabri- 
cated. This machine is designed for testing at elevated temperatures,  up to 873 K, in a 
vacuum or in an inert gas environment. Twelve specimen assemblies are placed in the vacuum 
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FIG. 9--A schematic illustration of the specimen holder for three-point bending test. 

FIG. lO--Representing results about flexural strength of C/ C composites, as fabricated and with heat 
treatment. 

chamber and tested successively in a fully automated manner. The preliminary tests utilizing 
unirradiated specimens reproduced duplicated data with those from an Instron-type testing 
machine. As a result, the qualification tests of the frame have been reported in this paper 
and the results have satisfied the machine specifications. 
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DISCUSSION 

G. Lucas ~ (written discussion)--How are the specimens unloaded after testing? 

A. Kohyama et al. (authors' closure)--The unloading procedure is done in a reversal way 
with the loading procedure. This did not work for some exceptional cases after tests at 
elevated temperatures. 

M. Brumovsky 2 (written discussion)--Are you able to measure also an elongation of 
specimens, and if so, what method do you use for its determination (gage length or dis- 
placement of heads/fixtures)? 

A. Kohyama et al. (authors' closure)--At present, MATRON has the capability to measure 
elongation by displacement of the crosshead, but it is easy to place the strain gage and 
connect it to the recorder. 

University of California, Santa Barbara. 
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ABSTRACT: The confident application of miniature tensile specimens requires adequate 
control over their fabrication and is facilitated by automated test and analysis techniques. 
Three fabrication processes--punching, chemical milling, and electrical discharge machining 
(EDM)--were recently evaluated, leading to the replacement of the previously used punching 
technique with a wire EDM technique. The automated data acquisition system was upgraded, 
and an interactive data analysis program was developed. 

KEYWORDS: miniature tension specimen, specimen fabrication, EDM, tensile data analysis, 
automated data analysis, punching, chemical milling, automated data acquisition 

Design of the structural components of nuclear reactors requires knowledge of the changes 
in strength and toughness that occur during irradiation at elevated temperatures. In order 
to supply design or surveillance data from limited experimental irradiation volumes, it has 
often been necessary to use miniaturized specimens. One of the smallest specimens currently 
used for determination of tensile properties is a sheet-type specimen 12.7 mm long and 0.25 
mm thick [1]. Miniature specimens such as this have been a mainstay of the fusion materials 
program for many years and will continue to be used extensively in future research. 

Periodic review and improvement in fabrication, testing, and analysis techniques are 
necessary to ensure that such specimens continue to produce valid data. The specimens were 
originally developed to be punched from sheet stock that had been rolled to the desired 
specimen thickness. The primary advantages of this technique were its rapidity and its low 
cost [1]. Specimens were fabricated on site without the delays associated with using an offsite 
vendor or the expense of machining or tooling up for each production batch. 

The main disadvantage of fabrication by punching is that the act of punching produces 
unavoidable deformation in the specimen; even under optimum conditions, the best spec- 
imens are likely to exhibit some cupping. Although such problems are worst in very soft or 
very tough materials, their effects can frequently be ameliorated by performing the 
required heat treatments after the punching operation. Despite some difficulties with 
punched specimens, it was possible to generate reproducible results for the changes in tensile 
behavior caused by irradiation [2], particularly when punching was coupled with a polishing 
operation to deburr the specimens. 

Pacific Northwest Laboratory, Richland, WA 99352. Pacific Northwest Laboratory (PNL) is operated 
for the U.S. Department of Energy by Battelle Memorial Institute under Contract DE-AC06-76RLO 
1830. 

2 University of Missouri, Rolla, MO 65401. 

368 
Copyright�9 by ASTM International www.astm.org 



HAMILTON ET AL. ON FABRICATION TECHNIQUES 369 

To produce good specimens consistently, the punch and die must be kept sharp. In 
addition, the clearance between punch and die must be appropriate for the material being 
punched. If the punch clearance and sharpness are not optimum, the cupping can be more 
severe and a burr will remain that must be polished away. Punches can be sharpened only 
a limited number of times and are subject to damage during handling. The choice of punching 
for specimen fabrication was therefore reevaluated. Two other techniques were considered 
potentially feasible on the basis of both cost and ease of fabrication: chemical milling and 
electrical discharge machining (EDM). 

Chemical milling is a photo-chemical etching technique frequently used to make high- 
precision components for a number of industries and was attractive due to its low cost and 
relatively rapid turnaround time for the production of large numbers of specimens. It entails 
masking the surface, stripping the mask from the areas to be etched away, chemically etching 
away the undesired regions, and removing the mask. While part outlines can be achieved 
with a large degree of accuracy, the edges eaten away are known to be somewhat uneven 
and undercut depending on material, shape, size, and thickness. 

EDM is the most expensive of the three techniques on a per-specimen basis, but held the 
most promise for distortion-free, reproducible specimens. EDM is a means of shaping 
conductive materials by arc erosion. It is particularly well suited to cutting internal shapes 
and delicate pieces. A tool is held a small distance from the workpiece while an electrical 
input builds up a charge and raises the voltage across the gap between the two, which is 
filled with a dielectric fluid. When the potential reaches a certain level, a discharge occurs 
between the closest points on the two surfaces. A minute amount of metal is melted and 
expelled in a globular form where the spark strikes the workpiece, leaving a small crater. 
This is repeated 20 000 to 300 000 times per second with the spark positioned by a servo- 
control device. 

Control specimens, used for verification of the test system operation at the start of each 
testing sequence, were originally punched from solution-annealed 304 stainless steel. The 
fabrication of new control specimens was used as a convenient means of evaluating fabri- 
cation techniques. The specimen dimensions are shown in Fig. 1. 

The automation of both data acquisition and analysis were of interest for a number of 
reasons, including the elimination of human error that can occur during the manual analysis 
of tensile charts. I n  addition, automated analysis makes it easier to compare data from 
different specimens by making it possible to plot data at the same scales. Earlier unsuccessful 
efforts at automated analysis attempted to build in sufficient judgement that the computer 
could determine the major tensile properties without user involvement. The current effort 
focused on a more flexible, user-interactive analysis that left all judgment for the interpre- 
tation of  the tensile chart in the hands of the user. 

Experimental Procedure 

Specimen Fabrication Technique 

Two punch and die sets of hardened D2 tool steel were obtained to allow consideration 
of different clearances that might be appropriate for different materials of interest. Toler- 
ances of 0.0076 and 0.0254 mm (0.0003 and 0.001 in.) were selected for the two sets. The 
set with the larger clearance was used to punch specimens from the same sheet of 304 
stainless steel that had been used to punch the earlier control specimens. Punched specimens 
were used in an as-punched condition because the polishing operation typically used to 
deburr the miniature tensile specimens is known to remove some of the artifacts of punching 
that were of interest here; polishing the specimens in this case would therefore have intro- 
duced additional variability. 
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FIG. 1--Dimensions of miniature tension specimen. 

The original drawing specified a width of 1.016 mm + 0.0254/-0.0000 mm (0.040 + 
0.0010/-0.0000 in.). Only one company of the several contacted (Hutchinson Technology 
in Hutchinson, MN) was willing to make chemically milled specimens on a prototype basis, 
and then only after the tolerance on the gauge width was increased to +0.0381/-0.0000 
mm (+ 0.0015/-0.0000 in.). Due to a paucity of the original 304 stainless steel sheet stock, 
only a small number of chemically milled specimens were made from the original solution- 
annealed sheet stock. A number of additional specimens were made from vendor-supplied 
304 stainless steel to investigate more thoroughly the viability of the fabrication technique. 
The vendor indicated that the vendor-supplied 304 was in a "fully hardened" condition. 

A wire EDM process was used to fabricate specimens at JW Industries of Albuquerque, 
NM, who claimed that dimensions could be held to within 0.0051 mm (0.0002 in.). The wire 
EDM process leaves only a small layer of disturbed metal and is therefore generally superior 
to other methods, Specimens were made only from the original 304 sheet stock. In antici- 
pation of the success of the EDM technique, enough specimens were made to provide 
control specimens for a number of upcoming test sequences. 

Three types of examinations were performed on each specimen type to determine the 
effect of production process on the quality of the specimens. The gauge dimensions were 
measured to determine the gauge measurements that would typically be used for calculation 
of the cross-sectional area in tensile tests. Optical microscopy was performed on transverse 
specimen sections to determine (1) whether there was evidence of microstructural change 
at the specimen edges, and (2) the variability in specimen cross section associated with each 
technique. Quantitative evidence for material distortion was obtained by comparing Knoop 
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hardness measurements taken on the transverse specimen sections at both the cut edge and 
in the body of the specimen. 

Tensile tests were performed in a unique horizontal test frame [1] on each specimen type 
to determine the effect of the production process on the subsequent tensile data. The 
variability of the tensile data was evaluated for each production process. The tests were 
performed at room temperature at a strain rate of about 4 x 10 -4 s -1. The specimens are 
held in a wedge grip arrangement; one side of the wedge grip on each specimen end has a 
square grid of small teeth machined into it to improve the bite of the machine into the 
specimen tab ends. Load is monitored while the grips are being tightened to prevent the 
application of a tensile load prior to the start of the test. 

Automation 

Data acquisition was automated with the assistance of a National Instruments LAB PC 
board installed in an IBM PC/AT computer. The board was programmed in Quick Basic 
using the LABWINDOWS software system, also from National Instruments. It provides 
multichannel, double-buffered, analog input over a 10-V range (---5 V), with a maximum 
single channel acquisition rate of up to 62.5 Khz. The outputs of the load cell and linear 
variable differential transformer (LVDT), which are ---10 V, are fed through a simple voltage 
divider to reduce them to the range of the LAB PC board. Each output line includes a 
capacitive filter to minimize the fluctuations in the signal due to electrical noise. Since no 
extensometry is attached to the gauge length of miniature specimens such as these, the 
LVDT output that monitors crosshead travel is taken to be the specimen extension. 

Data are acquired on two channels at sampling intervals ranging from 0.25 to 3 s. With 
a maximum of 4000 data points available per channel, the maximum test length over which 
data can be obtained at a 0.5-s sampling interval, for example, is 33 min. To assure that all 
test data are acquired, data acquisition is begun just before a test is started and continues 
until shortly after the specimen fails. A real-time display of the data is provided on the PC 
monitor, which shows the test trace graphically as well as the corresponding values of load 
and displacement in terms of both transducer voltage and the physical units of pounds and 
inches. In the event of a computer failure, a backup chart recorder output is also generated 
during the test. 

An interactive program for analysis of the tensile data was also written in Quick Basic. 
It provides numerous options to edit and smooth the data at the discretion of the user prior 
to calculating the tensile properties of interest. The user chooses the slope of the straight 
line used to define the elastic portion of the trace. The user also has the freedom to accept 
or change the locations at which the program calculates the standard tensile values. 

The data acquisition and analysis program was used to analyze the results of 56 tests 
performed on specimens irradiated to low doses in the Los Alamos Spallation Radiation 
Effects Facility (LASREF).  The irradiation experiment is described in detail in Ref 4. The 
specimens were made from both relatively strong and soft materials, including 316 stainless 
steel and several copper alloys. Yield strengths ranged from about 25 to 600 MPa, while 
ultimate strengths ranged from 150 to 700 MPa. The corresponding ductilities ranged from 
0 to 55%. 

Results 

Specimen Fabrication Technique 

Dimensional Measurements--Three measurements each of the gauge thickness and width 
were obtained [using a digital micrometer accurate to 0.00127 mm (0.00005 in.)] on five 
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specimens produced by each technique. The contact surfaces of the micrometer were a cone 
point and a knife edge, which allowed accurate thickness measurements to be made even 
on the punched specimens. The cone point was placed inside the punched "cup" while the 
knife edge was placed on the convex specimen surface to eliminate any potential distortion 
in the measurement caused by the burr. The micrometer was equipped with a ratchet stop, 
ensuring that the same contacting force was exerted for each measurement. The average 
dimensions and their variability are given in Table 1. 

It is evident that while punching produced the most uniform measurements of specimen 
width, it also gave rise to the largest variability in measured gauge thickness, presumably 
due to the cupping of the specimen during the punching operation. Conversely, chemical 
milling produced the least distortion in the measured specimen thickness but the largest 
variability in gauge width. The latter result arises because chemical milling is accomplished 
by photographically etching the sheet stock from both sides, producing a slight bevel from 
each surface to the center of the sheet thickness. It is worth noting that the variability in 
width produced by chemical milling is more significant for hardened steel than for solution- 
annealed steel, most likely because the larger stored energy of the hardened steel increases 
the nonuniformity of the etching process. 

Optical Metallography--The same five specimens of each type used for the dimensional 
measurements were sectioned, mounted, and polished to reveal a transverse section through 
the gauge section. Figure 2 shows the appearance of the edges on the transverse sections 
for each fabrication process. The punched edges shown in Fig. 2a are obviously somewhat 
deformed, although they are not in need of deburring, demonstrating that the clearance 
between the punch and die is reasonable for the 304 steel. The chemically etched specimens 
exhibit a wavy, nonuniform surface that appears to be more variable in the solution-annealed 
specimens (Fig. 2c) than in the hardened specimens (Fig. 2d). This observation is consistent 
with the tendency of finer-grained materials to etch more smoothly [3]. The EDM specimens 
shown in Fig. 2b exhibit a relatively good squared-off edge with a minimal amount of what 
is probably nonadherent debris in the vicinity of the edge. Such debris can result when 
material at the melted edge of the specimen does not fall away from the specimen completely. 
The debris was more visible when the metallographic mount was examined under the mi- 
croscope than it is in the photograph. Neither the chemically milled nor the EDM specimens 
show evidence of microstructural change at the machined edges. 

Hardness Measurements--Knoop hardness was measured (using a 200-g load) on the 
transverse metallography sections at both a specimen edge and the specimen center. Two 
measurements were made on each specimen at each location. The average hardness values 
are given in Table 1. The hardness measurements are almost identical at the edges and 
centers of the annealed Specimens produced by chemical milling and by EDM, It is evident 
that the punching operation severely deformed the microstructure at the edges of the spec- 
imens, even for the relatively good specimens that were produced with the new punch and 
die. The punching operation also caused the hardness in the center of the annealed specimens 
to increase slightly relative to the center of the specimens produced by the other two 
techniques. It appears from the data that both EDM and chemical milling cause a small 
difference in hardness between the center and the machined edge. The reason for this 
decrease is not immediately obvious, although it is probably related to the relaxation of the 
microstructure allowed by the melting or etching that occurred at the specimen edges. 

Variability in Cross Sectional Area Determination--Strength calculations require an ac- 
curate determination of the cross-sectional area of a specimen. Some error is typically 
associated with standard measurement techniques applied to punched specimens, given the 
tendency for such specimens to become cupped during punching and the potential nonun- 
iformity of the deburring operation that usually follows punching. Several types of area 
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FIG. 2--Transverse sections showing specimen edges .for each fabrication type at x 100, ordered by 
decreasing edge quality: (a) punched, (b) EDM, (c) chemically milled (PNL-supplied material), and (d) 
chemically milled (vendor-supplied material). 
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calculations were performed to assess both the variability in the actual cross-sectional area 
and the validity of the standard area calculation (i.e., the product of measured thickness 
and width) for each fabrication technique. 

Photomicrographs at x 100 of the transverse specimen sections shown in Fig. 2 were 
xeroxed to enlargements of • 150. Cutouts from the xerox paper correspOnding to the cross- 
sectional area at the maximum measured width were weighed and compared to cutouts 
corresponding to the actual cross-sectional area. The average percentage difference between 
the two represents the deviation in area, &A0, that would occur for area calculations using 
the dimensional measurements obtained prior to a tension test, assuming that the mea- 
surement device contacts the points of greatest thickness. These deviations are also given 
in Table 1. The largest error in cross-sectional area was obtained with punched specimens, 
while the least was obtained with EDM specimens. The error in cross-sectional area asso- 
ciated with chemical milling was intermediate and was virtually the same for solution- 
annealed or cold-worked material. If the area deviation were large, as is the case for the 
punched specimens, the value 1 - &40 could be used as a multiplicative normalization 
factor that might provide a better determination of cross-sectional area than that calculated 
directly from the dimensional measurements if a value for &A0 were obtained for each batch 
of specimens fabricated. 

Tensile Data--Tension tests were performed on five specimens of each type. A nominal 
gauge length of 5.08 mm (0.2 in.) was assumed for all specimens. The tensile data are given 
in Table 2. While the ultimate strength of the punched specimens is almost identical to that 
of the EDM and chemically milled specimens, the yield strength is about 15% higher and 
the ductility is significantly lower. 

The values of gauge width and thickness were determined for each specimen as the average 
of three measurements each. The measurements were performed between ball surfaces in 
a contacting LVDT device that was generally used to obtain such measurements. The di- 
mensions obtained in this manner were not consistent with those obtained with the cone 
point and knife edge micrometer and exhibited more variability as well. The width mea- 
surement was particularly difficult to obtain between ball surfaces since the positioning is 
not stable and requires continuous operator contact, an undesirable condition with irradiated 
specimens. For these reasons, although the ball surfaces were used for the measurements 
on these specimens, the use of the ball surfaces for dimensional measurements was discon- 
tinued for future testing and replaced with a conventional micrometer.  

Automation 

The data acquisition system is quite reliable and reproducibly generates the error-free 
data files required by the data analysis program. The voltage dividers and capacitive filters 
consistently produce data in the - 5 - V  range with very low noise levels. The voltage signals 
typically fluctuate by about ---0.048 V, which corresponds to about 2.135 N (-+0.48 lb) and 
0.001 mm (-+0.00005 in.) on the load cell and LVDT, respectively. Data acquisition is 
sensitive to other activities occurring on the same lab bench during testing; care must 
therefore be taken to limit simultaneous activities. 

The smoothing technique was developed to eliminate the noise in the data, thereby 
simplifying the determination of the initial linear elastic slope. Each averaging iteration was 
applied to an entire curve, taking the average of three points at a time, advancing one point 
at a time; that is, the first averaged data point was the average of the first, second, and 
third data points; the second averaged data point was the average of the second, third, and 
fourth data points, and so on. Smoothed curves generated in this manner exhibited excellent 
agreement with the original data, as was frequently verified by plotting the smoothed and 
original data simultaneously. 
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Extraneous data acquired before the test started and after the specimens failed were easily 
deleted. The data traces for each specimen were typically averaged from one to four times 
to obtain smooth curves in which the linear elastic portions were easily defined. 

The data obtained on the LASREF specimens (using the user-interactive program) are 
reported in Ref 4. The tensile values calculated using the automated user-interactive program 
were compared to the values determined by manual analysis of the charts. These comparisons 
are shown in Fig. 3 for both strength and elongation, with the difference between the two 
values plotted as a function of the value determined using the program. The values of 
strength and elongation determined by using the program were generally quite consistent 
with the values determined manually, but they were calculated much more quickly. In 
addition, the values determined using the program were actually more accurate than those 
determined manually in the several cases exhibiting the largest deviations in Fig. 3, where 
the X-axis scale chosen for the chart recorder produced such compressed charts that the 
0.2% offset fell within the thickness of the ink line. 

Discussion 

Specimen Fabrication Technique 

The measured widths given in Table 1 for the 304 specimens are all within the specifications 
of the drawing shown in Fig. 1. In the worst case, a 1% variability in the thickness was 
introduced during the punching operation. From a dimensional standpoint alone, therefore, 
all three of the fabrication techniques could be considered acceptable. The punched spec- 
imens produced in this experiment, however, are known to be superior in quality to others 
in a variety of materials produced more typically using this equipment (see Fig. 4) [2,5] in 
that they exhibited virtually no cupping or burring. The latter occur because the clearance 
between the punch and die is not necessarily appropriate for other alloys, and the choice 
of punching for specimen production from a variety of alloys would require multiple punch 
and die sets and some effort at optimization of the clearances for the range of alloys of 
interest. Using a single punch and die set to produce specimens of all alloys of interest, it 
is likely that the dimensional quality of the specimens would degrade with time in a way 
similar to that observed previously. The necessary addition of a polishing operation to deburr 
punched specimens, as has been done previously to compensate for nonoptimum clearances, 
would introduce even more variability in specimen dimensions due to the difficulty of 
uniformly and reproducibly deburring specimens. Thus punching the specimens was con- 
sidered the least desirable option from the standpoint of dimensional control and repro- 
ducibility for the wide variety of materials of interest. 

If the sharpness of the punch and the clearance between punch and die are not optimized, 
the edges of the specimens can crack or be deformed excessively, potentially invalidating 
the tensile results. Both of these phenomena have been observed when use of the existing 
punch and die set was extended to punch materials for which they were not designed. Cracked 
specimens can lead to premature failure [2], while smeared edges represent regions of 
different microstructure with potentially different tensile behavior [3]. Post-fabrication heat 
treatment can be used to remove the microstructural effects of fabrication-induced defor- 
mation, but only if the final heat treatment of interest involves a normalization or annealing 
treatment. Such remediation is therefore not possible for materials in which the final con- 
dition of interest is cold worked. 

Excessive smearing and cupping were observed when a punch and die developed for use 
on materials similar to 304 stainless steel were used to punch specimens from Nimonic PE16, 
a nickel-based superalloy strengthened by the precipitation of gamma prime. In the PE16 
specimen shown in Fig. 4a, post-fabrication annealing and aging were applied. No difference 
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FIG. 4--(a) and (b) miniature tension specimen of Nimonic PE16 showing (a) band delineating the 
size of the sheared zone that resulted from punching; (b) the degree of cupping that leads to the sheared 
zone; (c) Marz copper specimen showing nonuniformity of curved edges. 

in hardness was observed after heat treatment between the specimen edge and center, despite 
the obvious band that remained as an artifact indicating the size of the sheared zone produced 
during the punching operation [3]. The burr that existed prior to polishing in these specimens 
is shown in Fig. 4b. 

While annealing treatments applied after the punching operation can restore the micro- 
structure of specimens deformed during punching, soft ductile specimens tend to smear and 
cup excessively when they are punched, resulting in signficantly nonuniform cross sections. 
An example is given in Fig. 4c, which shows a deburred specimen of Marz copper with large 
differences between the two curved edges. The nonuniform, nonsquare edges shown in the 
specimens in Fig. 4 can lead to errors in cross-sectional area determinations of up to several 
percent. 

The metallography shown in Figs. 2 and 4 and the hardness and tensile data given in 
Tables 1 and 2 demonstrate that punching is likely to alter the structure at the edges of the 
specimens. Punching could therefore only be considered acceptable if the specimens pro- 
duced were heat treated following fabrication to remove the deformation remaining at the 
specimen edges after punching. 

It is difficult to assess the effects of cracks that can be produced at the specimen edges; 
certainly it is impossible to remove them after they are introduced. One example of such 
cracks, produced in specimens of A212B, is given in Fig. 5 (before deburring) [2]. Although 
such cracks do not typically lead to errors in the determination of the cross-sectional area, 
they are likely to lead to premature fracture of the specimen. 

The condition of the 304 sheet stock supplied to the vendors by PNL was not known 
precisely; the sheet stock was initally believed to be in a slightly cold-worked condition on 
the basis of tensile data obtained previously from miniature tensile specimens punched from 
the same sheet. The current data were evaluated to determine whether this belief was correct. 
The variability in the tensile data on the 304 specimens was assessed in terms of equivalent 
cold work level using Fig. 6 as follows: Trend lines were drawn through the strength data 
provided in Refs 6 and 7 as a function of cold work level. Only minimum values from the 
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FIG. 5--Cracks produced during punching of miniature tension specimens of A212B pressure vessel 
steel. 

ASTM specification were available for the solution-annealed condition (i.e., 0% cold work 
level). NO information on variability was available for these data. The tensile values from 
the current experiment were then located on these trend lines; an equivalent cold work level 
was extracted as the abscissa coordinate corresponding to the yield strength on the trend 
line. The equivalent cold work values are given in Table 2. Error bars are shown only for 
those cases where the error was larger than the size of the data point itself. The fact that 
the ultimate strengths were somewhat higher than would be expected for the cold work 
level that was determined is consistent with the observations of earlier experimenters [1]. 

The tensile data generated in this experiment indicated that the sheet stock provided by 
PNL was probably nominally in the solution-annealed condition. The yield strength data 
from the EDM and chemically milled specimens suggest that the 304 sheet stock supplied 
by PNL was in a solution-annealed condition since the value given for the 0% cold work 
level in Fig. 6 is merely the ASTM specification for the minimum strength of 304 stainless 
steel. The tensile data on the new punched specimens imply that punching even the best 
quality 304 specimens achievable induces the equivalent of about 1% cold work, whereas 
the data on the old punched specimens imply that the punching process previously in use 
more typically induced the equivalent of about 5% cold work. In addition, more scatter was 
observed in the tensile data generated from punched specimens than from EDM or chem- 
ically milled specimens. Similar behavior is undoubtedly exhibited by other materials, par- 
ticularly when the punch and die clearances are not optimized. 

The final factor to be considered in the selection of an improved fabrication process was 
cost. Punching is obviously the cheapest if no optimization of punch and die clearances is 
explored, but the optimization that should be explored with this technique has the potential 
for being quite costly in both dollars and man-hours. It should be possible to punch specimens 
from any material and produce specimens of at least the same quality as obtained in the 
current work if the clearances are optimized. The cost for EDM specimens depends on the 
number of specimens being made, but appears to be roughly $10 each. Chemical milling 
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FIG. 6 Assignment of equivalent cold work levels for specimens relative to strengths given in Refs 6 
and 7. 

involved a set-up charge of about $500 and would cost about $500 for each future batch of 
specimens for lots of up to 1000 specimens. Since only small numbers of these specimens 
are typically manufactured at any one time. the cost savings potentially available with 
chemical milling would not be realized, and this process would conceivably be more expensive 
than the EDM technique. Thus the technique selected for the fabrication of all future 
miniature tensile specimens is EDM. 

Automation 

The use of the automated user-interactive analysis program speeds up the analysis of 
tensile data significantly. Data from a single test can be completely analyzed in about 10 
min. This is a considerable improvement, particularly for those cases where manual inter- 
pretation of chart recorder output is not straightforward. 

The automated determination of yield strength was typically within about 10 MPa of the 
manually determined yield strength. Larger deviations were observed only for highly com- 
pressed charts, which occurred only for specimens that were stronger than expected. The 
difference between the two types of ultimate strength values was much smaller, typically 
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less than 5 MPa, irrespective of the magnitude of the ultimate strength. This reflects the 
relative ease with which a maximum value can be chosen on a chart trace. 

The automated determination of uniform elongation was generally within about 1% of 
the value determined manually. Larger differences were observed for those specimens that 
exhibited a long plateau at the maximum load, where it is difficult manually to pick out on 
a chart trace precisely the location of maximum load. The two types of total elongation 
values were typically within 2% of each other. The larger variability is attributed to the 
difficulty of establishing on a chart trace exactly when a specimen fails. 

Conclusions 

After  three fabrication processes (punching, chemical milling, and EDM) were evaluated, 
the EDM technique was selected for future fabrication of miniature tension specimens. This 
choice was based on an evaluation that included dimensional inspection and optical metal- 
lography as well as hardness and tensile measurements. The automated data acquisition 
system was upgraded, increasing its reliability and minimizing the magnitude and frequency 
of electrical noise, and an automated,  user-interactive data analysis program was developed 
to facilitate the analysis of the tensile data. 
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DISCUSSION 

G. Lucas I (written discussion) 

Comment 1: We use a SA 300-series austenitic material as a standard to monitor changes 
in the punch-and-die because it is so sensitive to changes in the punch. We 
see degradation in total ductility well in advance of changes in strength in 
either the stainless steel or carbon steel samples, and hence use this to signal 
time to resharpen punch and die. 

University of California at Santa Barbara. 
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Comment 2: The effects of punching increase with decreasing specimen size. Ours are 
somewhat bigger than yours and hence somewhat more forgiving to punch 
effects. 

Question: Did you make hardness measurements on both sides of the specimens? If 
there is cupping, you can get differences between the convex and concave 
sides. 

M. L. Hamilton, M. A. Blotter, and D. J. Edwards (authors' closure)--Yes, a specimen 
size difference could explain some of the decreased reliability we have experienced in 
punching tensile specimens, relative to your experience. And no, hardness measurements 
were not taken on both sides of the specimens. The Nimonic PE16 specimens referred to 
had already been normalized and given aging treatments after the punching was performed, 
so presumably the difference in hardness that you refer to would already have been obli- 
terated. Hardness measurements were only taken on the specimen surface which exhibited 
the residual linear demarcation of the cupping problem, which was believed to be the side 
that had been concave. 

E. Lucas 2 (written discussion)--You obviously don't  use any elongation-measuring device 
mounted on the specimen, and what you actually measure is just machine crosshead dis- 
placement. Don ' t  you think it's a significant approximation to derive from that quantity and 
not from the actual strain such tensile parameters as 0.2% proof yield strength and total 
elongation? 

M. L. Hamilton, M. A. Blotter, and D. J. Edwards (authors' closure)--You are correct 
that the crosshead travel is used as a measure of specimen strain. While a more accurate 
measurement could obviously be obtained and would be desirable, both the residual radio- 
activity of the specimens and their small size preclude attachment of any device that measures 
specimen strain directly. The assumption that crosshead travel is a reasonable approximation 
of specimen strain is quite prevalent within the community of scientists testing miniaturized, 
radioactive specimens. 

G. R. Odette 3 (written discussion)--How much does it cost to EDM a specimen? 

M. L. Hamilton, M. A.  Blotter, and D. J. Edwards (authors' closure)--It costs us between 
$6 and $10 to EDM a miniature tensile specimen. 

A. Kohyama 4 (written discussion)--Although you didn't  mention another process to pro- 
duce specimens from bulk material, I would like to stress the importance of applying this 
method to precise microstructure-controlled materials. I mean, it is almost impossible to 
reproduce identical structure in already thinned materials to that produced in bulk specimen. 
My question is: (1) how to make this type of specimen from a bulk specimen? and (2) what 
is your concern when you use this type of specimen. 

M. L. Hamilton, M. A. Blotter, and D. J. Edwards (authors' closure)--If it were judged 
necessary to EDM miniature specimens from bulk material, slices of the desired thickness 
would need to be made first. These could be E D M ' d  as well and the surfaces lapped if there 
were some concern with the presence of a recast layer on the specimen surfaces. We have 
not considered this an important variable since most of the materials we are interested in 

2 CISE Spa, P.O. Box 12081, 20134 Milano (Italy). 
3 University of California at Santa Barbara. 
4 University of Tokyo, Tokyo, Japan. 
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are produced by cold working, and the distribution of cold work through a piece will actually 
be more uniform in a thinner sheet than in a thicker plate that could be Considered more 
representative of "bulk" material. 

M. Valo 5 (written discussion)--When using EDM machining, are you afraid of loading 
the specimen with hydrogen? 

M. L. Hamilton, M. A.  Blotter, and D. J. Edwards (authors' closure)--In materials that 
are typically of interest to our programs, hydrogen is not an issue, so we have not been 
concerned with its introduction during EDMing of a specimen. Since we have begun to do 
some work on pressure vessel steels, which are known to be sensitive to hydrogen embrit- 
tlement, it is an issue that must be investigated. 

Technical Research Centre of Finland, 02150 Espoo, Finland. 
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ABSTRACT: Tensile stress-strain curves can be measured on specimens with an overall length 
of 3 mm using this new approach. The square test section of the specimens is 0.2 mm on each 
side. 

The load frame is made from stainless steel by electrical discharge machining (EDM) and 
is 20 mm wide by 12 mm high and 3 mm thick. Load is applied and measured with an external 
translation stage and the load cell connected to the load frame with a fine wire. The load 
frame has wedge-shaped grips into which the ends of the specimen fit. The specimens have a 
"dog-bone" shape and are also manufactured by EDM. 

Strain is measured directly on the specimen with laser-based interferometry from two tiny 
indentations placed in the specimen with a Vickers microhardness tester. Motion of the in- 
terference fringes emanating from the indentations is measured with two linear diode arrays 
and a microcomputer to enable real time strain measurement. 

Preliminary tests have been conducted on brass samples to demonstrate the test technique. 
The relative uncertainty in stress measurement is high in these tests, but that arises from lack 
of precision in measuring the area. The relative uncertainty of strain is also high because of 
the crude mounts for the diodes. This paper demonstrates that the approach is feasible; 
straightforward refinements in the procedures will reduce the uncertainties. 

KEYWORDS: small specimens, interferometry, mechanical properties, test methods 

Several aspects of small specimen testing are more difficult than large specimen testing. 
Specimen preparation, handling, and gripping tend to be more complicated. Grain-size 
effects, inhomogeneities, and surface preparation become more important, although in some 
cases a study of them is the reason for using small specimens. Perhaps the most difficult 
aspect is the measurement of the strain in the specimen. Mechanical extensometers and foil 
resistance strain gages are too large for strain measurement on specimens with dimensions 
on the order of millimeters. Measurement of crosshead displacement is unsatisfactory be- 
cause of deformation and slipping of the specimen in the grips. This paper describes a 
miniature tension test machine with the capability of measuring strain directly on the spec- 
imen. 

Figure 1 is a photograph of the load frame of the testing machine, which is made from 
stainless steel by electrical discharge machining. Load is applied by a thin wire (visible in 
the figure) looped around the upper grip; this grip is supported by a thin cross member to 
maintain its alignment. The ends of the specimen, which has a "dog-bone" shape, fit into 
the upper and lower grips (the wedge-shaped slots of the grips do not pass all the way 
through the thickness). The specimen and machine are designed so that a strain of several 
percent can be attained before the upper grip hits the stops adjacent to the wire. 

Professor and senior student, respectively, Department of Mechanical Engineering, The Johns 
Hopkins University, Baltimore, MD 21218. 
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FIG. 1--Photograph of the load frame of the miniature test machine. The scale is in millimeters, and 
the frame is 3 mm thick. 

The novel feature of this microsample testing machine is the capability of measuring strain 
directly on a Specimen. Strain is measured with the interferometric strain/displacement gage 
(ISDG), which uses laser-based interferometry between two tiny indentations placed in the 
specimen surface. A laser is aligned onto the central portion of the specimen after it is 
placed in the load frame. Fringe patterns emanate from the indentations, and their motion 
is monitored to measure the strain in real time. 

The laser-based system has been used by the senior author and others for various studies 
of strains and displacements. A review article of 1982 [1] covers mostly work of the author, 
but the number of users has increased since then. This paper describes the first application 
of the technique to very small specimens. The design, construction, and use of the micro- 
sample test machine is described in some detail. However, only two specimens have been 
tested; hence, the results must be regarded as preliminary. The objective of this work was 
to demonstrate that strain can be measured directly on small tension specimens. That has 
been accomplished, we believe, and the next step is a more thorough study of the repro- 
ducibility, size effects, etc. for particular materials. 

A mechanical testing machine consists of three parts: a load frame for gripping the 
specimen and deforming it, a means of measuring the applied forces, and a means for 
measuring the resulting strains. Since the measurement system centers around the ISDG, 
the next section briefly explains its basics. Design and manufacture of the microsample load 
frame is then presented, followed by a description of the specimen. The system for deforming 
the specimen and measuring the load is then described. Next, the microcomputer-controlled 
system for monitoring the fringe motions and thus determining the strain is presented, rather 
briefly because it is a relatively mature technology. The demonstration tests are then pre- 
sented in detail. Finally, advantages, disadvantages, and possible improvements are dis- 
cussed. 

Principle of the ISDG 

The interferometric strain/displacement gage or ISDG is very simple in concept, and the 
basic principle is briefly explained in this section. A more thorough explanation is available 
in Ref 2, which also includes practical considerations. 
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FIG. 2--Schematic of  the 1SDG. Reflective indentations are located at A and B. 

The basic optical principle underlying the ISDG is illustrated schematically in Fig. 2. Two 
tiny indentations are made in the surface of a specimen at positions A and B with a Vickers 
microhardness tester. When a coherent, monochromatic light source is incident upon them, 
the reflected light is diffracted because of the small size of the indentations. The two cones 
of light emanating from A and B intersect and form interference fringes in space at positions 
C and D. Two other interference patterns are formed since the indentations have four sides, 
but these are not used in uniaxial strain measurement. (Biaxial strains can be measured by 
using three indentations [3].) As the distance between A and B changes because of loading 
of the specimen, the fringes at C and D move and this motion is related to the relative 
displacement between the two indentations. 

Two typical indentations are shown in Fig. 3 along with a photograph of a fringe pattern 
such as would be seen at C or D in Fig. 2. The indentations in Fig. 3 are 25 Ixm on a side 
and the distance between them is 100 I~m. It is this small size of the "gage" that enables 
the ISDG to be used for measuring strain on small specimens. 

The optical principle is simply Young's two-slit interference phenomenon from elementary 
optics [4] except that it is in reflection from two indentations instead of transmission through 
two slits or pinholes. Both diffraction and interference are involved to create the fringes. 
First, the impinging light is diffracted by the reflecting facets of the indentations. The 
wavelength of a He-Ne laser is 0.6328 I~m, whereas dimensions of the reflecting facets are 
on the order of 20 ~m; this ratio of wavelength to "slit width" of -0 .03 is small enough to 
cause appreciable spreading by diffraction. Second, these reflected rays of light interfere 
because they are coherent and have been shifted along the lines between B and C or A and 
D by an amount d sina, where d is the distance between the indentations and et is the angle 
between the incident laser beam and the observation positions C or D. If one places a screen 
at C or D, straight, parallel fringes will be seen because the angle et changes slightly at 
different positions on the screen. The governing equation is therefore 

d sino~ = mh (1) 

where h is the wavelength of light and m is a positive or negative integer. 
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FIG. 3--Photomicrograph o f  a set o f  indentations (top) and a photograph o f  an interference fringe 
pattern (bottom). The centers o f  the indentations are 100 fxm apart. 

The shape and structure of the fringe pattern in Fig. 3 shows these two aspects of the 
optical phenomenon. The triangular overall shape of the pattern arises from diffraction from 
the triangular reflecting facets of the pyramidal indentations. The fringe pattern inside it 
arises from the interference effect and moves as the distance between the indentations 
changes. This point is important; it is the motion of the fringes and not the change in spacing 
between them that is monitored in the ISDG. The spacing between fringes does change 
somewhat as the indentations move, but this is considered in the calculations of relative 
displacement. 

The equation giving the relative displacement, Ad, from the fringe movements, Am, is 

h 
Ad = Am . (2) 

slnao 

The angle et0 is the angle between the incident laser beam and a fixed measurement position 
(at C or D in Fig. 2) and is approximately 42 ~ because of the shape of the Vickers diamond. 
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So the "calibration factor," h/sina0 is - 1  Ixm. A fringe shift of one, i .e.,  a fringe moving 
to occupy the position of a neighbor, corresponds to a relative displacement between the 
two indentations of - 1  txm. 

It is obvious that if the specimen moves in a rigid-body manner, the fringes will also move. 
It is very difficult to construct a test machine in which the specimen does not move vertically 
as the load is applied, so that motion must be accounted for. If the specimen moves up (see 
Fig. 2), then the fringe pattern at C moves away from the incident laser beam and the one 
at D moves toward the incident beam. If fringe motion toward the incident laser beam is 
defined as positive, then the vertical rigid body effects can be averaged out. This definition 
of sign means that increasing distance between the indentations is recorded as positive. 
Other rigid-body motions are not averaged out; however, they can be minimized by a 
carefully aligned test machine. 

So, the equation that is used to measure strain, Ad/do, with the ISDG is 

Am~ + Am2 k 
: (3) 

2d0 sinet0 

where Am I and Am2 are the fringe movements at the two observation positions and do the 
original gage length between the two indentations. 

If the gage length is 100 Ixm and a fringe movement of one spacing is 1 Ixm, then a strain 
of 1% will have been measured. That is too coarse for elastic strain measurement,  so a 
fringe measurement system that can resolve fractions of a fringe movement is needed. One 
such system is described below after other aspects of the microsample testing machine are 
presented. 

The ISDG can indeed be used to measure strain in a test specimen. Figure 4 shows the 
results of a tension test in which strain in an aluminum specimen was measured by the 
ISDG, a clip gage, and two foil gages. The specimen, cut from sheet material, was 2.5 mm 
thick and 25 mm wide with the ISDG indentations 200 I~m apart on one edge, the 25 mm 
clip gage on the other edge, and one foil resistance strain gage on each flat side. The results 
of Fig. 4 show that the presence of the two indentations does not adversely affect the local 
strain field. 
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FIG. 4--Stress-strain curve o f  a 2024-T3 aluminum specimen with strain measured by three methods. 
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FIG. 5--Drawing of the load frame of the test machine, which is 3 mm thick. Dimensions are in 
millimeters and micrometers. 

Microsample Load Frame 

Figure 5 is a drawing of the microsample load frame, and Fig. 6 is a magnified view of 
its grips. These drawings are to scale, and only representative dimensions have been given 
to make the figures nearer. The thickness of the load frame is 3.0 mm. 

1 2 7 ~  
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FIG. 6--Detail drawing of the grips of the load frame with dimensions in millimeters and micrometers. 
The shaded areas are "shelves" for the specimen. 
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The concept is quite straightforward. A "dog-bone" shaped microsample is placed in the 
wedge-shaped grips. A thin wire is fastened through the hole in the upper grip and pulled 
to displace it; load in the wire is measured. The upper grip is held in place laterally by the 
thin cross member. Permanent damage to the load frame is prevented by the two stops 
above the upper grip. 

Referring to Fig. 6, note that the upper and lower wedge-shaped regions are punched 
completely through the load frame's thickness. The cross-hatched areas are not; they are 
machined down 1.60 mm. The cross-hatched areas provide a "shelf" for the specimen to 
rest upon. One simply drops the specimen, which is approximately 3.1 mm in total length, 
into the slotted grips. The tolerances on the manufacture of the grip portion of the load 
frame and on the specimens must be close enough that the specimen is fully engaged in the 
grips before the stops are hit. 

It is the force applied to the ring of the load frame, not the force applied to the specimen, 
that is measured. The measured force, F, is equal to the force on the specimen, P, plus the 
force, C, necessary to displace the cross member an amount corresponding to the defor- 
mation of the specimen. If there is no specimen in the load frame, F = C and the stiffness 
of the crossmember, Kc~, can be determined if its deflection, ~,~, can be measured. This 
deflection could be measured by the ISDG with indentations placed across the 127-txm gap 
in Fig. 6. 

The force in the specimen, P, can be written as 

P = K~p x ~p (4) 

where K, r is its stiffness, ~,p is its displacement, and the specimen remains elastic. Therefore, 
the measured force in an elastic specimen is 

F =  P +  C =  Kcm • ~cm (5) 

The elongation of the specimen and the displacement of the cross member are the same, 
i.e., ~,p - ~cm; therefore Eqs 4 and 5 show that 

F 
P (6) 

1 + K~m/K~p 

So there are two approaches that can be taken to get an accurate measurement of force 
in the specimen: 

1. Measure the displacement of the cross member while simultaneously measuring the 
strain of the specimen and compute the force from P = F - K,,~m. 

2. Design the load frame so that gcm/gsp, is small. Of course these calculations are based 
on elastic behavior; the stiffness of the specimen decreases in the plastic region. 

The first approach could be taken by using two ISDG systems with indentations on the 
specimen and across the grips. Overlapping of the fringe patterns could be prevented by 
tilting one of the sets of indentations [5]. 

The second approach has been taken here by making the cross-member pieces relatively 
long and thin. Calculations from a "strength-of-materials" approach show that the initial 
stiffness ratio is approximately 0.0012 for the load frame and brass specimen used. The error 
in specimen force measurement is only about 0.12% in the elastic region of these preliminary 
tests. 
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Despite the small cross-sectional area of the specimens, loads on the order of several 
pounds may be required for yielding. If the specimen were to fail, the cross member could 
be subjected to a large displacement and possible damage, but this damage is prevented by 
rigid stops above the cross member. Finite-element and strength-of-materials calculations 
indicate the cross member can withstand a deflection of 225 I~m at the center before the 
onset of permanent damage. Considering tolerancing and the conservative calculations, the 
gap between the ring and stop is 300 I~m in Fig. 5. Small pieces of shim stock can be inserted 
to reduce the gap to a smaller size. 

The current load frame, shown in Fig. 1, was manufactured at The Johns Hopkins Applied 
Physics Laboratory using ram and wire electric discharge machining (EDM). The ram EDM 
operates by sinking a die into a blank; electric discharge between the graphite die and 
conducting blank essentially erodes away the material leaving a very smooth and stress-free 
surface. The wire EDM operates on the same principle in a manner similar to a bandsaw. 
A 100-1~m-diameter wire was used to cut the entire testing machine. The ram EDM was 
used to cut out the 1.6-mm-deep depression in the grips, creating the shelves on which the 
specimen rests. The load frame was designed with a drafting program which enables direct 
transfer to the numerically controlled EDM machine. Modifications of the load frame to 
accommodate a particular specimen are therefore easy. 

Specimen and Material 

Figure 7 is a drawing of the specimen. Note that the test section is cut with a rather large 
radius in order to constrain plastic yielding to the central region. Measurements of the strain 
are made directly on the specimen by applying the two indentations in the polished surface 
at the minimum cross section. The width of the minimum cross section is 200 ~m, and the 
thickness is approximately the same. The distance between the indentations is 200 Ixm for 
higher strain resolution. 

The test section of the specimen is approximately 100 times longer than required for a 
snug fit in the load frame grips. This allows for a tolerance of 25 txm on each mating surface. 
The specimens each fit easily into the grips; the manufacturing process exhibits excellent 
reproducibility. 

2X R 9.45~ 
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FIG. 7--Drawing o f  the specimen; dimensions are in millimeters and micrometers. 
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For these preliminary tests, a material with a smooth transition into the plastic region 
was needed. The ISDG system, as used here, takes strain data every 4 s and there was 
concern that it would be unable to follow the sudden extension associated with a yield 
point such as observed in a mild steel. A different version of the ISDG can take data at the 
rate of 10 points per second [6], which would be adequate for testing materials with sharp 
yield points. 

Brass shim stock, 250 Ixm thick, was annealed for 1 h at 300~ to soften it without increasing 
the grain size, which was approximately 20 txm. The small piece of material was then polished 
using typical metallurgical sample preparation techniques with the final polish a 0.25-txm 
diamond paste. Specimens were cut out using the wire EDM machine. 

Figure 8 is a photograph of a specimen while it is mounted in the load frame (the load 
frame is not visible because it is out of focus). The two indentations are visible in the center 
of the test section, but the ends of the specimen are not shown. There are two scratches on 
the left-hand side of the specimen. 

Load Application and Measurement 

An overall view of the microsample testing setup is given in Fig. 9. Note that the  load 
frame, load cell, and displacement stage lie in a horizontal plane. On the right is a translation 
stage used to displace the end of the load application linkage. It has a resolution of ap- 
proximately 1 Ixm and is an X-Y-Z stage; of course, only one translation axis is needed. 

The translation stage is connected to the load frame through a load cell by a fine wire. 
The load is measured by an 18-cm-diameter spring steel load cell. A small framework 
supports the load cell at three places with sewing thread to raise the load cell to the same 
level as the translation stage and load frame. Four foil strain gages, two on the interior 
surface of the loop and two on the outside surface, are mounted on the ring. They are 
connected to a strain gage signal conditioner and sent directly to the microcomputer mon- 
itoring the ISDG system. The resolution of the load cell is approximately 0.01 N, and it 
was calibrated with hanging weights. The load cell undergoes a deflection across its diameter 

FIG. 8--Photograph of a brass specimen mounted in the test machine. The width of  the specimen is 
200 txm at the center, and the two indentations are visible in the central portion. 
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FIG. 9--Photograph of  the test machine. The load frame is mounted on a small platform on the left 
edge o f  the aluminum base plate. The translation stage for elongating the specimen is on the right edge 
o f  the base plate; it is attached to the load ring which is, in turn, attached to the load frame. The lOrmW 
laser is o n the left, and the two diode arrays are mounted in plastic boxes attached to the support rods. 

of 12 mm when loaded to its design capacity of 45 N. This deflection leads to a slight 
nonlinearity in the load-voltage relation which could be corrected in the data reduction. 

ISDG System 

Figure 9 shows the ISDG system on the left of the table. The beam from a 10-mW He- 
Ne laser is directed downward onto the microsample test machine by a steering mirror and 
stage. The two pieces of square tubing at 45 ~ hold linear diode arrays mounted inside plastic 
miniboxes and attached to small X-Y stages. 

The linear diode arrays have 512 elements on 25-1xm centers; each element is 2.5 mm 
wide. Each diode is mounted on a satellite board which carries control and preamplify!ng 
circuitry. A master Jcircuit board for each diode contains the scanning circuitry, and the two 
boards are mounted on a chassis along with the necessary power supplies; this component 
is not visible in the figure but the connecting cables are. 

The geometrical setup allows 5 to 6 fringes to impinge on each diode. That number is 
determined by the distance from the specimen to the diode and by the spacing between 
indentations. Because of the diffraction, the width of the middle of the fringe pattern (parallel 
to the fringes; see Fig. 3) is approximately 10 mm wide at the diodes. The fringe pattern 
can be compressed by mounting a cylindrical lens in front of the diode with its axis per- 
pendicular to the fringes. This not only increases the intensity of the pattern but compresses 
the speckles that are seen in Fig. 3. Speckle patterns add noise to the fringe signal because 
they are on the same order of size as the small dimension of the individual diode elements. 
A technique used to reduce the speckle is to cover the diode with a layer of diffuse cellophane 
tape; that smooths the pattern incident on the diodes. The X-Y stages allow positioning of 
the diodes in the middle of the fringe patterns. 
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Scanning of the two diodes is controlled by a function generator and a microcomputer. 
The function generator sends out a TTL clock signal whose frequency can be varied to 
adjust the output from the diodes because the slower the scan, the longer the radiation 
impinges on the individual element and the higher the voltage output. The second master 
board is slaved to the first; the first one triggers off the TTL clock signal and sends out a 
trigger signal to both the second master board and to the microcomputer. The data acquisition 
board in the microcomputer records the two patterns sequentially--Channel 1 and then 
Channel 2 - -and  also records the voltage from the load cell. A two-channel oscilloscope 
monitors the two fringe pattern signals during the setup phase. 

Once the voltage as a function of diode element location is temporarily stored in the 
microcomputer, it is processed to generate a strain data point. This was accomplished by a 
FORTRAN program that finds the three middle minimums in each fringe pattern. The 
relative fringe motion, Am, is calculated by comparing the current position of the middle 
minimum with its previous position and dividing that difference by the current fringe spacing, 
which is computed as the distance between the middle minimum and an adjacent minimum. 
If the minimum being followed moves too far away from the center of the pattern, the 
program shifts to the adjacent minimum nearest the center of the pattern. 

In the above discussion, "minimum" is inferred to be the number of a diode element, 
i.e., a minimum at element No. 267, say. If there are six minimums in the 512 element 
array, the spacing between them is approximately 85. Therefore the least-count resolution 
of a fringe motion is 1/85. Taking the calibration constant h/sint~0 as 1 txm and an indentation 
spacing of 200 I~m, this translates into a least-count strain resolution of 1/85 divided by 2 
• 200 (see Eq 3) or 30 microstrain, which is acceptable, but a more sophisticated approach 
is taken. Each minimum is determined by fitting the raw data surrounding it (ten values 
from individual elements on either side for a total of 21 points) to a parabola and computing 
the minimum of the fitted curve. This procedure increases the resolution of Am by a factor 
of 100 and produces a least-count strain resolution of 0.3 microstrain. The actual strain 
resolution is not this small; there are other factors such as optical and electronic noise that 
contribute. As will be seen, the strain resolution of the ISDG is more than adequate in this 
setup. 

The program used to monitor fringe motion is also being used for creep strain measurement 
at 250~ [7]. For those tests, there is some degradation of the fringe pattern as the specimen 
oxidizes over the 1000-h test. The program was therefore arranged to store both fringe 
patterns associated with each data point. Furthermore, all the data were written to a diskette 
as each point was taken. This slows the sampling rate down so that a data point is taken 
only every 4 s. 

The characteristics of the ISDG strain measurement as it is used here are: 

1. Resolution--l.O microstrain is a conservative estimate. One bit output of strain cor- 
responds to 0.3 microstrain. 

2. Sampling rate--A sample every 4 s; but rates of 10/s are routinely used in other 
applications. ISDG measurements on fatigue specimens cycling at a rate of 30 Hz have 
been taken using a pulsed laser diode [8]. 

3. Range--The range is limited by the deformation and rotation of the grains where the 
indentations are placed. Typically, 5 to 10% strain can be recorded directly on fine- 
grained specimens in test machines which permit large displacements. 

4. Relative uncertainty--Strain uncertainty is approximately 6% in this setup; normally 
it is ---3% [6]. The original gage length can be measured to - 1 % ,  and the relative 
uncertainty in locating minimums is also -+ 1%. The angles, et0, are measured to only 
-+2 ~ in the crude support frame; that contributes -+4% to the uncertainty. 
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Preliminary Tests 

Preliminary tests on two brass specimens are presented in Figs. 10 and 11. Figure 10 is 
actually two tests, the first one loading the specimen from its initial unstrained state. That 
test was terminated at a little more than 0.5% strain without recording the unloading. The 
second test was simply a repeat of the first one; the data have been shifted along the strain 
axis to coincide with the last point of the first test. The second test stopped when the strain 
increment was too great for the ISDG system to follow. The specimen was elongated by 
turning the micrometer screw by hand. That is an uneven process which is exhibited in the 
figure by the irregular spacing of the data points in the plastic region. 

When the specimen is first loaded, it must become seated in the grips. As shown in the 
figure, a small initial stress was applied to make initial contact between the wedge-shaped 
ends of the specimen and the sides of the grips. Another specimen was pulled without the 
ISDG measurement but with the motion observed through a low power stereo microscope. 
That specimen made first contact between one of the wedge sides on each end and the side 
of the grip. Then a second side made contact on one end, followed by final contact of the 
fourth side on the other end. At times the sides of the wedge ends of the specimen slide 
along the sides of the grips; this sliding contributes to the wavy nature of the initial portion 
of the stress-strain curve. Note that the elastic region is much smoother in the second test 
because the specimen is already seated in the grips. 

Figure 11 shows the results from the second specimen, which was subjected to one con- 
tinuous load-unload-reload cycle. Again, there is some waviness in the initial loading, but 
the unloading is very linear. The reloading curve is similar in shape to the initial loading 
curve. There is a marked hysteresis in the unloading-reloading cycle. That hysteresis is not 
believed to come from the load cell, which was cycled several times during its calibration. 
Yet, the stress level in the plastic region is higher upon reloading in both Figs. 10 and 11. 
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FIG. 10 Stress-strain curve o f  a brass microsample. The specimen was loaded to approximately 0 .5% 
strain and then unloaded without recording. It was then reloaded and elongated to over 1% strain. 
Uncertainty bars are shown at 0.1 and 0.6% strain. 
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FIG. 11--Stress-strain curve of  a second brass microsample. The specimen was loaded to approximately 
0.4% strain and then unloaded and reloaded. Uncertainty bars are shown at 0.1 and 0.6% strain. 

When tests are set up for cyclic strain measurement with the ISDG, elastic tests are always 
run to check out the system before loading into the plastic regime and show no hysteresis 
in the strain measured. The hysteresis appears to be a material response. 

The elastic modulii are given on the plots. A typical value for brass is 103 MPa- -midway  
between the values measured. Apart  from possible material differences between the two 
specimens, a major source of error is the measurement of the cross-section area of the 
specimen. Relative uncertainty bars are shown on the two plots at strains of approximately 
0.1 and 0.6%. 

The specimen thickness was measured on the polished blank before the specimens were 
cut out of it. A micrometer with a resolution of 10 I~m was used and a value of 220 --- 10 
~m was obtained. The width of each specimen was measured with the translation stage of 
the Vickers microhardness tester; the values were 190 --- 10 ixm. Thus the relative uncertainty 
in the area is ---10%, and this is the major source of uncertainty in the stress. More careful 
measurements of the dimensions of each specimen (e.g., with a scanning electron micro- 
scope) would be necessary to lower this uncertainty. 

The relative uncertainty of the strain measurement is -+6% (this does not include errOrs 
generated by the motion of the specimen). The original gage length can be measured to 
--+1%, and the relative uncertainty in locating minimums is also -+1%. If ct0 is located to 
only ---2 ~ , it contributes 4% to the uncertainty. The support frame for the diodes could easily 
be constructed to enable a more precise determination of ao. The elastic modulus measured 
with the ISDG in Fig. 4 is 4% higher than that measured by the foil gages. 

Discussion 

The approach taken in this preliminary work is that the ISDG is a valid technique for 
measuring strain over very short gage lengths and can therefore be used in the tension testing 
of very small specimens. A suitably small load frame can be manufactured, and specimens 
with minimum dimensions on the order of 200 I~m can be prepared,  handled, and tested. 
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This preliminary work is not an application of this test method to the study of a particular 
material; it is simply a demonstration that stress-strain curves can be measured directly on 
microsamples. 

Some Advantages 

This procedure is not useful in all small specimen testing, but it does have potential 
advantages. 

1. It is easy and fast, which permits replication. Once the systems are set up, one simply 
drops the specimen in the load frame and runs the test. 

2. The load frame can be matched to the particular material and geometry of interest. 
Since its manufacture is numerically controlled, modifications in the computer-aided 
design are easily realized. A load frame for fracture toughness testing of microcompact- 
tension specimens would be feasible. 

3. The load frame can be scaled up or down. Up is obviously easy, but down will require 
more care. Other manufacturing techniques such as selective etching would then be 
required. 

4. Tests could be conducted at high or low temperatures if a windowed chamber is used. 
The ISDG has been used at 1200~ [9]. 

5. Tests could also be conducted in a corrosive gas or liquid environment provided the 
corroding agent was transparent. It might be necessary to coat the indentations with 
a protective layer of nonoxidizing material. Creep tests of zirconium at 250~ are 
underway in which the indentations are protected with an anodized layer [7]. 

Some Disadvantages 

The ISDG is an optical technique that requires targets on the specimen and control of 
specimen motion. Apart from the difficulties of manufacturing and handling small specimens, 
some of the disadvantages are: 

1. Application of the indentations is no problem, but their presence may be. Many 
ceramics crack locally around the indentations, which would clearly affect the response 
of a small specimen. The effect of the indentations on the material response could be 
examined by testing with indentations of different sizes. 

2. Some surfaces may not be reflective. In that case, it may be possible to glue on acetate 
replicas with reflective pyramids or thin foils into which indents can be placed [10]. 

3. The strain range is limited by the allowable deflection of the crosshead. This could be 
remedied by a different configuration of the load frame. 

4. The rigid body motion of the specimen must be controlled. The preliminary setup 
described here was mounted on a drafting table. Stiffer mounts between the various 
components are obviously needed. 

5. A commercial version of the system is not available. However, a NASA report [2] 
contains sufficient information (including FORTRAN programs) for building an ISDG, 

Suggested Improvements 

There are obvious suggestions for improving these first tests: 

1. The mechanism for elongating the specimen should be automated. Motor-driven trans- 
lation stages or piezoelectric devices are candidates and would allow cyclic loading. 
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2. A commercial load cell with a larger stiffness is desirable: This would not only improve 
the linearity of the force-voltage output, but would make the entire setup more com- 
pact. 

3. If the elastic response is a primary interest, the ends of the specimen could be fixed 
with an adhesive to prevent the initial movement in the grips. The load frame and 
specimen could be soaked in a solvent after each test to separate them and prepare 
for the next test. 

4. A second set of indentations across the grips and a second ISDG system would be 
useful. This would reduce the uncertainty in the force measurement. 

5. The biaxial version of the ISDG would enable measurement of Poisson's ratio on 
microsamples. 

6. Smaller indentations and shorter gage lengths can be used. Indentations as small as 7 
Ixm on a side have been used [11], but ones as small as 1 Ixm may be possible which 
would require a more powerful laser. 

7. The sampling rate should be increased that is straightforward; rates of 10 and 30 points/ 
s have been demonstrated. 

In conclusion, it is hoped that this proposed test method will not only be useful in its own 
right, but will stimulate new ideas for microsample testing. 
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DISCUSSION 

M. L. Hamilton ~ (written discussion)--What size are the indents? Would strain fields 
around the indents affect the flow behavior of the tension specimens? 

W. N. Sharpe, Jr. and Richard O. Fowler (authors' closure)--The indentations are ap- 
proximately 25 ~m on a side, but they can be as small as 7 Izm or less. Calibration experiments 
on smooth specimens as well as comparison with finite element predictions for notched 
specimens show little impact of the indents on the plastic strain measurement. 

G. R. Odette 2 (written discussion)--(1) What spacing of indents/mirrors is possible? (2) 
Can you scan multiple indents/mirrors? (3) What is the dimensional resolution? 

W. N. Sharpe, Jr. and Richard O. Fowler (authors' closure)--(1) The indentations can be 
as close as 25 g~m or as far apart as 300 p,m with no special arrangements. Measurements 
have been made with indents 1/4 in. apart by splitting the laser beam. Of course, this means 
that the spacing between fringes is very fine. (2) Pairs of indentations approximately V2 I~m 
apart can be interrogated by moving the laser beam; this distance could be smaller if the 
laser beam is focused. To scan along a row of indentation pairs requires moving the laser 
and the detectors, which has been done manually in studies of crack profiles. Conceivably 
this could be automated. (3) The resolution is on the order of 0.2 nm. 

1 PNL, Richland, WA. 
2 University of California at Santa Barbara. 
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ABSTRACT: The U.S. Department of Energy is sponsoring a research effort through Sandia 
National Laboratories and the University of Missouri-Rolla to test a correlation for the upper 
shelf energy (USE) values obtained from the impact testing of subsize Charpy V-notch spec- 
imens to those obtained from the testing of full-size samples. The program involves the impact 
testing of unirradiated and irradiated full-, half-, and third-size Charpy V-notch specimens. A 
correlation between subsize and full-size testing results has been developed in an earlier effort 
and tested on HT-9 material utilized in fusion reactor applications. To verify the applicability 
of the correlation on LWR materials, unirradiated and irradiated full-, half-, and third-size 
Charpy V-notch specimens of a commercial pressure vessel steel (ASTM A533 Grade B) will 
be tested. The correlation methodology is based on the partitioning of the USE into crack 
initiation and crack propagation energies. To accomplish this partition, both precracked and 
notched-only specimens will be used. Whereas the USE of notched-only specimens is the sum 
of both crack initiation and crack propagation energies, the USE of precracked specimens 
reflects only the crack propagation component. The difference in the USE of the two types 
of specimens represents a measure of the crack initiation energy. Normalizing the values of 
the crack initiation energy to the fracture volume of the sample produces similar values for 
the full-, half-, and third-size specimens. In addition, the ratios of the USE and the crack 
propagation energy are also in agreement for full-, half-, and third-size specimens. These two 
observations will be used to predict the USE of full-size specimens based on subsize USE 
data. This paper will provide details of the program and present results obtained from the 
application of the developed correlation methodology to the impact testing of the unirradiated 
full-, half-, and third-size A533 Grade B Charpy V-notch specimens. 

KEYWORDS: ferritic steel, A533B, upper shelf, size effect, Charpy, embrittlement, corre- 
lation, energy partition 

As commercial  light water reactors consider extended operat ion under  the option of license 
renewal,  the detailed characterization of material  condit ion will cont inue to be an impor tant  
factor in the determinat ion of component  integrity. For reactor pressure vessels (RPVs),  
this may include additional development  of material data bases on the effects of neu t ron  
irradiation on the embri t t lement  of RPV materials over a longer than 40-year durat ion.  This 
will also likely involve a cont inuat ion (and expansion) of surveillance programs into the life 
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extension period, especially if thermal annealing of the RPV is considered. Difficulties may 
exist in acquiring a long-term comprehensive data base on RPV steels due to the somewhat 
limited irradiation volume available in the commercial reactor or in test reactors. Also of 
concern is the potentially decreasing amount of original pressure vessel archive material 
available from which to manufacture sufficient full-size Charpy V-notch (CVN) surveillance 
samples. The relatively large size of the full-size CVN specimen not only limits the number 
of samples that can be irradiated in a given volume but also introduces the potential for 
neutron flux and temperature variations among the large-size specimens. An alternative to 
the impracticality of irradiating a large number of standard CVN samples from a limited 
amount of available archive material is the use of subsize CVN samples. 

Although the use of subsize specimens will allow for a larger number of samples to be 
irradiated in a given volume, size-related consequences of their use exist that influence the 
usefulness of the data. Full-size specimens exhibit a state of mainly plane strain below the 
notch root at the beginning of testing. This state tends to promote brittle fracture. Reducing 
the specimen cross-sectional area alters the stress state under the notch by increasing the 
percentage of specimen cross-section that is close to a plane stress state. This condition 
promotes a relatively ductile fracture in subsize specimens at a given temperature compared 
with that of standard full-size specimens and makes the material appear to be more ductile, 
thus decreasing the ductile-brittle transition temperature (DBTT). Also, the smaller volume 
of the subsize specimen that is involved in the fracture process reduces the CVN upper shelf 
energy (USE) of the specimen. 

Several attempts have been made to correlate the USE of full-size and subsize specimens 
[1-7] by defining a normalized USE as the ratio of the experimentally measured USE to a 
normalization factor. The normalized values of the USE for full- and subsize CVN specimens 
should be equal for a valid correlation. 

The normalization factor used in previous USE correlations has been based either on the 
fracture volume below the notch root [1,2, 4-6] or on the dimensions of the entire specimen 
as well as the stress concentration factor at the notch root, which incorporates notch geometry 
effects [7]. Correlations based on a normalization factor that considers only the fracture 
volume below the notch root have been found to be satisfactory for relatively ductile steels 
having a USE above 150 J. The correlation based on a normalization factor that considers 
all specimen dimensions including the notch geometry and the stress concentration factor 
has been found to work satisfactorily for steels in a relatively brittle condition (USE < 
100 J). This condition is more characteristic of irradiated RPV materials. 

The above-mentioned correlations are not suitable, however, for predicting full-size CVN 
results when a normally ductile material (USE > 200 J) becomes embrittled during irradiation 
such that the USE falls considerably below 200 J. An earlier stage of the present effort [8] 
investigated a methodology for the correlation of full-size and subsize USE values that is 
applicable to steels in the irradiated or unirradiated state. The methodology was based on 
the partitioning of the USE into two components, that required for crack initiation and that 
for crack propagation. Both precracked and notched-only CVN specimens were used to 
facilitate this partition. The USE of notched-only specimens represented the sum of the 
crack initiation and propagation energies. The USE of precracked specimens, however, 
characterized only the crack propagation energy. Testing of the two types of specimens, 
therefore, gave a measure of the crack initiation energy. The developed methodology, tested 
on HT-9 steel CVN specimens, satisfactorily predicted full-size CVN values from subsize 
specimen data. 

The purpose of the present study was to test the developed USE correlation methodology 
on a commercial RPV material in the unirradiated condition using full-, half-, and third- 
size CVN specimens. This will help establish the applicability of the USE correlation over 
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a range of steel materials. Additional efforts are currently underway to apply the USE 
correlation used in this study to irradiated samples of the same RPV material. 

Experimental Procedure 

All specimens used in this study were machined from A533B plate material and were 
obtained from the Electric Power Research Institute. The chemical composition of this 
material is 0.22 C, 1.35 Mn, 0.012 S, 0.010 P, 0.18 Si, 0.53 Mo, 0.62 Ni, and 0.14 Cu. The 
microstructural analysis, described below, showed no directionality. Therefore, the Charpy 
impact test results should be independent of specimen orientation. The metallographic 
examination, precracking, and Charpy impact test procedures are described below. 

Dimensions for both full-size and subsize specimens are given in Fig. 1. The full-size 
specimen dimensions are in accordance with ASTM Test Methods for Notched Bar Impact 
Testing of Metallic Materials (E 23-86). While there are no standards available for subsize 
specimens that consider changes i n the dimensions of cross section, length, notch angle, and 
notch radius, the dimensions used in this study for half- and third-size specimens are similar 
to those used in other investigations [1-8]. 

FULL SIZE S P E C I M E N  14 r~.o ~ = 
,~ v.s .LI 

H E D L  H A L F  S IZE S P E C I M E N  
~.6 J ! 

H E D L  O N E - T H I R D  SIZE S P E C I M E N  
I ~ 23.6 ~ I 

FIG. 1--Specimen configurations of  full-, half-, and third-size specimens. All dimensions are in 
miUimetres. 
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Metallographic Examination 

Three samples representing the outer surfaces of Charpy specimens were selected from 
the steel plate and prepared to a 0.05-~m final polish. The samples were then examined 
prior to etching to evaluate the degree of directionality imparted to nonmetallic inclusions 
(oxides, sulfides, silicates) during the fabrication processes of the steel plate. This exami- 
nation revealed a very slight degree (negligible) of orientation of elongated (stringer type) 
inclusions. The material contained relatively few nonmetallic inclusions. 

Evaluation of the steel microstructure was accomplished by chemical etching with 2% 
Nital. Figure 2 provides a low-magnification ( x 50) view of the rather large prior austenite 
grain size defined by white ferrite bounding cells of what appear to be lath martensite. 
Actual measurement of the prior austenite grain size was determined by comparison of the 
• 100 photomicrographs to ASTM Test Methods for Determining the Average Grain Size 
(E 112). Figure 2 also provides a means of evaluating possible microstructural orientation 
(banding of pearlite and ferrite) due to macro-segregation imparted during hot forming. 
Figure 3, at • 400 magnification, provides a closer view of the lath (martensite) type structure 
and the grain size of the ferrite surrounding it. Very little directionality in the microstructure 
was observed. Therefore, the Charpy impact test results should be independent of specimen 
orientation. 

Microhardness tests were conducted with a Leco DM-400 microhardness tester using a 
Vickers (DPH) indenter, with a 500-g force applied load. An average of five indents were 
obtained from the center of each specimen while in the unetched condition. The average 
Vickers hardness was determined to be 257. 

Precracking 

Precracked specimens were prepared by loading the notched specimens in a three-point 
bend arrangement and subjecting them to an oscillating load (15 Hz) in a closed loop 
hydraulic system. The minimum and maximum loads for the oscillations were determined 
in advance according to ASTM Test Method for Plain-Strain Fracture Toughness of Metallic 
Materials (E 399) modified for miniature specimens. The maximum loads at the start of the 

FIG. 2--Low magnification ( x 50) view of the microstructure showing prior austenite grain size. 
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FIG. 3--Microstructure showing lath martensite structure ( x 400). 

precracking were approximately 550,180, and 60 kg for full-, half-, and third-size specimens, 
respectively. The load was reduced every time the crack progressed approximately 250 Ixm. 
The minimum loads were maintained at one tenth of the maximum load during the pre- 
cracking process. To precrack to the desired lengths, it took approximately !00 000 cycles 
were required for full-size and approximately 30 000 cycles for half- and third-size specimens. 
In every case the remaining ligament size of precracked specimens was approximately half 
the width of the notched specimen. 

Charpy Impact Testing 

All the specimens were tested in the same instrumented drop tower utilizing an anvil with 
two test locations for the two specimen lengths and a moveable striker. Note that the half- 
size and third-size specimens have the same length. Data from each test were recorded on 
a digital oscilloscope and transferred to an IBM PC AT for storage and analysis. 

Two load cells (4500 kg for full size and 1600 kg for subsize) were used to increase the 
sensitivity over the lower load ranges that were relevant to the subsize specimens. Both load 
cells were calibrated statically to ensure that their response was linear over the desired range. 
Dynamic calibration of the instrumented tup was performed for both load cells by adjusting 
the load signal gain so that the maximum load obtained during dynamic testing was the 
same as the maximum load determined during the slow bend testing of 6061 aluminum in 
the T651 condition, which is a strain-rate insensitive condition. 

The impact velocity of the crosshead was calibrated for each specimen size by attaching 
a flag of known dimension to the crosshead positioned so that the flag passed an infrared 
sensor just prior to impact, causing a change in voltage during interruption by the flag. The 
duration of this change was measured on the oscilloscope and the velocity calculated. Velocity 
was determined as the average of at least five calibration runs. 

Temperature control for all specimens was accomplished in a conditioning chamber where 
high temperatures were attained with a heated stream of argon and low temperatures were 
achieved by using cold nitrogen gas. Temperature control was achieved by adjusting the 
rate of gas flow into the conditioning chamber. Independent temperature calibrations were 
performed for each specimen size; four thermocouples were attached at various locations 
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along the length of the specimen to quantify the variability in temperature. Each specimen 
was kept at the test temperature for approximately 5 min prior to testing to ensure tem- 
perature stabilization. 

Specimen placement was achieved by pneumatically driven pistons that moved the spec- 
imen from its initial position, into the conditioning chamber, and out of the chamber onto 
a positioning arm. A stepping motor was used to rotate the arm, dropping the specimen 
into the appropriate position on the anvil for testing. The elapsed time between the exit of 
the sample from the conditioning chamber and the impact was 1 to 2 s, well within the 
maximum 5-s delay permitted by ASTM standard E 23-86. 

Correlation Methodologies 

The methodology of correlating the upper shelf energies (USE) of full- and subsize spec- 
imens developed by Kumar et al. [8] is presented below. The methodology was used suc- 
cessfully by Kumar et al. on the USE of HT-9. This paper compares the previously developed 
methodology with those of Louden et al. [7], Corwin et al. [1,2], and Lucas et al. [5,6], 
presented below. 

All of the methodologies compare the normalized values of the upper shelf energies for 
full- and subsize specimens. The normalized values are defined as the ratio of the USE and 
a normalization factor. 

Methodology of  Corwin et al. 

Corwin et al. [1,2] used a normalization factor equal to the extent of the plastic deformation 
(i.e., the fracture volume below the notch root). The fracture volume is approximated as 
[ B ( W  - A)] 3n, where B is the thickness and (W - A) is the ligament size below the notch 
root. This methodology works well for ductile materials having USE larger than 150 J. 

Methodology of Lucas et al. 

This methodology [5,6] is similar to that of Corwin et al. except that the fracture volume 
is approximated as B ( W  - A)  2. This methodology also works well for ductile materials 
having USE larger than 150 J. 

Methodology of  Louden et al. 

The methodology of Louden et al. [7] accommodates all of the specimen dimensions 
and the notch geometry in the normalization factor. The normalization factor is given by 
[B(W - A)2/LK,], where the numerator is the fracture volume, L is the span, and K, is 
the stress concentration factor at the notch root. This methodology works well for brittle 
materials having USE less than 100 J. 

Methodology of Kumar et al. 

This methodology [8] is based on the partitioning of the USE into energies for macro- 
crack initiation and crack propagation. The macro-crack initiation energy is expended in 
plastic deformation and strain hardening to raise the maximum normal stress to the fracture 
stress below the notch root of a notched specimen. The total USE is the sum of the macro- 
crack initiation energy and the energy required to propagate the crack (i.e., the crack 
propagation energy). In a precracked specimen, however, the energy spent in breaking the 
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specimen represents the crack propagation energy only. The difference between the USE 
of notched and precracked specimens (AUSE) represents the macro-crack initiation energy 
and is expended in the deformation of the material in the fracture volume. Therefore, &USE 
normalized over the fracture volume must be equal for full and subsize specimens. The 
fracture volume is approximated as B(W - A) 2. 

Results and Discussion 

The results of the Charpy impact test results are shown in Figs. 4, 5, and 6. Each figure 
shows the actual energies absorbed for both notched and precracked specimens. Table 1 
provides the USE of notched and precracked specimens and their ratios for each specimen 
size. The difference between the upper shelf energies of notched and precracked specimens 
(AUSE) is normalized by the fracture volume (Kumar et a l . - -Ref  8) and is presented in 
Table 2. USE of notched specimens normalized by the methods of Louden et al. [7], Lucas 
et al. [5,6], and Corwin et al. [1,2] is also presented in Table 2. 

The actual energies plotted in the figures are obtained from apparent energies as deter- 
mined from the experimental data using the method of Ireland [9]. In order to obtain the 
actual energies, corrections are provided for the changes in velocity of the tup during the 
time it is in contact with the impacted specimen, variations in the ligament size of precracked 
specimens, and the load calibration factor for each size specimen. 

Figure 4 shows that the upper shelf energies of full-size notched and precracked specimens 
are 58.6 and 17.1 J, respectively. The test material received from the Electric Power Research 
Institute, Nondestructive Evaluation Center, appears to be very brittle (not the condition 
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FIG. 4--Charpy data--full-size samples. 
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TABLE 1--A533B Charpy data--USE. 

USE, J 

Notched Only Precracked Ratio" AUSE b 

Full size 58.6 17.1 3.4 41.5 
Half size 11.9 5.0 2.4 6.9 
Third size 4.2 1.9 2.2 2.3 

" Ratio = notched USE/precracked USE. 
b AUSE = notched USE - precracked USE. 

utilized for nuclear power plant operation). Furthermore,  the prior austenite grain sizes as 
shown in Fig. 2 were rather large ( -250  Ixm). There were roughly 30 grains below the notch 
root and 20 grains below the crack tip of the precracked full-size specimens. The number 
of grains across the width is roughly 40. Therefore,  the fracture in a full-size specimen 
resembles a polycrystalline material. As we will see later, the situation is quite different for 
half- and third-size specimens. There are only approximately 10 grains below the notch of 
a third-size specimen. Therefore, in addition to the normal reduction in the constraints to 
deformation of subsize specimens, fewer grain boundaries present yet another factor that 
results in the strain energy not being uniformly distributed throughout the fracture volume. 
The smaller specimens appear to be more ductile. Therefore, we expect that the normalized 
values of the differences between USE of notched and precracked specimens (AUSE) to 
increase as the specimen size decreases. 

For full-size specimens, AUSE is 41.5 J. The normalized value is 65 J/cm 3. The AUSE of 
half-size and third-size specimens are 6.9 and 2.3 J, respectively. The corresponding nor- 
malized values of AUSE lie within the range of 76 -+ 10 J/cm 3. This amounts to a variation 
of 14% about the mid-value. Based on the work of Kumar et al. [8], it was expected that 
the variation would be within 10%. It is proposed that the larger than expected variation 
in the normalized values of AUSE is due to the fact that the fracture in full-size specimens 
represents that of a polycrystalline specimen. The fracture of subsize specimens, on the 
other hand, represents the behavior of fewer grains. The smaller the specimen size, the 
smaller is the number of grains in the fracture surface. The apparent ductility represented 
by the normalized value of USE increases with decreasing specimen size. Currently there 
is a program under way at the University of Missouri-Rolla to test the dependence of the 
normalized USE on grain size. 

The Charpy impact data obtained in this program were also tested against the correlations 
of Louden et al. [7] developed at the University of Missouri-Rolla, of Corwin et al. [1,2] 
at Oak Ridge National Laboratory,  and of Lucas et al. [5,6] at the University of Cal i fornia--  
Santa Barbara.  The comparison of these Correlations is shown in Table 2. 

TABLE 2--Comparison of the normalized value of  USE. 

Kumar et al. [8] Louden et al. [7] Lucas et al. [5,6] Corwin et al. [1,2] 

Full size 65 J/cm 3 1759 J/cm 3 91 J/cm 3 82 J/cm 3 
Half size 76 J/cm 3 2009 J/cm 3 132 J/cm 3 122 J/cm 3 
Third size 86 J/cm 3 1968 J/cm 3 158 J/cm 3 146 J/cm 3 

Range 76 +- 14% 1912 • 8% 127 -- 28% 116 • 25% 
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For the Louden et al. [7] correlation, the normalized values are within 8% of the average 
of the normalized values for full-, half-, and third-size specimens. The ranges for the cor- 
relations of Lucas et al. [5,6] and of Corwin et al. [1,2] are 28 and 25%, respectively. 

Since the USE of full-size specimens is only 58.6 J (<10OJ), the correlations of Lucas et 
al. [5,6] and of Corwin et al. [1,2] were not expected to work satisfactorily. The volume 
normalizations of USE used by these investigators work very well for ductile materials whose 
USE exceeds 150 J. The correlation of Louden et al. [7], on the other hand, is especially 
suited for brittle materials whose USE falls below 100 J. This is the case with the material 
tested in this program. For brittle materials, the stress concentration factor and the length 
of specimen have a strong influence on USE. The correlation factor of Louden et al. takes 
these factors into account. However,  had the tested material been more ductile (USE > 
150 J) the Louden et al. [7] correlation would not have been satisfactory. 

A comparison of all the correlations shows that the correlations of both Louden et al. [7] 
and Kumar et al. [8] are acceptable for this material (A533B) with low USE. It is anticipated 
that the correlation of Kumar et al. will improve with the choice of smaller grain-size materials 
normally used in commercial pressure vessel steels. The correlation of Kumar et al. worked 
very well with HT-9, which had a USE of 124 J and a grain size of ASTM 5 as opposed to 
ASTM 0.5 for A533B in this work [8]. 

Conclusions 

1. The difference between USE for notched-only and precracked specimens can be cor- 
related with fracture volume. 

2. Partition of USE extends the validity of the correlation to a wide range of USE values. 

Based on previous thermal aging experiments [7], the correlation should also be applicable 
to both unirradiated and neutron-irradiated materials. This will be further verified in the 
continuation of this study. 
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DISCUSSION 

M. L. Hamilton ~ (written comment)--The small specimens are also valuable for the fusion 
materials program, where alloy development for structural components is still an issue. The 
Japanese program in this area considers specimens as small as 1 to 1.5 mm on a side. 

S. T. Rosinski, A. S. Kumar, N. S. Cannon, and M. L. Hamilton (authors' closure)--We 
agree with this comment.  

M. P. Manahan 2 (written discussion )--In your paper you use fracture volume to normalize 
the upper shelf energy for various specimen geometries. The fracture volume formulation 
uses the ligament squared. Why have you chosen this particular formulation and how sen- 
sitive is the normalization to the choice of fracture volume equation? 

S. T. Rosinski, A. S. Kumar, N. S. Cannon, and M. L. Hamilton (authors' c losure) -  
The form of the fracture volume used in this study was chosen to place emphasis on the 
impact of the ligament size on the overall fracture process. We feel that the remaining 
ligament size has a larger impact on the fracture process than the sample thickness. This is 
reflected in our definition of fracture volume: B ( W  - A )  2, where (W - A)  reflects the 
l igament of material under the notch. Although this form was chosen, it does not appear 
that the normalization is significantly sensitive to the form of the fracture volume equation. 

A. Kohyama 3 (written discussion ) - -What  is your present status of the phase-2 experiment,  
the neutron irradiation experiment? 

S. T. Rosinski, A. S. Kumar, N. S. Cannon, and M. L. Hamilton (authors' c losure) -  
The phase-2 portion of our program is presently underway. Full-, half-, and third-size Charpy 
V-notch samples are presently being irradiated to a fluence of approximately 2 x 1019 
n/cm 2, E > 1 MeV. The irradiations and subsequent testing should be completed soon. 

W. R. Corwin 4 (written discussion)--How do your correlations compare with other similar 
European and Russian methods for 3 by 4 mm and 5 by 5 mm subsized CVN specimens? 

S. T. Rosinski, A. S. Kumar, N. S. Cannon, and M. L. Hamilton (authors' c losure)-  
Our program is still in progress and, to date, comparisons have not yet been made between 
our correlation and those from similar Russian and European methods for 3 by 4 mm and 
5 by 5 mm subsize CVN specimens. As additional data become available from the Russian 
and European methods, as well as additional information from this program, more detailed 
comparisons will be made. 

1 PNL, Box 999, P8-15, Richland, WA 99352. 
2 MPM Research & Consulting, 213 Teaberry Circle, State College, PA 16803. 
3 University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan. 
40RNL, P.O. Box 2008, Oak Ridge, TN 37831-6151. 
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B. Server ~ (written discussion )--What was the selection criterion for the A533B steel 
chosen for this study? The properties of the A533B steel appear to be poor and not rep- 
resentative of actual production RPV steels. 

S. T. Rosinski, A. S. Kumar, N. S. Cannon, and M. L. Hamilton (authors' closure)-  
The material properties of the A533B steel selected for this study were not fully characterized 
prior to selection. It is our hypothesis, however, that the choice of material should not affect 
the application of the correlation methodology. 

5 ATI Consulting, 2010 Crow Canyon PI., Suite 160, San Ramon, CA 94583. 
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ABSTRACT: Experimental results are presented from a study of changes in the ductile-to- 
brittle transition temperature of VVER-440 base and weld metals under cyclic irradiation and 
recovery. The transition temperatures were determined from the results of subsize V-notch 
impact specimens measuring 5 by 5 by 27.5 mm. Specimen irradiation was carried out in a 
commercial reactor at a temperature of 270~ in three irradiation and recovery cycles. An- 
nealing of specimens was performed at 340, 420, and 460~ The shift in the transition tem- 
perature of subsize specimen data in the first irradiation cycle was compared to the transition 
temperature shift determined from tests using standard Charpy specimens. 

KEYWORDS: Charpy, reirradiation, annealing, ductile-to-brittle transition temperature 
(DBBT) 

Irradiation embritt lement (IE) of reactor pressure vessel (RPV) steels, which results in 
increased ductile-to-brittle transition temperatures (DBTI ' )  and reduced fracture toughness, 
may lead, and in some cases has led, to a reduction of the RPV service life. However, the 
IE effect can be largely mitigated or even eliminated by annealing the irradiated metal. The 
recovery level of the metal properties depends on annealing temperature and time [1-4]. 
Annealing the irradiated reactor vessel creates a possibility, which seems to be the only one 
so far, of extending the radiation service life of vessels which have reached the brittle fracture- 
resistance limit. 

The technology of reactor vessel annealing has been developed and widely implemented 
for the first Soviet VVER-440 reactors. In establishing the temperature range of material 
property recovery, it is important to determine the relationship between concentrations of 
various microstructural defects, their distribution in size, and distances between them. These 
parameters of the defect structure depend, in turn, on many metallurgical factors and 
irradiation conditions. Therefore, the temperature-time conditions required for recovery of 
the irradiated material properties are functions both of the irradiation conditions and in- 
dividual characteristics of the material. The results of full-size Charpy specimens tests were 
used to substantiate the temperature-time regime utilized [1,2]. The main experiments were 
carried out using either surveillance specimens or commercial metal specimens irradiated 
in the reactor vessel channels after removal of surveillance specimens. These experiments 
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permitted the characterization of different factors affecting annealing recovery of the irra- 
diated metal properties to be established [1]. 

These full-size specimen studies relate to experiments on reirradiation of annealed steel. 
However, the reirradiation experiments are more complicated technically since they require 
irradiation of a great number of specimens under the same conditions, intermediate annealing 
of specimens, and testing of a part of the specimens after the first irradiation cycle. Use of 
subsize specimens permits a significantly greater number of specimens to be simultaneously 
irradiated within the available experimental capabilities. Consideration of the test results of 
full-size and subsize specimens must be extended to an understanding of material behavior 
after reirradiation. 

This paper presents the results of studies of reembrittlement of the reactor vessel steels 
based on the data obtained from impact tests of full-size and subsize specimens. 

Selection of Specimen Size 

Subsize specimens were chosen as geometrically similar to full-size Charpy impact spec- 
imens. The subsize specimens were 5 by 5 by 27.5 mm, having a 45 ~ i-ram-deep notch and 
a notch radius of 0.25 mm [5]. Change in a specimen's size inevitably affects its scale factor. 
For impact tests this is a complicated problem. In this case it is reasonable to use subsize 
specimens for the estimation of the influence of any factors on the steel sensitivity to 
irradiation, annealing, etc. For establishing the general tendency of material behavior in 
this kind of study, the change in the ductile-to-brittle transition temperature (DBT-F), rather 
than the absolute DBTT value, is of primary interest. 

Results 

One may assume in first approximation that irradiation-induced shift of DBTT is similar 
for subsize and full-size specimens. The base metal of 15Kh2MFA steel (P = 0.020% and 
Cu = 0.11%) and its weld metal (P :- 0.023%; Cu = 0.12%) were irradiated to a neutron 
fluence of 1 �9 1020 n/cm 2 (E > 0.5 MeV). The specimens were irradiated in the reactor vessel 
of a nuclear power plant (NPP) at 270~ in the channels from which surveillance specimens 
had been removed. The DBTT shift was 55~ for the base metal and 85~ for the weld 
metal as measured with subsize specimens. Both subsize specimens and full-size specimens 
from the base and weld metals investigated were irradiated. The irradiation conditions were 
the same for the two types of specimens. The full-size specimens' DBTT shift for the weld 
metal was 70~ and that for the base metal was 50~ With allowance for the error in 
determination of the DBTT shift, these results agree with other data on DBTT shift deter- 
mination for subsize and full-size specimens [5]. Though these data are scarce, they can 
serve as experimental support of the assumption that the irradiation-induced DBTT shifts 
determined by tests with subsize and full-size specimens are similar. 

After irradiation, the two materials were subjected to annealing at 340, 420, and 460~ 
Some of the specimens were tested, while the rest of the specimens were subjected to 
reirradiation. The reirradiation neutron fluence was 0.8 • 1020 n/cm 2. Recovery of the metal 
properties and reembrittlement at annealing temperatures of 420 and 460~ were found to 
be the same. Figures 1 and 2 present changes in the DBTT of the base and weld metals at 
intermediate annealing temperatures of 340 and 460~ The shift of the weld metal DBTF 
after the first irradiation was 85~ (see Fig. 1). Annealing at 340~ reduced the DBTT of 
the metal irradiated by 15~ while the initial DBTT was fully recovered after annealing at 
420 and 460~ Following reirradiation, the metal annealed at 340~ exhibited an additional 
DBTT shift of 10~ Annealing at 340~ after reirradiation did not lead to further Changes 
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FIG. 1--Change of DBTT of weld metal after irradiation-anneal-reirradiations (subsize specimens). 
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FIG. 2--Change of DBTT of base metal after irradiation-anneal-reirradiations (subsize specimens). 
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in the DBTT of the metal. After reirradiation, the metal annealed at 460~ showed a DBTT 
shift of 75~ Annealing at 460~ after the second irradiation fully restored its DBTT as in 
Case 1. These metals were also subjected to irradiation after the second annealing. The 
third increment of irradiation fluence was 5 �9 1019 n/cm 2. 

One batch of specimens was irradiated during all three irradiation cycles without inter- 
mediate annealing. The total shift in this case was 105~ 

As far as the 15Kh2MFA steel base metal is concerned, the shift of its DBTT after the 
first irradiation cycle was 55~ (see Fig. 2). Annealing at 340~ reduced the DBTT of the 
irradiated metal by 20~ and at 420 and 460~ by 45~ (the residual embrittlement being 
as low as 10~ As in the case of the weld metal, the base metal annealed at 340~ exhibited 
an insignificant additional DBTT shift (15~ following reirradiation. Annealing after the 
second irradiation restored the DBTT by 10~ Upon the third irradiation, the DBTT 
increased by 15~ and annealing after the third irradiation restored the DBTT only by 5~ 
The base metal subjected to annealing at 420~ after the first irradiation exhibited an 
additional DBTT shift of 35~ after reirradiation. Annealing after the second irradiation 
restored the DBTT by 35~ 

The base metal which was subjected to annealing at 460~ after the first irradiation 
exhibited an additional DBTT shift of 40~ following reirradiation. Annealing after the 
second irradiation restored the DBTT by 45~ and the third irradiation increased the DBTT 
by 30~ The final annealing fully recovered the DBTT. 

The.experimental results show that both for the base and weld metals the DBTT shift 
following reirradiation (after annealing)depends on the temperature of intermediate an- 
nealing. An increase in the annealing temperature results in a higher percentage of DBTT 
recovery. However, the DBTT shift following reirradiation (~DBTTadd), which is equal to 
the difference between the DBTT after reirradiation and the DBTT of the metal after 
intermediate annealing (prior to reirradiation), is smaller for lower annealing temperatures. 

Similar results were obtained in studying full-size specimens of the weld metal containing 
0.033 to 0.035% of phosphorus (see Fig. 3). The irradiation conditions were identical. After 
the first irradiation, the DBTT shift was 105~ Intermediate annealings were carried out 
at 340, 380, 420, and 460~ The specimens that had undergone annealing at 460~ were 
not subjected to reirradiation. Some of the specimens were irradiated without intermediate 
annealing. 

The least recovery of DBTT (as little as by 15~ was exhibited by the material annealed 
at 340~ However, in reirradiation this material had no additional DBTT shift compared 
to the post annealing DBTT. An additional shift of the transition temperature after reir- 
radiation (ADBTTadd) for the weld metal subjected to intermediate annealing at 380~ was 
45~ for the metal which underwent intermediate annealing at 420~ it was 65~ In other 
words, as in the first experiment, the largest DBTT shift in reirradiation corresponds to the 
highest annealing temperature. 

After annealing at 340~ the DBTT rises slightly during reirradiation, which is followed 
by an insignificant recovery of the DBTT by annealing. Figure 3 shows no increase in DBTT 
after reirradiation. It may be assumed that during low-temperature annealing the faulted 
structure formed inthe initial irradiation seems to stabilize. Reirradiation of this material 
with the neutron fluence as high as in the initial irradiation does not essentially change the 
DBTT. Taking into account the results of Ref 1, it may be supposed that the defects related 
to phosphorus are determining this effect. However, this demands more detailed study, 
which is beyond the scope of this paper. 

In practice the fact that in all cases the transition temperature of post-annealed steel does 
not exceed that of steel irradiated with the similar total neutron fluence but without inter- 
mediate annealing is very important. 
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FIG. 3--Change of DBTT of weld metal after irradiation-anneal-reirradiations (full-size specimens). 

It is known that the shift of the DBTT of the VVER-440 vessel materials after irradiation 
is reasonably described by the relation [6] 

ADBTT = A e .  F 1/3 (1) 

where 

AF = the irradiation embrittlement coefficient, and 
F = the fast neutron fluence, 10 ~s n/cm 2 (E > 0.5 MeV). 

At higher annealing temperatures (420 and 460~ the irradiation embrittlement in reir- 
radiation (after annealing) is well described in Ref 7 

ADBTTs,m = (ADBTT~os + A~ F2) 1/3 (2) 

where 

ADBTTs,m = the total shift of the transition temperature after reirradiation compared to 
the initial state, 

A D B T T r e  s = the residual (after annealing) embrittlement of the steel, the difference 
between the transition temperatures in the post-annealed and initial states, 

Ae = the steel embrittlement coefficient according to Ref 1, and 
F2 = the fast neutron fluence in reirradiation. 

Dependence of the shift of transition temperature during reirradiation (ADBTTadd) can 
be plotted as in Fig. 4. For each material the slope of the curve in Fig. 4 is determined by 
impurity contents. 
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Conclusion 

Annealing of irradiated metal is an efficient method for recovery of the properties of 
VVER-440 vessel materials. Reirradiation of annealed steel does not result in an increased 
rate of irradiation embrit t lement compared to the initial irradiation, which permits several 
annealings to be performed, if necessary. 

Changes in the transition temperature as a result of reirradiation depend both on the 
intermediate annealing temperature and on the chemical composition of the metal, in par- 
ticular, on the phosphorus content. 

It has been found that the greatest shift of the DBTT following reirradiation corresponds 
to the highest temperature of annealing. 
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ABSTRACT: This paper presents groundwork for determining the ductile-to-brittle transition 
temperature (DBTF) from subsize specimens (5 by 5 by 27.5 and 3 by 4 by 27.0 mm) and 
describes the correlation between the DBTF obtained from tests of standard Charpy specimens 
and subsize specimens. A method for taking samples from the inside surface of reactor pressure 
vessels and fabricating small specimens from them was developed in the USSR. This method 
is used to assess the effectiveness of pressure vessel recovery by annealing. Some results of 
the DBTF evaluation for the base and weld metal before and after recovery are given. 

KEYWORDS: Charpy, reactor pressure vessel, annealing, ductile-to-brittle transition tem- 
perature (DBTI') 

To assess the recoVery of the ductile-to-brittle transition temperature (DBTT) of annealed 
pressure vessels that have no surveillance specimens, a method of taking samples (templets) 
from the inside surface of the vessel and to fabricate subsize specimens for impact tests has 
been developed. The requirements of pressure vessel integrity after sampling place sub- 
stantial restrictions on the geometrical dimensions of the samples taken. In fact, it is possible 
to produce specimens with the dimensions of 5 by 5 by 27.5 or 3 by 4 by 27 mm. The 5 by 
5-mm specimens were selected on the basis of geometrical similarity with standard Charpy 
specimens. Specimens of this" size were cut out of a weld metal that had a weld pad on the 
internal surface of the pressure vessel. The thickness of the samples cut from the base metal 
is not sufficient to produce specimens of these dimensions. For this reason 3 by 4 by 
27-mm specimens were used that comply with German Standard DIN 50 115: Testing of 
Metallic Mater ials--Notched Bar Impact Bending Test, 1991. Experience with specimens 
of these dimensions has been accumulated [1] in similar investigations. Figure 1 shows sample 
sizes and the orientation of cutting specimens. 
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FIG. 1--Scheme of sample cutting from the inner surface of  the reactor vessel. Sizes and orientation 
of subsize specimens. 

A 50-J impact machine with DIN tup geometry and impact velocity 3.87 m/s was used 
for the tests. The loading span was 20 and 22 mm for the 5 by 5 by 27.5 and 3 by 4 by 
27-ram specimens, respectively. 

The objective of the present investigation was to establish a correlation between the values 
of ductile-to-brittle transition temperature obtained from tests of subsize and standard spec- 
imens, as well as to use the correlations for the assessment of the extent of recovery of 
operated reactor pressure vessels. 

To establish a relevant correlation with the test results for the 3 by 4, 5 by 5 and 10 by 
10-mm cross-section specimens of grade 15Kh2MFA steel and its weld metals with different 
impurity contents were summarized and analyzed. In addition, specimens of A533 steel 
supplied by the IAEA were also tested (see Tables 1 through 3). Due to the fact that the 
normal condition of the materials does not provide a sufficiently wide variation of DBTT, 
an additional material (grade 15Kh2MFA steel) was used and subjected to quenching and 
tempering under laboratory conditions in various off-normal regimes, including a low-tem- 
perature (500~ regime, which yielded DBTT values of 80 to 100~ A total of ten different 
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TABLE la--Results of unirradiated full-size and 3 by 4 by 27 Charpy specimen impact tests. 

Metal Specimen Cross-Section, mm USE, J 
USE(10) 
USE(3) 

15Kh2MFA 10 x 10 168 
No. 109534 3 x 4 8 21 
No. 109868 10 x 10 153 
No. 109868 3 x 4 6.3 24.3 
No. 103672 10 x 10 195 
No. 103672 3 x 4 8.4 23.2 
15Kh2MFAA 10 x 10 195 
No. 105731 3 x 4 8 24.4 
A533B (JRQ) 10 x 10 163 
A533B (JRQ) 3 x 4 7.7 21.2 
A533B (JPI) 10 x 10 205 
A533B (JPI) 3 x 4 8 25.6 
Weld metal 10 x 10 148 

No. 25 3 x 4 7.2 20.6 
No. 20 10 x 10 104 
No. 20 3 x 4 6.7 15.5 
No. 502 10 x 10 128 
No. 502 3 x 4 5 25.6 
No. 10 10 x 10 144 
No. 10 3 x 4 6.3 22.9 
No. 28 10 x 10 135 
No. 28 3 x 4 6 22.5 

regimes of heat treatment were employed. With a view to using this procedure for specimens 
produced from samples cut out of operating VVER-440 reactor pressure vessels, some of 
the materials were irradiated. Both standard and subsize specimens were irradiated in iden- 
tical conditions. The irradiation temperature was 270~ and the fast neutron fluence incident 
on the specimens was 1 �9 1@ ~ n/cm 2 (E > 0.5 MeV). 

Establishment of the Criteria Values of Absorbed Energy and Lateral Expansion 

The problem of absorbed energy criteria selection may be solved by using the notion of 
the scale factor in ductile fracture. This approach is based on the following considerations. 
It the DBTT in the impact tests is determined from a fixed level of absorbed energy, it is 
logical to assume that for specimens of different scale the similarity of the criterion may be 
ensured only when this level is constant in relation to the energy of fully ductile fracture 
(in the area of the upper shelf), that is, when 

AP i 
USE Constant (1) 

where 

Api = criteria level of the absorbed energy used for the determination of DBTT, J, and 
USE = the upper-shelf energy, J. 

Since we have the fixed value of Ap~ for a standard specimen, the task of determining the 
critical level of the absorbed energy for subsized Specimens is reduced to finding the de- 
pendence of the upper-shelf value on the scale. 
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T A B L E  lb--Results of unirradiated standard and 5 by 5 by 27.5 Charpy specimen impact tests. 

USE(10) 

Metal Specimen Cross-Section, mm USE,  J USE(5) 

15Kh2MFA 10 x 10 168 
No. 109534 5 x 5 18 9.3 
No. 109868 10 x 10 153 
No. 109868 5 x 5 20 7.7 
No. 103672 10 x 10 195 
No. 103672 5 x 5 31.5 6.2 
15Kh2MFAA 10 x 10 195 
No. 105731 5 x 5 29 6.7 
A533B ( J R Q )  10 x 10 163 
A533B ( JRQ)  5 x 5 24 6.8 
A533B (JPI) 10 x 10 205 
A533B (JPI) 5 x 5 30 6.8 
15Kh2MFA 10 x 10 96 
15Kh2MFA 5 x 5 12 8 
15Kh2MFA 10 x 10 89 
15Kh2MFA 5 x 5 12 7.4 
15Kh2MFA 10 x 10 144 
15Kh2MFA 5 x 5 16 9 
15Kh2MFA 10 x 10 212 
15Kh2MFA .5 x 5 18 11.8 
15Kh2MFA 10 x 10 200 
15Kh2MFA 5 x 5 19 10.5 
15Kh2MFA 10 x 10 200 
15Kh2MFA 5 x 5 18.6 10.8 
Weld metal  10 x 10 148 

No. 25 5 x 5 16.4 9 
No. 20 10 x 10 104 
No. 20 5 x 5 16 6.5 
No. 502 10 x 10 128 
No. 502 5 x 5 15 8.5 
No. 10 10 x 10 144 
No. 10 5 x 5 16 9 
No. 28 10 x 10 135 
No. 28 5 x 5 21.5 6.3 
No. 24 10 x 10 147 
No. 24 5 x 5 17 8.7 
No. 27 10 x 10 162 
No. 27 5 x 5 16.4 9.9 
9713 10 x 10 140 
9713 5 x 5 18.6 7.5 
9713 10 x 10 136 
9713 5 x 5 18.4 7.4 
9936 10 x 10 148 
9936 5 x 5 16 9.3 
9938 10 x 10 120 
9938 5 x 5 17.6 6.8 
9939 10 x 10 126 
9939 5 x 5 18 7 
9941 10 x 10 152 
9941 5 x 5 18.4 8.3 
9942 10 x 10 120 
9942 5 x 5 18.4 6.5 
9937 10 x 10 120 
9937 5 x 5 17 7.1 
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TABLE 2--Results o f  irradiated (F = 1 . 1020 n /  Cm 2) Charpy and subsize specimen impact tests. 

Metal 

USE(IO) USE(IO) 

Specimen Cross-section, mm USE, J USE(5) USE(3) 

15Kh2MFA 10 x 10 102 
No. 109868 5 x 5 17 6.0 
No. 109868 3 x 4 5.4 
15Kh2MFA 10 x 10 190 
No. 103672 5 x 5 31.5 6.0 
No. 103672 3 x 4 7.7 
15Kh2MFAA 10 x 10 190 
No. 105731 5 x 5 25 7.6 
No. 105731 3 x 4 7.7 
Weld metal 10 x 10 94 

No. 28 5 x 5 16.7 5.7 
No. 28 3 x 4 3.5 

A533 (JRQ) 10 x 10 94 
A533 (JRQ) 5 x 5 17 5.5 
A533 (JRQ) 3 x 4 5 
A533 (JPI) 10 x 10 205 
A533 (JPI) 5 x 5 30 6.8 
A533 (JPI) 3 x 4 8 

18.9 

24.7 

24.7 

26.9 

18.8 

25.6 

Statist ical  t r e a t m e n t  of the  d a t a b a s e  d e m o n s t r a t e d  tha t  the  fol lowing ra t io  existed b e t w e e n  
the  upper - she l f  levels for  5 by  5 and  10 by 10-mm spec imens  

USE(10)  _ 7.75 (2) 
U S E ( 5 )  

For  3 by 4 and  10 by 10-mm spec imens ,  it was 

USE(10)  _ 22.8 (3) 
USE(3) 

where  the  figure in pa ren theses  is the  character is t ic  d imens ions  of the  spec imen  cross sect ion.  

TABLE 3--Results o f  irradiated (F = 1 �9 1020 n/cm 2) and annealed at 460~ for  100 h Charpy and  
subsize specimen tests. 

Metal 

USE(10) USE(10) 

Specimen Cross-section, mm USE, J USE(5) USE(3) 

15Kh2MFA 5 x 5 20 
No. 109868 3 x 4 6.3 
15Kh2MFA 5 x 5 31.5 
No. 103672 3 x 4 8.4 
15Kh2MFAA 5 x 5 29 
No. 105731 3 x 4 9 
Weld metal 

No. 28 3 x 4 6.5 
ASTM (JRQ) 10 x 10 105 
ASTM (JRQ) 5 x 5 26 
ASTM (JRQ) 3 x 4 7.7 

% 
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Considering that deformation in the first order approximation is proportional to the 
volume, V, being deformed, there are grounds to believe that the upper-shelf energy depends 
on the linear dimension, L, raised to the third power. It should be pointed out here that 
the experimental value obtained from Eq 2 correlates within the precision of the experiment 
with the value of 8 that follows from the geometrical similarity of 5 by 5 by 27.5 mm and 
standard specimens. 

With regards to the considerations given above, the criteria value of absorbed energy that 
corresponds to 47 J for standard specimens [2] may be assumed equal to 6.0 J for 5 by 
5-mm specimens. In accordance with Eq 1 for specimens of the 3 by 4-mm cross section, 
the criterial value of absorbed energy corresponding to the level of 47 J should be equal to 
47/22.8 = 2.1 J, which is very close to the value of 2.2 J assumed in Ref 1. Due to the 
small difference of the compared values, and, more importantly, because the effect this 
difference has on the value of DBTr  is small, it is desirable in our case to assume, for the 
sake of consistency, the absorbed energy of 2.2 J as a criterion for the determination of 
DBTI" for 3 by 4-mm specimens. Table 4 lists criteria of the absorbed energy as required 
by the "Calculation standards for strength of equipment and pipes..." [2]. The required 
data are complemented by two additional lines for subsize 5 by 5 and 3 by 4-ram specimens. 

Besides absorbed energy, there is another criterion used for the determination of DBTT, 
which is the value of lateral expansion of the specimen. The following approach has been 
used for establishing the criterion for lateral expansion. The dependence of lateral expansion 
of standard specimens on the value of absorbed energy is shown (Fig. 2). Using data from 
Fig. 2, the value of energy (ELE) corresponding to the criterion for lateral expansion (0.9 
mm) has been determined. 

Figure 3 presents the dependence of the lateral expansion on the absorbed energy for 5 
by 5-mm cross-section specimens. Using the ratio (Eq 2), the critical value of the lateral 
expansion for 5 by 5-mm cross-section specimens was found to be equal to 0.35 mm, as 
shown in Fig. 3. 

The dependence of the lateral expansion on the absorbed energy for 3 by 4-mm cross- 
section specimens is shown in Fig. 4. The criterion of lateral expansion for 3 by 4-mm cross- 
section specimens was determined similarly to that of the 5 by 5-mm specimens and was 
found to be 0.3 mm. The obtained value is identical to the values of the level of the lateral 
expansion established in Ref 1. 

Dependence of the Ductile-to-Brittle Transition Temperature on Specimen Dimensions 

B. B. Chechulin [3] has obtained, based on A. F. Ioffe's ductile-to-brittle transition scheme 
and in accordance with the notions of the statistical nature of brittle strength, a dependence 
of the ductile-to-brittle transition temperature, DBT'I', on the specimen size, L 

1 
DB----~ = Kin  L + B (4) 

TABLE 4--Criteria values of the absorbed energy and the lateral expansion for full-size and subsize 
Charpy specimens. 

Specimen Cross-Section 

Criteria Value 

Absorbed Energy, J Lateral Expansion, mm 

10 x 10 47 
5 x 5 6 0~35 
3 x 4 2.2 0.3 
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F I G .  4--Plot of lateral expansion versus absorbed energy for subsize (3 by 4-mm) specimens of both 
base and weld metal of VVER-440 reactor pressure vessel. 

where DBTT is expressed in the Kelvin scale. The constants K (scale coefficient) and B 
depend on the nature of the metal (temperature dependence of the yield strength and 
statistical characteristics of the microdefect population). It was demonstrated [3] that Eq 4 
agrees well with the experiment; the material condition may affect the general level of the 
ductile-to-brittle transition threshold (constant B) as well as the scale coefficient. 

In establishing the empirical relationship between the DBTT of full-size and subsize 
specimens of particular materials, the following relation can be used 

DBTT(F) = DBTT(S) + C (5) 

where DBTr(F)  and DBq-T(S) are the ductile-to-brittle transition temperatures for full- 
and subsize Specimens, respectively, and C is a constant. 

In Ref 4, the summarized results of the comparison of the DBTT values for specimens 
of different sizes are given, which confirm the possibility of using Eq 5. 

German researchers [1] have studied the correlation between DBTT, determined from 
standard Charpy and from subsized (3 by 4 by 27-mm) specimens. They used a number of 
low-alloyed steels with different heat treatments, some of which had been irradiated and 
some of which are weld metal. The absorbed energy levels of 41 and 68 J and the value of 
the expansion were selected as criteria for the determination of the DBTT of Charpy 
specimens. For subsized specimens the absorbed energy of 1.9 and 3.1 J and the expansion 
of 0.3 mm, correspondingly, were selected as criteria values. The Charpy specimen DBTT 
values ranged from -120 to 200~ (the bulk of the data points were confined to a range 
of - 80 to + 50~ The results of the statistical analysis showed a linear dependence between 
the compared DBTT values and a shift value of 65 K 

DBTT(10) = DBTT(3) + 65 K (6) 
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where DBTr(3) is the ductile-to-brittle transition temperature determined from 3 by 4-mm 
cross-section specimens, and DBTT(10) is the ductile-to-brittle transition temperature de- 
termined from 10 by 10-mm cross-section specimens. 

As for the present work, a statistical treatment of the experimental data produced the 
following results. The relation between DBTT of specimens with 10 by 10-rnm and 5 by 
5-mm cross sections in the irradiated and unirradiated condition can be presented as follows 
(see Fig. 5) 

DBTF(10) = DBTT(5) + 46, ~ (7) 

For unirradiated and irradiated 10 by 10 and 3 by 4-mm specimens, the DBTT relation 
is (see Fig. 6) 

DBTT(10) = DBTT(3) + 65, ~ (8) 

It should be pointed out that the latter relation agrees perfectly with the independent 
German results [1]. The agreement of the results contained in this report and in Ref 1 
expands the volume of the analyzed information and provides support for the validity of 
the established correlations. Therefore, on the basis of the data obtained and available 
international experience, it is recommended to use the following relation 

DBTT(10) - DBTT(3) - 65. ~ (9) 

to determine the values of DBTT(10) from the results of 3 by 4-mm cross-section specimen 
tests. 
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FIG.  5 Correlation between full-size Charpy and subsize (5 by 5-ram) specimen transition temperature. 



AMAYEV ET AL. ON SUBSIZE SPECIMENS 433 

1 5 0  

zx u n i r r  

~oo- [] irr ~ [] 

t~ 

b2 so 
~ A r '  

r 0 ~ -  ~DBTT(10)--DBTT(3) +65C 
.s 
00 ~ A -- [ ]  

I - 5 o  / 
A 

-100 . . . . . . . . .  i . . . . . . . . .  i . . . . . . . . .  i . . . . . . . . .  8 / 0 . . . . . . . . .  -120 -70 -20 30 130 
3x4 I)BTT, deg C 

FIG. 6--Correlation between full-size Charpy and subsize (3 by 4-ram) specimen transition temperature. 

As for the 5 by 5-mm cross-section specimens, bearing in mind the similarity of approach 
with regard to 3 by 4-mm specimens, it is recommended to use Eq 7, rounding the correlation 
constant to 50 

DBTT(10) = DBTT(5) + 50, ~ (10) 

Invest igat ion o f  the Reactor  Vesse l  Meta l  

In 199i, circumferential weld No. 4 of the reactor pressure vessel (RPV) at Novo Voronezh 
nuclear power plant Unit 3 (NVNPP-3) was subjected to reannealing. The reannealing of 
the NVNPP~3 RPV was carried out for the following reasons. For assurance of the design 
service life of the reactor vessels of VVER-440 B-230, the following measures were developed 
and recommended: 

1. Installation of shielding assemblies in the core periphery. 
2. Preheating of emergency make-up water for the primary circuit and a change in the 

scheme of its supply. 
3. Introduction of additional interlocks and quick-acting isolation valves. 
4. Annealing of weld No. 4 of the reactor vessels. 

In accordance with the foregoing, in 1987 the annealing of NVNPP-3 reactor vessel was 
carried out at 430~ for 150 h. This would have permitted the design life of RPV to be 
obtained if all the other measures described above had been completed. However., the 
shielding assemblies and the quick-acting isolation valves were not installed at NVNPP-3, 
and therefore in 1991 the DBTF of the weld metal again approached the maximum per- 
missible level. For this reason, a decision was made to perform reannealing of the NVNPP- 
3 reactor vessel. As mentioned above, the first annealing of the pressure vessel was carried 
out at 430~ 
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This first annealing was successful, which permitted the subsequent annealing temperature 
of the RPV to be increased up to 475~ and thus the degree of recovery of the irradiated 
material properties to be enhanced. Therefore, annealing of the NVNPP-3 RPV was carried 
out at 475~ To confirm the annealing effectiveness and to evaluate the DBTT of the weld 
before and after annealing, samples were taken from the inner surface of the reactor vessel 
wall, which were then used for fabricating subsize specimens. For taking samples, special 
electrodischarge machining equipment was developed and manufactured. 

In accordance with the program plan, three 4-mm-thick samples of the base metal (at the 
core center level) and three 7.5-mm-thick samples of the weld metal were cut before an- 
nealing. After annealing, samples were cut only from the weld metal. Cutting was oriented 
so that samples were taken from the most irradiated areas of the reactor vessel metal. The 
scheme of sample cutting from the NVNPP-3 RPV is shown in Fig. 7. 

Chemical Analysis o f  R P V  Materials 

Measurements of the concentrations of the impurity and alloying elements in weld No. 4 
metal and in the base metal were performed using a SPECTROVAC GSG quantometer by 
the photoelectric spectral method. Calibration was made using standard specimens. The 
average measurement values are presented in Table 5. As seen from the data listed in Table 
5, the average contents of phosphorus and copper in the weld metal are 0.028 and 0.12%, 
respectively. In the base metal these values are 0.012 and 0.16%, respectively. 

The phosphorus and copper contents were also determined by the "wet" chemistry 
method. The average contents of phosphorus and copper in the weld metal were 0.029 and 
0.12%, respectively. In the base metal the average content of phosphorus was 0.0106% and 
that of copper was 0.142%. Reasonable agreement of the results obtained from the chemical 
analysis of small amounts of impurities using different methods should be pointed out. 
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FIG. 7--Scheme of templet cutting from the inner surface of the reactor vessel. 
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T A B L E  5--Average content of the impurity and alloying elements in weld No. 4 metal and the base 
metal of 15Kh2MFA steel. 

Con ten t s  of  the  E l e m e n t s ,  mass  % 

Mate r i a l  P Cu  Si Cr  M o  Ni  V M n  C 

Weld  m e t a l  0.028 0.12 0.34 1.42 0 . 5 2  0.12 0.16 0.9 0.05 
Base  m e t a l  

of  the  shell 0.012 0.16 0.30 2.65 0.68 0.2 0.28 0.44 0.14 

Determination of Fast Neutron Fluence 

During the fabrication of the specimens from the extracted samples, small pieces of metal 
were chosen for the determination of fast neutron fluxes. Neutron fluxes were determined 
by activity of manganese-54, which is accumulated in the RPV material as a result of a 
54Fe(n,p)54Mn reaction having a threshold energy of 3 MeV. Neutron fluences for the 
samples were determined for different neutron fluxes and power operation histories. The 
neutron fluence values are listed in Table 6. 

Hardness Measurements 

Hardness measurements were carried out by the Rockwell method using a diamond cone 
with load of P = 150 kg at at least four points on the specimen surface. The following 
hardness values were obtained (the corresponding Brinell values are in parentheses): 

1. Before reactor vessel annealing--Base metal: HRC = 12.5 to 13 (HB = 195 to 200 
kg/mm2); weld metal: HRC = 21 to 25 (HB = 235 to 255 kg/mm2). 

2. After reactor vessel annealing--Weld metal: HRC = 15.5 to 18 ( l i b  = 210 to 230 
kg/mmZ). 

3. After impact tests--Weld metal specimens cut from the vessel before and after annealing 
were subjected to reannealing at 475 -+ 5~ for 50 h. Both batches of specimens had 
the following hardness values: HRC = 15.5 to 18 (HB = 210 to 230 kg/mm2), which 
agreed with the results in I tem 2. 

T A B L E  6---Fast neutron fluence for templets (samples) of Novo,Voronezh Unit 3 RPV. 

Neutron Fluence in 
Three Last Core 

Lives between 
Flux with Spent Total Neutron Annealing of RV, 

Templet Fuel Assemblies, Hux with Normal Fluence, n/cm 2 �9 s n/cm 2 
Number Material n/cm 2 �9 s Core, n/cm 2 �9 s (E > 0.5 MeV) (E > 0.5 MeV) 

1 Weld metal 1.22 �9 1011 1.59 �9 1011 7.1 . 1019 1.08 �9 1019 
2 Weld metal 1.14 �9 1011 1.49 - 10 I1 6.61 �9 1019 1.02 : 1019 
3 Weld metal 1.07, 1011 1.40. I0 I1 6 ,2 .  1019 1.02. 1019 
6 Base metal 1.64- 1011 2.13 �9 1011 9.5 - 1019 1.45 - 1019 
7 Base metal 1.80. 10 I1 2.34 . 1011 10.4 - 1019 1.59 �9 1019 
8 Base metal 1.78 �9 10 I1 2.32 - 1011 10,3 �9 1019 1.57 �9 1019 
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Impact Tests of Subsize Specimens and Analysis of the Results 

Figure 8 presents the results of weld metal sample tests for the RPV of NVNPP-3, cut 
before and after RPV annealing. DBqT(5) for the weld metal before annealing was + 70~ 
and after annealing was + 25~ As there is no "archive" weld metal of the NVNPP-3 RPV, 
an attempt was made to simulate the original mechanical properties of the reactor vessel 
(at the time of the power unit startup) by a heat treatment of irradiated specimens. For this 
purpose the irradiated weld metal was subject to annealing at 560~ for 2 h. The results of 
this experiment are also shown in Fig. 8. Because of the small number of specimens, the 
level of the upper-shelf energy could not be determined. Later some special experiments 
were carried out, including those with surveillance specimens which showed that the sim- 
ulating heat treatment did not adequately reproduce the initial material properties. In par- 
ticular, these experiments showed that annealing at 560~ of irradiated weld metal yields 
Charpy data better than the initial condition, whereas annealing at 475~ [5,6] does not 
always completely recover the material's properties. Thus, the initial DBTI" (DBTT~) of the 
weld metal must be between the values of those two conditions, and therefore the D B T T  i 

of the weld metal of NVNPP-3 RPV as measured using subsize specimens, was taken equal 
to + 10~ (see Fig. 8, dashed line). 

Figure 9 shows the results of the NVNPP-3 RPV base metal tests before annealing. The 
DBTT is equal to -40~ 

Figure 10 presents the scheme of irradiation embrittlement of the weld metal of NVNPP- 
3 RPV based on the current understanding of processes of irradiation embrittlement and 
annealing. The results of the specimen sample tests are used in the scheme for estimating 
the validity of the above representations and the degree of conservatism of the methods 
adopted for estimation of these parameters. In considering this problem, it was assumed 
that the transition temperatures corresponding to full-size Charpy specimens were 

20 

15. 

o 

r before annealing 
[] after annealing 
0 after annealing + 560~ 2 h 

'~zo - 1 4 0  --100 -60 -20 20 60 |00 140 IB0 
TEMPERATURE, deg C 

F I G .  8--1mpact tests of subsize specimens of weld metal of Novo-Voronezh Unit 3 reactor pressure 
vessel, cut before and after annealing of the vessel. 
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FIG. 9--1mpact tests of subsize specimens of base metal of Novo-Voronezh Unit 3 reactor pressure 
vessel, cut before annealing of the vessel. 
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DBTT~ = + 10 + 50 = +60~ (according to Eq 10), preannealing DBTF = +70 + 
50 = 120~ and postannealing DBTI" = +25 + 50 = 75~ The average content of phos- 
phorus in the weld metal was 0.029% and 0.12% for copper. In 1987 the neutron fluence 
on the weld metal was 6 -  1019 n/cm 2, and between annealings it was 1.02- 1019 n/cmL 
According to the standards [2] currently in force, the shift in the DBTT is determined by 
the equation 

ADBTTr = Ae(F/Fo) 1'3, ~ (11) 

where 

AF = 800 (P + 0.07 Cu), 
F = fast neutron fluence at E > 0.5 MeV n/cm 2, and (12) 
F0 = 10 TM n/cm 2. 

It is seen from the experience gained that, after annealing at 430~ the residual shift of 
DBTT at this phosphorus content [5] should be 40~ Thus, the DBTF of the weld metal 
after annealing is estimated to be 100~ According to the method of estimation of the 
DBTT after the annealing of the RPV, currently in force in the USSR, a further change in 
the DBTT of the metal would be predicted in the following way. The postannealing value 
of DBTT of the metal is taken as the starting one, while its further change is determined 
by Eq 11 as shown in Fig. 10 by the dashed line. At the same time the whole set of the 
available information on reirradiation of annealed specimens indicates that the best agree- 
ment with the experimental data is reached using the approach of the so-called lateral shift 
[see the ASTM Guide for In-Service Annealing of Water-Cooled Nuclear Reactor Vessels 
(E 509-86)]. The estimation of change in the DBTT by this approach is shown by the solid 
line in Fig. 10. Of interest is the fact that the experimentally determined value of preannealing 
DBTT is close to the prediction by the lateral shift approach. After annealing at 475~ was 
carried out in 1991, the residual shift of the DBTT should be no higher than 20~ [5]. The 
results of metal sample tests after RPV annealing confirmed this estimate, too.  

The estimate of changes in DBq'T of the weld metal after annealing in 1991 is given using 
the scheme of lateral shift. 

Conclusion 

The impact tests of full-size Charpy specimens and 5 by 5 by 27.5-mm and 3 by 4 by 
27-mm subsize specimens manufactured from the VVER-440 vessel materials have been 
carried out. The criterion energy level for determination of the DBTT of the chosen subsize 
specimens was determined. The empirical relationship between the ductile-to-brittle tran- 
sition temperature of full-sized and subsized specimens has been established based on the 
analysis of the experimental data. The dependencies obtained were used in the investigation 
of the metal samples taken from the inner surface of the reactor vessel before and after 
annealing. The tests of metal samples cut in 1991 before and after annealing of the Novo- 
Voronezh NPP Unit 3 reactor vessel showed that annealing at 475 +- 15~ is an effective 
means for recovery of the ductile-to-brittle transition temperature and the upper-shelf energy 
of the VVER-440 reactor pressure vessel steel. 
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nique for Studying Base Metal of a Novovoronesh Unit-1 Trepan Sample," Small Specimen 
Test Techniques Applied to Nuclear Reactor Vessel Thermal Annealing and Plant Life Extension, 
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ABSTRACT: The toughness of a through-wall trepan sample cutout from the shut-down 
Novovoronesh Unit-1 was characterized with reconstituted specimens. The trepan sample was 
taken from the core weld and also contained base metal from the upper and lower forged 
rings. Because the sample is relatively small, with a diameter of 110 mm and a height of 120 
mm, effective use of the material is of vital importance. Standard Charpy specimen size was 
chosen to be used throughout the sample. All the specimens were reconstituted from 10 by 
10 by 16-mm unit volumes. Both Charpy-V impact and Charpy-size three-point bending (3- 
PB) specimens were used. The validation of specimen preparation technique includes Charpy- 
V impact and static 3-PB tests with reference and irradiated materials and is described in 
detail. The results for one base metal, including the vessel wall condition and annealed con- 
ditions at 470~ h and 650~ h, are reported and discussed. 

KEYWORDS: pressure vessel steel, irradiation embrittlement, annealing, specimen recon- 
stitution, vessel wall sampling 

Irradiation embritt lement of pressure vessel steel is an important safety-related phenom- 
enon in older nuclear power plants. It may limit the lifetime of the plant and is often 
encountered when plant life extension measures are considered. Thermal annealing of the 
pressure vessel is a straightforward and effective means of restoring the toughness properties 
of the vessel. 

Vessel annealing has been applied many times for Soviet-designed VVER-440 plants [1]. 
However,  there is not much surveillance-type data available on the material behavior in 
annealing, reirradiation, or in multiple annealing-reirradiation cycles. Often the lack of 
archive or surveillance material is a serious drawback in older plants. 

The most relevant data on pressure vessel wall properties is obtained by taking and studying 
in-situ vessel wall samples. Small samples have been taken from operating power plants [2] 
and larger samples from closed units like Gundremmingen [3] and Novovoronesh-1. 

The pressure vessel wall is inhomogeneous in many respects, and the measurement of a 
brittle-ductile transition curve requires at least ten specimens. Consequently, the effective 
use of the available material is a primary requirement, and a proper  specimen preparation 
technique can increase the attainable information from a vessel wall sample. 
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Because specimen size is an inherent quality factor in toughness testing, standard Charpy 
specimen size was chosen instead of subsize specimens. In fracture mechanics tests, Charpy- 
size specimens usually violate specimen size criteria--in this respect they are subsize spec- 
imens. The number of available specimens were optimized by reconstituting all specimens 
from small active center sections. The use of the chosen center section length of 16 mm has 
proven to be acceptable. The applied specimen preparation technique and its verification 
are described in detail. 

The Power Plant 

Novovoronesh Unit-1 belongs to the first generation of Soviet-made pressurized water 
reactors. Its nominal electric output was 220 MW, it was operated for 20 years as originally 
planned, and it was shut down in 1984. The steel type used in the vessel is the same as in 
the VVER-440 units, namely 15Kh2MFA. The pressure vessel temperature of the operating 
unit has been 250~ somewhat lower than 265~ of the VVER-440 units. The total vessel 
wall thickness is 120 mm including a 20-mm-thick cladding. 

Specimen Preparation Techniques 

The essential tools used for specimen preparation are an electric wire discharge machine 
and a reconstitution welding apparatus. The discharge machine allows keeping the cutting 
tolerances of the trepan block minimal and guarantees the dimensional quality of the spec- 
imens. 

Discharge Cutting 

An electric discharge cutting machine is an accurate numerically controlled tool, which 
produces the final surface quality and has a cutting waste of material of only.0.3 mm. Other 
advantages are the absence of reaction forces in the cutting process and the residual stress- 
free surface that is produced. 

The machine is used for sectioning the trepan block, for removing the oversized end tabs 
and weld seams from the welded specimens, and for machining the V-grooves, the side- 
grooves, and the integral clip-gauge seats in the specimen. The only drawback is the slow 
cutting speed. 

Reconstitution Welding 

The specimens were reconstituted with the stud arch welding technique. The preparation 
sequence is shown in Fig. 1, and the welding parameters are given in Table 1. Discharge 
time and vOltage were measured with a transient recorder. The current given is the nominal 
one for the equipment. The length of 16 mm chosen for the active center insert is near the 
minimum which fulfils the requirements given in ASTM E 1253-88, "Guide for Reconsti- 
tution of Irradiated Charpy Specimens" for Charpy-V specimens. Because the parallel align- 
ment of the end tab and the center insert is often distorted in welding by unsymmetric seam 
formation or uneven seam cooling, oversized end tabs of 10.5 by 10.5-mm cross section with 
subsequent machining were used. 

The main concern in specimen preparation by" welding is the risk of thermally annealing 
the irradiated material. Excessive temperature transient is avoided by applying a low-energy 
weld pulse and by using copper heat sinks. Temperature transient due to welding is discussed 
later on. If the active center section length is of the order of the specimen thickness, other 
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ACTIVE CENTRE SECTION 
+ OVERSIZED END PIECES 

I ~ I AS WELDED 

~ ~  ENDS MACHINED TO CENTRE 
SECTION DIMENSIONS 

FIG. 1--Specimen preparation sequence. 

factors like the distortion of the deformation field in the specimen by the hard weld seams 
and residual stresses of the weld seams will have an effect on the test value. The chosen 
insert length of 16 mm is considered to hold for the deformed area of the specimen. 

The quality of the weld seam is not ideal. The weld usually contains small gas bubbles 
but still stands the test load. In a few cases, the weld seam has failed. This occurred with 
reconstituted specimens annealed for 650~ h apparently because a brittle zone was formed 
in the weld during annealing. Failure did not occur when the specimens were reconstituted 
after annealing. It was also necessary to remove the tight magnetite layer formed during 
annealing from the surfaces to be welded in order to guarantee a full surface weld seam. 

Testing 
Test Methods 

The test methods for the Charpy-type specimens comprise normal instrumented impact 
testing of Charpy-V specimens and static elastic-plastic fracture toughness measurements 
with Charpy-size 3-PB specimens. 

The instrumented impact tests were performed according to DIN 50115. The hammer 
uses a pneumatic mechanism for specimen transfer and electric recording of impact energy 
and has a transient recorder for load-time recording. The impact velocity is 5.4 m/s. 

The static J-R curve testing was performed as far as applicable according to ASTM Test 
Method for Jlc: A Measure of Fracture Toughness (E 813-89). The crack length is measured 
with a partial unloading compliance technique. All specimens used for J-R curve testing 
were 20% side-grooved. Most of the specimens were tested in the transition region where 
valid Klc or J~c values cannot be obtained. Then the fracture toughness was defined as the 
value of J at the onset of cleavage fracture. 

TABLE 1--The welding parameters. 

Discharge time of the arch 
Arch voltage 
Current 
Energy 

ca. 70 ms 
ca. 24 V 
ca. 700 A 
ca. 1.2 KJ 
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The results usually violate the specimen size criteria and are to be considered as non- 
standard. 

Analyzing Methods 

The results of Charpy-V tests are represented in the form of energy-temperature transition 
curves defined by hyperbolic tangent function fittings of the form 

E = 0.5 x B {1 + TANH [(T - Tso)/C]} (1) 

where B corresponds to the upper shelf energy,/'5o to the 50% upper shelf energy transition 
temperature, and C is a fitting parameter. The lower shelf energy has been approximated 
to zero. In the fitting process, the square of the absolute differences has been minimized. 
Transition temperature values have been calculated from the fitted curves. 

The fracture toughness values corresponding to cleavage fracture initiation are presented 
in the form of Kjc values and are treated as described below. 

The scatter in the brittle fracture toughness values can be described with the equation 

PI = 1 - exp{-[(K~ - Kr.~.)/(Ko - Kmin)] 4} (2) 

where Pr is the cumulative failure probability at a stress intensity factor level, K~, K0 is a 
specimen thickness and temperature-dependent normalization parameter, and gmi n is the 
lower bound fracture toughness which for steels is close to 20 MPaV'm. As described in 
Ref 6, the temperature dependence of parameter K0 can be expressed for Charpy-size 
specimens in the form 

Ko = 34 + 97 exp [0.019 (T - To)] (3) 

where To is the temperature at which the mean fracture toughness is 100 MPa~/m. The 
above given functional form is found to be universal for many kinds of steels [7]. 

The experimental results were analyzed by combining Eqs 2 and 3 for determination of 
the transition temperature values and for drawing the scatter bands. 

The unirradiated and irradiated test results can  be analyzed jointly by describing the 
fluence dependence of the irradiation embrittlement temperature shift explicitly, usually in 
the form 

To ~ T0~ + A (fluence/10-as) ~ (4) 

where A and B are free parameters. The data in Fig. 8 have been analyzed according to 
this formula. 

Validation of Specimen Preparation Technique 

Validation of specimen preparation technique consists of two kinds of experiments. First, 
the temperature transient in the specimen due to welding is measured carefully in order to 
prove that the use of the chosen center section length is conservative concerning the pos- 
sibility of thermal anneal in welding. Secondly, a comparison of the original specimen test 
values with reconstituted specimen test values is performed for the test methods applied in 
the study. 
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The validating tests for Charpy-V and 3-PB fracture mechanics specimens were done with 
15Kh2MF~A-type Loviisa surveillance material or A533B-type material JRQ [4], which is a 
Japanese plate used in the IAEA Coordinated Research Program for "Optimizing of Reactor 
Pressure Vessel Surveillance Programmes and Their Analyses," Phase 3. 

Temperature Transient in the Specimen due to Welding 

A conservative criterion for the irradiated material to be unaffected by welding is that 
the temperature due to welding does not exceed the original reactor irradiation temperature. 
The measurements show that this criterion is exceeded within about a 3-ram distance from 
the weld surface for the 250~ reactor vessel wall temperature. 

During welding the temperature profile in the center section was measured with special 
instrumented bars. The bar is shown in Fig. 2. It is made of two split bar halves with a 
borehole in the center. The distance between the surface to be welded and the borehole 
bottom is measured, a Copper-Constantane thermocouple with uninsulated wire end tips is 
placed in the hole, the halves are subsequently pressed together for flattening the wires, 
and finally they are spot welded at four points under compression. The residual stresses of 
the welds keep the halves tightly pressed together and guarantee a good thermal contact 
between the thermocouple wire ends and the specimen. These instrumented specimens were 
welded like the other specimens, and the thermocouple signal was recorded with a transient 
recorder. The recorded temperature maximum in different distances from the weld surface 
is given in Fig. 3 for different welding energies. About 1.2 kJ is used for preparing the 
specimens. The cooling time of the specimen after welding is also short. The time the 
specimen temperature is higher than ca. 250~ is only a fraction of a second. 

Charpy-V Specimen Tests 

Charpy-V specimens were reconstituted from broken Loviisa surveillance base metal 
specimens in the reference and irradiated conditions. The fluence of the irradiated specimens 
was 1.4 • 102o n/cm 2, E > 1 MeV. The specimens were originally irradiated in the surveillance 
position of Loviisa nuclear power plant. The center section length used for reconstitution 
was 16 mm. Because the test matrix of the Novovoronesh-1 trepan included a simulated 
reference condition produced by a 650~ h annealing, the same heat treatment was given 
also to some irradiated and reference surveillance specimens. 

W 

W 

W 

W 

l(~ 1.2 

W = WELD 
FIG. 2--An instrumented split bar for temperature measurement. 



VALO AND AHLSTRAND ON WELDING TECHNIQUE 445 

TM~X 
~ 

600 

500 - 

400 - 

300 - 

200 - 

e1,1 

e0,5 WELDING ENERGY (kJ) 

g1,1 01 4 
0,7 ' 

e0,8 
00,8 

O13 

e1,1 
e0,8 

e0,7 

e0,5 

e~0,8 
0,6 

100 I I I I I ~ 
0 1 2 3 4 7 Z~/mm 

01,7 

J~0,8 
0,8 

I I 
5 6 

DISTANCE FROM THE WELDING SURFACE 

FIG. 3--The measured temperature maximum in the specimen due to welding at different distances 
from the weld surface. 

Figure 4 shows the measured Charpy-V transition curves for the original full size for the 
reconstituted and for the annealed specimens. The transition temperature values from hy- 
perbolic tangent curve fittings are given in Table 2. 

According to Fig. 4, the transition curve for reference specimens is reproduced by re- 
constituted specimens almost ideally. For irradiated specimens, the original transition curve 
and the curve measured with reconstituted specimens differ slightly. The difference in the 
irradiated specimen transition curve estimations is considered to be within the experimental 
scatter and explained by the rather large intrinsic scatter in the material impact values and 
by the small number of reconstituted specimens. However, the reconstituted upper shelf 
value is slightly lower than the original value. 

The transition curve measured with irradiated, 650~ h heat-treated specimens given 
in Fig. 4 is not connected with validation of specimen preparation technique. This heat 
treatment, called a simulated reference heat treatment, was used to evaluate the unknown 
material properties of the unirradiated vessel wall. The measured transition curve has a 
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FIG. 4--Original and reconstituted specimen Charpy-V transition curves for Loviisa base metal in 
different conditions. 

different curve shape and a lower transition temperature than the original reference con- 
dition. Only the upper shelf energy seems to recover correctly. Hence the conception of a 
simulated reference heat treatment, at least using these parameters,  does not work. 

3-PB Fracture Mechanics Specimen Tests 

The geometry of 3-PB specimens used for validation as well as for studying the trepan is 
given in Fig. 5. The clip gauge for measuring the crack mouth opening displacement is 
seated on the 1-mm-deep sharp integral edge machined on the specimen surface. 

Ductile Tearing--The fracture resistance curves describing the ductile tearing behavior 
have little scatter from specimen to specimen. Because only few specimens are needed, the 

TABLE 2--Taj-transition temperatures for Loviisa surveillance 
base metal used for validation experiments. 

T42j/~ 

Original reference - 34 
Reconstituted reference - 34 
Original irradiated 74 
Reconstituted irradiated 66 
Reconstituted irradiated, 

annealed (650~ h) -62  
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FIG. 5--The reconstituted 3-PB fracture mechanics specimen. 

aim was to find out experimentally the lower limit of an acceptable center section length. 
For JRQ material, neutron irradiation dearly effects the ductile tearing behavior [5]. 

The fracture resistance curves measured at 180~ for reference material are given in Fig. 
6 and for irradiated material in Fig. 7. The figures reveal that the original fracture resistance 
curves can be reproduced with reconstituted specimens using only short center section lengths 
of about 6 mm for reference specimens and about 5 mm for irradiated specimens. The 
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FIG. 6--Fracture resistance curves for reconstituted unirradiated JRQ specimens. 
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FIG. 7 Fracture resistance curves for reconstituted irradiated JRQ specimens. 

experiments indicate that the deformation field in a precracked, side-grooved specimen do 
not extend outside the central portion of about 5-mm length because the reconstituted 
specimens with hard weld seams 5 mm apart from each other give the same test result as 
the original specimen. The fracture resistance curve is not especially sensitive to thermal 
annealing either because, according to Fig. 3, the temperature in the center of the specimen 
has reached about 350~ Center section lengths shorter than about 10 mm should not be 
used for irradiated specimens because of the risk of exceeding the irradiation temperature 
in the center of the specimen during welding and because the uncertainty in defining the 
exact weld seam positions will be rather large with short sections. The deformation zone 
size increases when the material becomes softer, and longer center sections are then nec- 
essary. For this reason, shorter center sections work for irradiated material than for unir- 
radiated material as demonstrated by Figs. 6 and 7. 

Brittle Fracture Initiation--The measured brittle fracture initiation values have relatively 
high scatter, and hence the verification is done only for a few center section lengths. The 
lengths of 10 and 12 mm were chosen, as the ductile tearing suggests that relatively short 
lengths might be acceptable with precracked specimens. 

JRQ material is used for the tests; The brittle fracture initiation values Kjc for this material 
previously measured with 3-PB Charpy size specimens and RCT specimens of 12-mm thick- 
ness [5] are given in Fig. 8. In this figure, a single curve is fitted to the unirradiated and 
irradiated specimen values. The results from the reconstituted specimen tests are given in 
Fig. 9 with the same scatter bands as in Fig. 8. The test temperature of the unirradiated 
specimens was - 40~ and that of the irradiated specimens + 100~ 

The considerable scatter in the brittle fracture initiation values and the small number of 
reconstituted specimens make the comparison of original and reconstituted specimen test 
values to some extent uncertain. However, the toughness values measured with reconstituted 
specimens are well centered around the average curve, and the number of points outside 
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FIG. 8--Brittle fracture initiation toughness for JRQ material measured with original 3-PB specimens 
and RCT specimens. 

the 5% offset curves is as expected. The values are not biased according to the center section 
lengths, i.e., 10 and 12 mm, which indicates that 10 mm is not a critical center section length. 
It should be also noted that the reference and irradiated specimen test temperatures differ 
by 140~ Hence, in the case of incorrect specimen preparation, a large potential temperature 
shift due to specimen annealing exists but no shift is observed. 
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FIG. 9--Brittle fracture initiation toughness for JRQ material measured with reconstituted 3-PB spec- 
imens. The fitted curves of Fig. 8 are redrawn. 
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FIG. lO--The weld seam profile on the trepan sample, coding of  the disks, and the coordinates of the 
cutting lines. 

Characterization of the Trepan Base Metal-2 Material 

Sectioning o f  the Trepan Block  

Before sectioning the trepan block, the position and shape of the weld seam was identified 
by polishing and etching the cylindrical block surface. The profile of the weld is shown in 
Fig. 10. Before the final sectioning, two thin side strips extending from the inner surface to 
the outer surface were cut from the cylindrical block surface, one for chemical analyses and 
the other for neutron dosimetry. 

The sectioning of the block was started by cutting the block into disks. The coordinates 
of the cutting lines are given in Fig. 10. Before cutting the disks into smaller units, the 
positions of the weld fusion lines on the disks were identified by polishing, etching, and 

~51 15~!1~ 154155 15~ 1 5 7 ~  

I1,111,211  1 11,11~ 

FIG. 11--Sectioning of Disk I viewed from the vessel inner surface side. Weld fusion lines are drawn 
on the disk inner surface with a solid line and on the outer surface with a dashed line. Base metal-2 is 
on the lower side of the figure. 
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FIG. 12--Sectioning of base metal-2 areas in Disks 2-9. 

photographing the surfaces. The cutting lines in Disk 1 are shown in: Fig. 11 and for base 
metal-2 samples in other disks in Fig. 12. 

The V-grooves were machined and the fatigue cracks made on the vessel outer surface 
sides of the disks except for Disks 1 and 4, where the grooves were on the disk inner 
surface. 

Test Matrix 

The test matrix for base metal-2 samples is given in Table 3. Only the specimens in ZR 
orientation (TS) are included in the matrix. 

Neutron Fluence and Chemical Analyses 

The neutron fluence evaluation [7] is based on measured specific 54 Mn activities, on 
neutron spectra given by the plant owner, on IRDF-90 (IAEA, 1990) cross-section data, 
and on electric power output statistics of the plant. The fluence gradient in the wall is nearly 
radial. The gradient in the vessel cylindrical direction is only 1.2%/50 mm and even less in 
the circumferential direction. 

The numerical neutron fluence values for different disks are included in Table 3 using the 
unit E > 1 MeV, and in Tables 5 and 6 in units E > 0.5 MeV. 

Chemical analysis was made with optical emission spectroscopy. The values for base metal- 
2 are given in Table 4. 
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TABLE 3--Test matrix for trepan base metal-2. 

Disk 

Number of Specimens 

Fluence, Charpy-V 
1019 n/cm 2, 

E > 1 MeV I A R 

3-PB specimens 

I A R 

1 1.37 7 
2 1.20 
3 1.05 
4 0.91 8 4 
5 0.79 
6 0.68 
7 0.58 7 
8 0.49 6 
9 0.41 5 

7 

12 
11 

where 
I = pressure vessel wall condition. 

A = annealed 470~ h. 
R = simulated reference, annealed 650~ h. 

TABLE 4--Chemical analyses of trepan base metal-2 in atomic percentages. 

C Si Mn P S Cr Ni Mo AI Cu V 

0.14 0.33 0.43 0.015 0.009 2.66 0.096 0.68 0.005 0.094 0.34 

TABLE 5--The Charpy-V transition temperatures of trepan base 
metal-2. 

Fluence, 
1019 n/cm 2, 

Disk E > 0.5 MeV Condition T47J, ~ TLE0.9mm, ~ 

1 2.71 Vessel wall 41 38 
4 1.93 Vessel wall 35 40 
7 1.28 Vessel wall 25 26 
9 0.89 Vessel wall 28 31 
4 1.93 470~ h 8 8 
8 1.08 470~ h 7 10 
3 2.18 650~ h - 2 5  - 2 2  

TABLE 6---Fracture toughness transition temperatures of trepan 
base metal-2. 

Fluence, 
1019 n/cm 2, 

Disk E > 0.5 MeV Condition TI00MPaVm, ~ 

2 2.43 Vessel wall - 59 
5 1.70 Vessel wall - 56 
6 1.48 650~ h - 118 
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Test Results 

The measured Charpy-V transition curves are shown in Figs. 13 and 14. The measured 
fracture toughness values, K~c, based on brittle fracture initiation, are given in Fig. 15. All 
the test results were obtained with reconstituted specimens. No size correction is made for 
the test values. The measured Charpy-V transition temperatures are given in Table 5 and 
the fracture toughness transition temperatures in Table 6. 

Discussion 

Reconstitution technique and its validation was already discussed with the validation tests. 
The data on the fracture properties are shown in Figs. 13, 14, and 15. The vessel wall 
condition was measured with Charpy-V specimens for Disks 1, 4, 7, and 9, and with fracture 
mechanics specimens for Disks 2 and 5. If  the first disk layer is excluded, the toughness 
changes through the wall gradually and the total gradient is about 10~ This difference is 
measured with Charpy specimens; with the small number of fracture mechanics specimens 
prepared from Disks 2 and 5, a difference in the transition temperatures between these 
layers could not be seen. The measured toughness gradient is small and raises no safety- 
related concerns. The Charpy transition curve of the first disk layer deviates from the other 
layers. Its upper shelf energy value is only half of the other layer values, but the transition 
temperature is nearly the same. Evidently the material of these specimens has been affected 
by a heat treatment during the production of vessel wall weld seam or cladding. The V- 
grooves for the first layer specimens were machined on the side of the vessel wall inner 
surface. The nearest distance from the V-groove bottom to the weld fusion line was about 
6 mm and to the cladding fusion line about 5 mm. The weld geometry is such that the 
distance between the weld fusion line and the growing crack will increase when the specimen 
is tearing in the test. 

200 , , , , , , , , ,, , , 
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B a s e  m e t a l  2 160 
O r i e n t a t i o n  ZR 
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120 z~ ..... =~ .................. >, o ,  ,,~,...i:.-..'- ....................................................... 
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. . . . . . . . . . . .  ~ l ' ; : ~ "  . . . . . .  I 0 - ' . "  Plate 1, T47 , == 41 C 
4"0  _~..,~'~" ,I 0 Plate 4, T47 J = 35"C 

- -~  I [ ]  . . . .  Plate 7. T47, = 25*C 20 ~ ~  i z ~ ....... p l o t e  9,  T.7 = 2 8 .  C 

0 t - - - - ' T  1 I ; 1 I I I 1 I I I 

-40 -20 0 20 40 60 80 100 120 140 160 180200 
Temperature ["C]  ......... 

FIG. 13-- Charpy- V transition curves .for trepan base metal-2 in the vessel wall condition. Closed points 
indicate upper shelf behavior. 
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F I G .  14--Charpy-V transition curves J'or trepan base metal-2 in annealed conditions. Closed points 
indicate upper shelf behavior. 

The annealing behavior of base metal-2 in vessel wall condition was studied by applying 
a 470~ h heat treatment on Disks 4 and 8. Both layers showed the same post-heat 
treatment transition temperature. The temperature shift recovery by annealing was about 
17~ A small recovery in the upper shelf energy was also measured. 

The evaluation of irradiation embrittlement sensitivity of the material is not directly 
possible because the unirradiated material transition temperature is not known and archive 
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material do not exist. The unirradiated reference condition was estimated by a simulating 
heat treatment 650~ h, but, as shown in Fig. 4, this procedure overrecovers the toughness 
of Loviisa surveillance base metal. The difference in transition temperatures between the 
simulated reference and the true reference conditions for Loviisa surveillance base metal 
was 28~ and between the simulated reference and the 470~ h annealed conditions for 
trepan base metal was 32~ These values are equal, but the amount of overannealing might 
well depend on the neutron fluence of the material, which for Loviisa surveillance base 
metal was nearly ten times higher than for the trepan sample. Hence, it cannot be concluded 
that the transition temperature of trepan base metal recovers completely in a 470~ h 
annealing. 

In the Soviet standard [8], radiation embritt lement is described by the formula 

AT = AI x [fluence/1018] l/3 

where A I is 22 for base metal in 250~ irradiation and fluence is given in units E > 0.5 MeV. 
If the 470~ h annealed condition in Fig. 14 is assumed to be the reference condition 

and parameter  A I is calculated for Disk 4 and Disk 8 (average of Disks 7 and 9), one gets 
A I = 9 and A r = 10, respectively. If the simulated reference is used as the reference condition, 
one gets A I = 22 for Disks 4 and 8. 

The real value of the embritt lement coefficient A i is between these two estimates and 
remains below the norm value. 

Charpy-V and fracture mechanics specimens give equal transition temperature shifts for 
this material. Transition temperature shifts between the simulated reference conditions and 
the vessel wall conditions, Disk 4 for Charpy specimens and Disk 5 for fracture mechanics 
specimens, are both 60~ 

Conclusions 

Specimen reconstitution technique, including reconstitution welding and discharge ma- 
chining operations, was validated for Charpy-V and Charpy size 3-PB specimens using 
unirradiated and irradiated pressure vessel steel materials. Specimens reconstituted from 
16-mm center section lengths were proven to give test results equivalent to original ho- 
mogeneous specimen values. Specimen preparation technique was applied for toughness 
characterization of a large trepan sample. The Charpy-V transition temperature of the base 
metal in the trepan was near room temperature in the irradiated pressure vessel wall con- 
dition, and the transition temperature gradient through the vessel wall was found to be 
gradual and small, giving rise to no safety-related concern. The irradiation sensitivity of the 
base metal material could not be directly measured due to unknown reference condition. 
The sensitivity is estimated to be below the value given in the Soviet norm. 
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remote control small specimens, 324 
zircaloy-2 pressure tubes, 182 

Neutron source, 289 
Neutron spectra, 336 
Nondestructive and nonintrusive testing 

techniques, 5-44 
electrochemical evaluation, 16 
in-situ measurements, 27 

Normalization, 47 
Notched disk specimen, 143 
Nuclear applications materials, 77, 93, 182 
Nuclear components--safety, 106, 186 
Nuclear power plants 

license renewal, 62 
micromechanical material models, 106 
miniaturized miniaturized specimen 

technology, 267, 270(table), 
272(table) 

Nuclear pressure vessel steels, 5, 16, 27, 
405,440 

O, P 

Orientation, 182 

Partial unloading, 27 
Phoaphorus segregation, 16 
PIE (See Post irradiation examination) 
Pipes, 27 
Plane strain, 143, 199 
Plant life extension (PLEX), 199 
Plastic strain, 162 
PLEX (See Plant life extension) 
Polystyrene, 143 
Post irradiation examination (PIE), 356 
Potential drop, 130 
Precrack, 47 
Pressure tube, 182, 191(tables) 

Pressure vessels 
alloys, 228, 229(table) 
embrittlement, 5, 47, 58(table), 440 
micromechanical material models, 106 
neutron induced embrittlement, 336 
plastic zone, 64(table) 
rate and size effects, 75(table) 
steel components, 106, 440 

Pressurized thermal shock (PTS), 199 
Primary circuit, 106 
Property-property correlations, 336 
PTS (See Pressuried thermal shock) 
Punching 

fracture toughness, 162 
Japan, 289 
miniature specimen fabrication, 368 
test results, 170(table) 

R 

Radioactive specimens, mechanical testing 
by remote control, 324 

Radiation effects, 5, 228, 336 
Reactor pressure vessels 

neutron irradiation, 228, 417 
radiation embrittlement, 424 
weld material, 106, 440 

Reconstitution, 62, 440 
Reirradiation, 417 
Relaxation test, 356 
Remanence, 5 
Remote control, 324 
Residual cree; strength evaluation, 311 
Residual life evaluation, 311 
Robot manipulating system, 324 

Side grooved compact (CT) specimens, 106 
Silicon carbide fiber, 77 
Size effects, 47, 93,336, 405 
Small punch test, 217,218-219(tables), 241 
Small specimen test technique (SSTT), 

241,256, 275, 289, 386 
Small tension test, 256 
Specimen fabrication, 368 
Specimen reconstitution, 440 
Spherical indenter, 27 
SSTT (See Small specimen test technique) 
Stainless steel, 267 
Static and dynamic fracture toughness, 143 
Steels 

2-1/4Cr-lMo, for nuclear pressure 
vessels, 16 
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Steels---continued 
A533B, 405 
A17075-T651, 143 
alloys 

Fe-C-Cu, FeC-Cu-Ni, 228 
ferritic, structural behavior, 118 
irradiated weld materials, 106 

Strength, 77, 241,289, 311 
Stress field modification, 199 
Structural integrity, 27, 118 
Subsized specimens, 311 
Surveillance 

nuclear power plants, 62 
reactor pressure vessel, 16 

T 

TEM disk specimen, 289 
Temper embrittlement, 217 
Tensile properties, 256, 264(table), 368 
Tension testing 

irradiated small specimens, 335,356 
Japan Atomic Energy Research 

Institute, 289 
neutron irradiated small specimens, 356 
novel machine, 386 
primary circuit steel components, 106 
section, 311-401 
specimens, 336 

Tension-tension fatigue, 275 
Testing techniques 

electric potential method, 182 
fracture toughness, 130, 182 
micro fatigue test methods, 275 

nondestructive and nonintrusive, 5-44 
novel miniature machine, 386 
reactor pressure tubes, 182 
small specimens, 106, 289, 335,356 

Thermal aging embrittlement, 16 
Thermal fatigue, 267 
Thermal shock, 199 
Toughness, ferritic steel irradiation, 241 
Toughness measurements, 162 
Transgranular fracture, 217 
Transition behavior, 118, 417, 424, 440 

U 

Unloading compliance, 130 
Upper shelf energy, 47, 405 

v , w  

Vessel wall sampling, 440 

Wedge opening loading (WOL)-X-type 
specimens, 106 

Weld materials, 106, 440 
Welds, 27, 62 
WOL-X-specimens (See Wedge opening 

loading X type specimens) 

v , z  

Yield strength, 27 

Zircaloy-2,fracture toughness evaluation, 
182 
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