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Foreword 

The eighth ASTM International Symposium on Effects of Radiation on 
Structural Materials was held in St. Louis, Missouri, 4-6 May 1976. 
Committee E-10 on Nuclear Application and Measurements of Radia- 
tion Effects sponsored the symposium. F. R. Shober, Westinghouse 
Hanford Company, Hanford Engineering Development Laboratory, pre- 
sided as symposium chairman, and J. A. Sprague, Naval Research 
Laboratory, served as symposium cochairman. 
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Introduction 

The ASTM Committee E-10 on Nuclear Application and Measurement 
of Radiation Effects sponsors, on alternate years, an international confer- 
ence on the effects of irradiation to structural materials. The 1976 sym- 
posium on "Irradiation Effects on the Microstructure and Properties of 
Metals" was the eighth international symposium and the eleventh of a 
series started by Committee E-10 in 1956. The symposium serves as media 
for the exchange of information and data on materials used in the nuclear 
industry. 

The symposium consisted of approximately 35 papers presented in five 
sessions. The topics include (1) Irradiation Creep and Stress Relaxation, 
(2) Mechanical Properties and Microstructures, (3) Irradiation Simulation, 
(4) Void Growth and Microstructural Changes, and (5) Radiation Embrit- 
tlement of Pressure Vessel Steels. 

Dr. Herbert J. C. Kouts, Director of the Office of Nuclear Regulatory 
Research, Nuclear Regulatory Commission, presented the keynote address 
for the symposium. His presentation, entitled "A  Review of Reactor 
Safety and Reactor Safety Research," reviewed the United States' total 
energy needs for the years 1976 through 2000 and stressed the importance 
of utilizing nuclear energy in order that we meet our national energy 
goals. Public acceptance of nuclear reactors to generate electricity will 
come, Dr. Kouts said, with continued demonstration of their safeness. 
Safety to the public is demanded in nuclear materials manufacturing facil- 
ities as well as reactor operations. Public safety is further ensured by 
regulations, regulations based on the results of research on materials used 
in reactor construction. The regulations are most often drafted exercising 
a large degree of conservatism. Dr. Kouts believes that nuclear reactors 
have already been demonstrated to be one of the safest forms of tech- 
nology ever introduced. He reviewed conclusions from the Reactor Safety 
Study (the Rasmussen Report) and discussed current research on reactor 
safety. Methods, Dr. Kouts reported, are being developed for assessing 
the safety of nuclear power plants. Research continues in the areas of pri- 
mary system integrity, fuel cycle safety, and environmental effects. He 
cited two reasons for continuing research. First, the estimates for margins 
of safety in design, construction, and operation of nuclear power, al- 
though adequate, could be improved. Second, we find that the funda- 
mental facts of many basic areas of science and engineering are often in- 
adequate. 

The effect of neutron irradiation on load bearing structures and con- 
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2 IRRADIATION EFFECTS ON METALS 

tainer materials at elevated temperature has been a subject of extreme in- 
terest and study since the early days of water-cooled reactors. With the 
inclusion of LMFBR's (Liquid Metal Fast Breeder Reactors), HTGCR's 
(High Temperature Gas Cooled Reactors), and CTR's (Controlled Ther- 
monuclear Reactors) as potential electrical power generators, the temper- 
ature and fluence regimes are expanded, often requiring new materials 
and better understanding of mechanisms which limit their use in these 
more adverse conditions. Irradiation-induced microstructural changes, of- 
ten a function of stress and thermal gradients, can ultimately influence 
the time-dependent properties. The postirradiation tensile properties of 
materials often determine their applicability for use in reactor construc- 
tion. Often of special interest to designers are the results from tests of off- 
normal or transient temperature conditions. Papers describing results of 
these kinds of tests on stainless steel and Zircaloy are published in this 
volume. 

Particle and ion irradiation, irradiation simulation techniques, are often 
used to show the relative magnitudes of irradiation-induced swelling, 
microstructural changes, and property changes in metals. The effect is 
similar to that achieved by neutron irradiation, but in considerably shorter 
time. It continues to be a popular, less costly, and much less time con- 
suming technique for evaluating the effect of irradiation on materials. 
Again, as in 1974, nearly half of the papers in the symposium were about 
irradiation simulation results. Irradiation simulation studies were mostly 
in the areas of void formation, void growth, and swelling. Mechanisms 
and processes are described. 

One of the primary concerns about light water reactors has been its pri- 
mary containment--the pressure vessel. The reliability of pressure vessel 
steels has been demonstrated by its utilization in PWR's and BWR's. 
Surveillance studies which report the irradiation-induced property changes 
in materials used for the construction of pressure vessels also confirm 
their reliability. The residual element content in weldments and pressure 
vessel materials has been shown to influence their susceptibility to irradi- 
ation embrittlement. Correlation of results from several studies were pre- 
sented confirming this sensitivity. Further refinement is suggested for the 
measurement and calculation of neutron fluence to better relate damage 
functions with in situ property changes. 

The members of the symposium committee were F. R. Shober, chair- 
man; J. A. Sprague, cochairman; C. J. Baroch, J. W. Bennett, D. Kramer, 
and C. Z. Serpan. The symposium committee gratefully acknowledges the 
assistance of D. Kramer in securing a papers' review committee and di- 
recting the review meeting, and of L. E. Steele, chairman of Committee 
E-10, for his guidance and encouragement. 

F. R. Shober 
Hanford Engineering Development Labora- 

tory, Westinghouse Hanford Company, 
Richland, Wash.; symposium chairman. 
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G. L. Wire ~ 

Effects of Prior Stress History on 
Irradiation-Induced Creep 

REFERENCE: Wire, G. L., "Effects of Prior Stress History on Irradiation-lnduced 
Creep," Irradiation Effects on the Microstructure and Properties o f  Metals, A S T M  
STP 611, American Society for Testing and Materials, 1976, pp. 5-31. 

ABSTRACT: The purpose of this paper is to report the results of an experimental 
study to determine the effects of previous irradiation history on the fast-flux neutron 
irradiation creep behavior of 20 percent cold-worked Type 316 stainless steel for 
liquid metal fast breeder reactor (LMFBR) application. Previous irradiation creep 
experiments have involved monitoring the irradiation creep strain of specimens 
held at constant stress while irradiated at approximately constant temperature and 
flux. Under these conditions, the irradiation creep rates have been observed to vary 
with neutron exposure. Application of these "creep curve" data to design and analy- 
sis of reactor core structural materials requires some knowledge of how the creep rate 
at a given point in time depends upon the previous stress history. 

In the present experiment, in-reactor stress relaxation tests were performed on 
specimens which had previously been irradiated in the stress-free condition to various 
exposures ranging from 0 to 4 x l022 (n)/cm 2 (E > 0.1 MeV) at 800 and 1000~ 
(427 and 538 ~ It was found that the creep coefficients derived from this experi- 
ment were essentially the same as that obtained from the constant-load in-reactor 
test when allowance was made for thermal deformations. Thus it is concluded that, 
for the materials and conditions studied, the irradiation creep rate is essentially inde- 
pendent of previous stress history. This result may be rationalized if the microstruc- 
tural development during irradiation is influenced predominantly by the irradiation 
flux and temperature variables and only to a minor extent by the irradiation creep 
deformation. 

The sensitivity of the experimental technique to in-reactor effects coupled with 
supplementary thermal control studies led to a new insight into what has been called 
transient irradiation creep. The results of this experiment suggest that thermal effects 
can account for the initially higher creep rate portion of the total in-reactor behavior 
observed. The thermal component was observed to recur upon reloading, giving rise 
to a significantly enhanced creep rate for cyclic loadings. 

KEY WORDS: radiation, stainless steels, neutron irradiation, creep rate, thermal 
stresses, deformation, cyclic loads, stress relaxation 

From an engineering viewpoint, the ultimate goal of research on irra- 
diation-induced creep phenomena in a fast-flux reactor environment is to 

~Hanford Engineering Development Laboratory, Westinghouse Hanford Company, 
Richland, Wash. 99352. 
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6 IRRADIATION EFFEGTS ON METALS 

obtain the information required to predict the in-reactor creep rate of 
structural materials under all conditions of practical interest. These con- 
ditions include not only those of steady-state routine operation, but also 
transient periods as well, which range from mild upset of normal startup 
and shutdowns all the way to the more severe conditions attending hypo- 
thetical loss of coolant flow in the core. However, irradiation-induced 
creep rates are low--typically of the order of  0 0  -7 in. / in .) /h--so that for 
a description of  rapid stress rate, strain rate, or high stress conditions, 
postirradiation testing is an appropriate method to obtain design data. 

On the other hand, there are routine conditions attending reactor oper- 
ation which lead to loading changes where long-term irradiation-induced 
creep responses will dominate. For example, plenum gas pressure buildup 
due to helium generation will occur continuously over the whole fuel ele- 
ment lifetime, producing hoop stresses which are typically well below 
yield stress levels. Swelling gradients across ducts lead to bending loads 
which vary with time. 

Up to the present time, designers of fast reactors have utilized data on 
irradiation creep derived principally from two basic experimental ap- 
proaches. The first approach consists of monitoring the deformation of 
actual reactor components, mainly fuel cladding. This method has the 
powerful advantage of completeness; that is, all possible effects, including 
load changes, temperature changes, chemical effects, as well as even un- 
identified effects, are included in the measurements. The second major 
source of design data relies on simulation of the anticipated loading in the 
reactor on tailor-made specimens of the materials of interest. As the spec- 
imens used in these experiments can be made much smaller than typical 
reactor components, isolation of variables such as temperature, stress, 
cold-work level, composition, etc. is easily accomplished. In particular, 
constant-stress pressurized tube experiments [1-3] 2 have provided invalu- 
able information on fast reactor creep phenomena. However, as these 
have been run at constant stress and temperature, supplemental experi- 
mentation is required to ascertain the effects of varied loading histories. 
The purpose of the present experiment is to establish the effects of load 
increase on the steady-state irradiation-induced creep rate. 

It is worthwhile to anticipate several possibilities for the effect of a 
stress increase on the in-reactor creep rate. The solid line in Fig. 1 shows 
a nominal in-reactor creep curve for 20 percent cold-worked Type 316 
stainless steel based on currently available biaxial constant-stress data. 
These data represent substantively irradiation-induced effects as the same 
time-temperature history outside the reactor would lead to less than 4 per- 
cent of the total effect. Irradiation-induced creep has been observed to 
have a linear or very close to linear dependence on the applied stress [1-5] 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. 1--Irradiation-induced creep curve for 20 percent cold-worked Type 316 stainless 
steel at IO00~ (538~ The dotted lines represent predicted creep curves for load applied 
at a fluence of 4 x 1022 n/cm 2for two hypothetical strain rules. 

so that this curve is not really specialized to a particular stress level. For 
discussion purposes only,  we divide the curve into three segments. The 
first segment shows a high but rapidly decreasing strain rate, which is 
denoted as a "transient" region. This portion of  the curve is discussed 
more fully later in the paper, where it is identified with thermal creep 
effects. Region 2 is an area of  rapidly increasing strain rate, while Region 
3 appears to be consistent with slowly varying creep rate or a "steady- 
state" creep behavior. The important fact is that there are relatively large 
strain rate changes from a fluence of  1.0 to 3.0 x 10 22 (n) /cm 2 (E > 0.1 
MeV). The pertinent question to resolve experimentally is whether this 
behavior will be dependent on loading history. The irradiation-induced 
strain rate varies by a factor of  five over Region 2 and if this effect is 
dependent on loading history, it implies significant uncertainty in our 
ability to predict irradiation-induced creep behavior under different load- 
ing paths. 

Several conventional ideas exist on the effect of  a load increase on the 
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8 IRRADIATION EFFECTS ON METALS 

creep rate. Figure 1 illustrates two completely different predictions of  the 
effect of  a load change. The curve denoted "strain hardening" is derived 
by merely shifting the nominal creep curve along the time axis and is 
based on the premise that only the accumulated strain during the creep 
curve is responsible for  changes in strain rate--albeit  through changes in 
the dislocation structure. The second curve, denoted " t ime  hardening," is 
derived by shifting the nominal curve along the strain axis and is based on 
the premise that structural changes induced by exposure time or fluence in 
the reactor determine the strain rate. It is tempting to hypothesize that 
one or the other of  these two predictions will in fact be realized and that 
the effect of  load changes can be predicted entirely on the basis o f  con- 
stant stress creep curves in combination with a simple rule. While con- 
cepts such as these are of  great value in providing a framework to design 
testing programs, the philosophy of  this experiment is to be alert to the 
possibility that the actual result may not follow either of  these simple 
patterns. 

Description of the Test 

The stress-relaxation technique is the same in principle as the test de- 
vised by Manjoine [6] some years ago and often referred to as the "Man-  
joine Tes t . "  The test consists of  measuring creep effects by periodically 
measuring the residual load and hence residual stress in a constant-strain 
configuration. The total strain (elastic + plastic) is constant during the 
test, so that measurement of  the residual load or elastic strain provides a 
measure of  the creep rate over the prescribed test condition. The method 
has the advantages of  simplicity and compactness, which make it highly 
adaptable for uninstrumented tests in reactor applications. This approach 
has been used previously in various forms for in-reactor experiments 
[4,7,8]. In addition, the technique as utilized in this experiment enabled 
measurement of  irradiation-induced creep rates over relatively small flu- 
ence and strain increments. This is very important because the purpose of  
the experiment is to measure the creep rate of  previously irradiated but 
unstressed material and compare this with the creep rate obtained from a 
long-term, constant-stress loading to ascertain the effects of  a stress in- 
crease. The irradiation period required for a creep-rate measurement 
using stress relaxation is only 2 x 10 21 n /cm 2 (E  > 0.1 MeV). Over this 
fluence increment, the maximum change in creep coefficient observed in 
pressurized tubes (Fig. 1) is AB = 1.2 x 10-3~ 2" psi, so that in ef- 
fect this measurement is effectively an " ins tantaneous"  measure of  irra- 
diation creep rate. 

The specimen and stressing 3 configurations are shown in Fig. 2. The 

3This specimen configuration was first suggested by J. E. Flinn of Argonne National 
Laboratory, and the author is indebted to him for sharing his unpublished work on it. 
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MANDREL 

B. SLIT TUBE 
WITH WEDGES 

FIG. 2--Slit  tube specimen and loading wedges. 

cladding is 0.230 in. outside diameter by 0.015 in. wall thickness. The slit 
tube specimens were formed by using a slitting saw of 0.050 in. width on 
a milling machine in-cell to open the cladding as shown in Fig. 2a. The 
specimen was supported during the cutting by close-fitting mandrels both 
inside and out so that the tube would not be stressed during the cutting. 
The specimen was stressed by inserting wedges (Fig. 2b) into the slit. The 
two wedges on a given specimen were matched to within + 0.0002 in. to 
avoid assymetric stressing of the tube. The wedges are loosely pinned to 
the mandrel so that they are free to align themselves in the tube slot. The 
mandrel-and-wedge design allows specimen handling without actually 
touching the cladding and also ensures that the wedges cannot be lost in 
cases where the relaxatioL is nearly complete. 

The stress distribution induced by the loading in Fig. 2 is calculated in 
detail in Ref 9. The outer fiber stresses are given in terms of the clamping 
force F on a tube of radius 

6 F a  F 
o0 = ~ (cosO - 1) + ~-~ (tangential) ( l a )  

o= = voo (axial) ( lb)  
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10 IRRADIATION EFFECTS ON METALS 

where 

F = clamping force exerted on the wedges, 
1 = tube length, 
v = Poisson's ratio, and 
A = wall thickness. 

In this approximate form it can be seen that the stress distribution is es- 
sentially a bending stress distribution with a bending moment which in- 
creases with the distance a (cos0 - 1) f rom wedge position at 0 = 0. The 
stress distribution is characterized in this report by the maximum fiber 
stress O0m~x which occurs at 0 = rt, on the inside of  the tube 

8110 psi 
Om~x - - -  F (exact result) (2) 

lb 

It should be noted that this somewhat complex stress distribution is not 
really an impediment to analysis of  the test results because irradiation 
creep is essentially linearly dependent on stress in the temperature range 
and stress range used for this experiment [1-5]. However, a full range of  
stresses was included in the experiment to ensure detection of  any con- 
ceivable nonlinear behavior. Equally important,  having a number of  
otherwise identical specimens at different stress levels provided better 
statistics on data analysis. 

The test plan for the in-reactor portion of  this experiment is given in 
Table 1. The original matrix includes 60 specimens among two tempera- 
tures (800 and 1000~ (427 and 538~ three prior fluences (0 to 3.6 x 
10 ~ n /cm ~, E > 0.1 MeV), and 10 specimens per condition covering a 
nominal stress range of  Om~ = 4 to 50 ksi. Hence, the experiment was 
designed to provide information about the stress, temperature, and flu- 
ence dependence of  irradiation creep after a stress increase. The chemical 
composition for this material is given in Ref 1. This is the sam~ heat of  
material used in pressurized tube and uniaxial experiments that provide 
the data for constant-stress irradiation creep rates [1,10], so that the re- 
suits are directly comparable. 

The irradiation creep coefficients are derived from measurements of  the 
residual clamping force F which the tube exerts on its wedges. The creep 
induced by irradiation or thermal processes acts to relieve the residual 
stress distribution and to reduce the clamping force of  the tube on its 
wedges. 

The model chosen to derive the relationship between the residual clamp- 
ing force and the creep coefficients is a generalized viscoelastic model as 
used previously by Wire and Straalsund [4,11]. The justification for the 
use of  this model, as stated previously, it that it is a quite simple form; 
yet, it is consistent with the present experimental understanding of  irradia- 
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12 IRRADIATION EFFECTS ON METALS 

tion-induced creep for this material. The essential features of  the model 
are: 

1. Creep rates are linear in the applied stress. 
2. Creep is isotropic. 

Whereas Refs 4 and 11 considered creep where volume changes occur, 
this will not be done here as no significant swelling effects are observed in 
this material at these fluences. The relationship between the clamping 
force changes and the creep coefficients in a slit tube is given in Ref 12. 
The calculation is illustrated here for simple uniaxial stress relaxation. For 
small fluence increments over which the strain rate is essentially constant 
for a given stress, irradiation-induced creep at constant stress can be 
described as [1--4,11] 

~, = Bo+ (uniaxial) (3) 

where 

= neutron flux, 
o = stress, 
B = creep coefficient, and 
~p = plastic strain rate. 

For stress relaxation of  an ideal Manjoine specimen, the total strain rate 
(elastic + plastic) is zero or 

b 
Bod? + ~ = 0 (4) 

which integrates immediately to 

o( t) = ooe -en*' (uniaxial) (5) 

where 

o0 = initial stress at 5 = 0, and 
E = Young's modulus. 

The "clamping force"  F for the Manjoine specimen is related simply to 
the stress by F = aA,  so that the creep coefficient B is determined by the 
change in the clamping force 

F 
- -  = e - c a §  ( 6 )  
Fo 

A time-varying creep coefficient B( t )  can be easily accommodated. In 
this case, Eq 6 becomes 
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WIRE ON IRRADIATION-INDUCED CREEP 13 

f0 t F e-E~ a(t ')at '  
- -  = ( 6 ' )  
F0 

The average creep coefficient 

~ fo fB(t')dt' 
t (7) 

can be used to characterize the relaxation, so that 

F e_r~+, (8) 
Fo 

The present experiment consists of measurement of the average creep 
coefficient for each of two consecutive irradiation periods of peak fiu- 
ences +t = 2 x 102' n/cm 2 (E > 0.1 MeV). The simplified expression for 
Type 316 stainless steel slit tubes corresponding to Eq 8 for the residual 
clamping force and tangential stress in slit tubes is 

._F_F = o = e 1.2o (9) 
Fo Oo 

There are two terms in the complete expression because of the plane- 
strain nature of the deformation [12], but for relaxations in the range 
measured in this experiment the expression given is accurate to better than 
0.01. The numerical factor depends on Poisson's ratio, which is taken as 
0:3 for this material. For calculation of creep coefficients, the exact ex- 
pression was always used. 

The residual clamping force was measured by a novel mechanical device, 
which was designed specifically for this operation. This mechanical device 
provided several distinct advantages for the experiment. 

1. Remote hot-cell operations were quick and easy as the only essential 
operations were placement of ihe specimen on the machine and recording 
the data. 

2. Data readout was automatic, eliminating to a great extent the need 
for human judgement. 

3. Overall measurement times were very short, making it possible to 
carry out thermal control tests with large numbers of specimens, 

The operating principle of the device is shown schematically in Fig. 3a. 
The device applied a load to the slit tube at the slit and at the same time 
monitored displacement of loading tips which contacted the tube. The 
idealized relationship for the resulting force-displacement curve obtained 
is shown in Fig. 3b along with an actual curve from the experiment. For 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
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14 IRRADIATION EFFECTS ON METALS  
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FIG. 3--Slit  tube force measurement device and typical force-displacement curves. (c) 
shows the spread in the observed compliance curve for  the specimen (solid) and machine 
and grip compliance curve alone (dotted). 
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WIRE ON IRRADIATION-INDUCED CREEP 15 

forces below the clamping force, F, only small displacements per unit 
force due to the relatively low compliance of the loading tips on the tube 
and the grips themselves will occur, giving rise to the initial steep part of 
the curve. For forces greater than F, the tube now begins to spread open, 
giving rise to the high-compliance or low-slope portion of the curve. The 
force at the discontinuity in slope is then the clamping force. 

Comparison with a typical curve obtained during this experiment (Fig. 
3b) shows that indeed real lift-off curves with these same qualitative fea- 
tures can be obtained. The initial part of the curve (force less than F) is 
typically three times steeper than that after lift-off, and there is a fairly 
well-defined point where the slope changes. The dashed tangent lines in 
the figure illustrate the method used to obtain a unique lift-off force by 
extrapolation of both segments of the curve. In general, the accuracy of 
the clamping force measurements was _+ 0.05 lb or better. For example, at 
a fiber stress of Omax -- 20 ksi, _+0.05 lb corresponds to a _+ 2 percent 
error in the stress measurement. This is satisfactory accuracy for the pres- 
ent experiment. 

The development of the successful experimental apparatus required to 
obtain this accuracy necessitated very careful consideration of the me- 
chanics of the loading system. The major problems which had to be over- 
come were 

1. Elimination of frictional effects which can give discontinuities in the 
curve. A discontinuity of only 1 x 10-' in. in the displacement observed 
can induce an uncertainty of 0.1 lb in the lift-off force. 

2. Hysteresis of any elements in the load train creates curved regions so 
that it is difficult to define a precise lift-off force. 

3. Nonuniform or erratic contact between the specimen and loading 
fixtures can give discontinuous curves. 

4. Misalignment of the loading fixtures or changes in the line of the 
applied force can cause yawing of the tube and thus erroneous force read- 
ings. 
The final design of the system, which is proprietary at present, was able 
to overcome each of these difficulties. 

A valuable test of the load measurement apparatus and of the elastic 
stress calculations [9] as well was made early in the experiment in order 
to establish the veracity of the measurements. The test consisted of com- 
paring the measured specimen compliance with theoretical predictions. 
The specimen compliance should be determined essentially by the slope of 
the force-displacement curve after lift-off. A series of slopes obtained 
from different specimens and load levels is plotted in Fig. 3c. The curves 
generally agree in slope to 5 percent, indicating both good specimen uni- 
formity and reliab~" machine performance. In order to calculate the actual 
specimen compliance, however, the added displacement due to deforma- 
tions in the load train or any warping of the cladding at the point of c o n -  
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16 IRRADIATION EFFECTS ON METALS 

tact must be subtracted out. The dashed line in Fig. 3c was obtained from 
a specimen which was identical to the others except that overall slit widen- 
ing was prevented by slitting the cladding only in the center. The net com- 
pliance of the tube after subtracting out this contribution was observed to 
be 1.27 x 10 -3 in./lb, while theoretical calculations give 1.38 x 10 -3 
in./lb for a room-temperature Young's modulus of 28 x 106 psi. This 
agreement is considered satisfactory. 

Experimental Data 

Thermal Relaxation 

A series of experiments was performed to document any relaxation due 
to thermal effects alone in a furnace environment. Relaxation of unir- 
radiated specimens was monitored at temperatures in the range 700 to 
1000~ (371 to 538~ Figure 4 shows the effect of a 500 h (the length of 
each irradiation period for this experiment) furnace exposure on the clamp- 
ing force, F, for selected temperatures. The reduction in clamping force 
after relaxation is plotted on the ordinate, and the initial clamping force is 
the abscissa. All damping forces are as measured at room temperature, 
and the stress scale superimposed on the abscissa is the room-temperature 
maximum fiber stress. The stresses at higher temperatures are less by a 
factor of E ( T ) / E ( 7 2 ~  (22~ where E is Young's modulus. For several 
reasons, this is a convenient form for plotting and examining the data: 

1. Any deviations from a linear stress dependence can easily be dis- 
cerned. 

2. Greater accuracy can be obtained by fitting all stress levels to a sin- 
gle curve. 

3. The slope, S, of the curve is related to the residual damping force 
ratio by F/Fo = S when the stress dependence is linear. 

4. Relaxation of any systematic "built-in" stresses left over from the 
cold-working process should not affect the derived slope, as they should 
contribute a force change which is independent of the applied stress. 

Built-in stresses due to cold work were present in the unirradiated tubes, 
as evidenced by the fact that slit opening of the tubes typically increased 
by 0.005 in. after cutting. No spreading was observed in the previously 
irradiated tubes, indicating that these residual stresses were relaxed during 
the previous irradiation. The possibility exists that for the unirradiated 
tubes these built-in stresses will contribute a small amount to the observed 
force changes. This is a complex subject, and work has been recently ini- 
tiated at the Hanford Engineering Development Laboratory (HEDL) to 
quantify the effects of residual stresses in fuel cladding [13]. The work so 
far has revealed that analyzing the data in the way suggested in Item 4 of 
the foregoing will substantially remove the effects of systematic built-in 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
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F I G .  4--Plot  o f  residual clamping force versus initial clamping force. Data are for  500 h 
thermal control tests o f  unirradiated 20 percent cold-worked Type 316 stainless steel 

stresses. The intercept value of  the curves in Fig. 4 is a measure o f  the 
magnitude of  relaxation due to built-in stresses. At 1000~ (538~ where 
the intercept is sensibly largest as the relaxation is the largest, the built-in 
stresses have given a relaxation AF = 0.3 lb or an equivalent bending 
fiber stress change of  1200 psi. 

The data in Fig. 4 show no significant nonlinear behavior. A least- 
squares fit to the thermal data using a power-law creep form (gao") pro- 
duced a stress exponent of  n --- 0.85 _+ 0.15 at 825 and 1000~ (441 and 
538 ~ Hence, as there is no statistically significant evidence to establish 
that the stress exponent is different from unity, the data were analyzed 
with formulas obtained from the viscoelastic approach. 

The magnitudes o f  the thermal relaxations are given in Table 2 for both 
500 and 1000-h time periods. The 1000-h values were obtained by extrap- 
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18 IRRADIATION EFFECTS ON METALS 

TABLE 2--Summary of thermal relaxation data. 

Prior Fluence, F(500) F(1000) F(1000) 
Temperature, 1022 n/cm 2, 

~ E > 0.1 MeV F(0) F(0) F(500) 

705 0 0.97 0.96 0.99 
825 0 0.90 0.87 0.97 
900 0 0.89 0.86 0.97 
980 0 0.70 0.63 0.90 

1000 0 0.52 0.40 0.76 

800 3.6 0.90 0.87 0.87 
1000 3.4 0.70 0.62 0.89 

olation of  data obtained at shorter times of  500 to 800 h. The time depen- 
dence used for extrapolation was 

F(t) o(t) 
/7o Oo 

- 1 - b t  v, (10) 

where 

t = time in hours and 
b = a fit constant. 

Figure 5 shows that this time dependence represents the 1000~ (538~ 
data quite well. At  825 ~ (441 ~ this extrapolation is probably an over- 
estimate at 1000 h, but the change between 500 and 1000 h is only 3 per- 
cent at this temperature.  

The data obtained on thermal controls are in good agreement with 
results f rom uniaxial creep tests by Billeter and Blackburn [1 4 ]  on the 
same heat o f  steel and cold-work level. Their results were obtained with a 
high-precision microwave extensometer so that it was possible to establish 
the detailed time dependence of  these slight creep effects. Their tests 
showed that the effects were anelastic in nature with a linear stress depen- 
dence. Further,  the t ime dependence of  the creep they found at both 850 
and 1000~ (454 and 538~ is consistent with the t '~ law which was used 
to extrapolate the thermal control data.  The exact t ime dependence ob- 
tained by Billeter and Blackburn is o f  a different form, but the t '~ fo rm 
was found to be a satisfactory and convenient representation. We may 
make a quantitative comparison between the two experiments by com- 
bining Eqs 3, 7, and 9 in an appropriate  fo rm for comparison 

F Ef~ 
- -  = e 1.20o (11) 
Fo 
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FIG. 5--Time dependence o f  thermal relaxation. The IO00~ (538~ f i ts  the t ~ form 
well but the 800~ (427~ relaxes faster. 

where ~ is the observed uniaxial strain rate. Blackburn et al obtained a 
strain of  1.1 • 10 -4 at 20 000 psi, which leads to a prediction F/Fo = 0.89. 
The stress relaxation at 825 ~ (441 ~ is 0.89 so that excellent agreement 
is obtained, as the stress relaxation has apparently no significant tempera- 
ture dependence in this stress and temperature range of  825 to 900~ 
(441 to 482~ At 1000~ (538~ Blackburn et al obtained a strain of  
4.2 x 10 -4 over 500 h at 20 000 psi, which leads to a predicted F/Fo of  
0.67 compared with 0.51 for the slit tube. However, the uniaxial test at 
1000~ (538~ was preceded by that at 850~ (454~ so that part of  the 
creep effect may have been exhausted. If  the creep strain is increased by 
1 x 10 -4 to allow for this, the relaxation predicted is F/Fo = 0.60, which 
is considered satisfactory agreement. 

A limited number of  previously irradiated specimens were available, 
and thermal control tests made on these are also given in Table 2. The 
data show that the magnitude of  thermal relaxation in previously irradi- 
ated slit tubes is of  the same order as that in the unirradiated material. At 
825~ (441 ~ they are the same to within experimental error, while at 
1000~ (538~ the previously irradiated undergo a smaller amount  of  
relaxation. On the other hand, this difference should not be overempha- 
sized as the relaxation at 980~ (527 ~ in unirradiated tubes is nearly the 
same as that for those previously irradiated at 1000 ~ (538 ~ 

The fact that the thermal creep occurred in both the previously irradi- 
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20 IRRADIATION EFFECTS ON METALS 

ated as well as the unirradiated specimens is highly significant for this 
experiment. It shows that irradiation exposure to 3.6 • 1022 n/cm 2 (E > 
0.1 MeV) does not eliminate creep at the temperatures of interest. Hence, 
it must be anticipated that the process we have identified as thermal creep 
will occur during the irradiation. The process may be inhibited somewhat 
at 1000~ (538~ over unirradiated tubes but is expected to occur in full 
amount at 800~ (427 ~ Consequently, it will be necessary to account 
for the thermal contribution so that irradiation-induced effects may be 
isolated. 

In-Reactor Relaxation 

The observed clamping force measurements and residual stress ratios 
for the irradiation experiment are given in Table 3 along with the fluence 
and temperature data for the test. The fluence for this location in the 
Experimental Breeder Reactor-II (EBR-II) increments was established by 
the Damage Analysis Section at HEDL by analysis of dosimetry con- 
sisting of four spectral sets of foils and three iron wires. These were simul- 
taneously irradiated with the specimens during the experiment. Tempera- 
tures were established by the use of thermal expansion monitors [15] 
which recorded the peak temperature obtained during the experiment. The 
accuracy for the devices in the present experiment is + 5 ~ 

The data in Table 3 are mostly self-explanatory. In order to put data 
from all the specimens on a comparative basis, the clamping forces after 
irradiation have been adjusted to correspond to the peak fluence within 
each capsule. The correction factors are fortunately very close to unity, 
typically 0.97 to 1.0. The procedure used is described by Wire and Straal- 
sund [4]. Note that adjustments are made only to the irradiation-induced 
component. 

The fluence-adjusted clamping 'force data for the in-reactor experi- 
ment are plotted in Fig. 6 for the 800 ~ (427 ~ data and in Fig. 7 for the 
1000~ (538~ data. The data at a prior fiuence of 0.5 x 1022 n/cm 2 
have been omitted for clarity as they lie close to the data from zero prior 
fluence. The plots reveal no evidence of strong stress dependence, although 
there is a trend for the high-fluence data at 1000~ (538~ Computer 
fits to the data were made to find the best-fit stress exponent for all the 
data. The stress exponents derived are plotted in Fig. 8. The average value 
of n for all in-reactor relaxation was 1.0. On this basis, it can be said that 
since all the data produced a stress exponent of unity within the 2o limit, 
there is no basis for assuming a nonlinear stress dependence. On the other 
hand, there is a trend, which is likely to be real, for n to increase with 
temperature. As the largest value of n derived is still close to unity, it was 
not necessary to utilize nonlinear analysis at this point. 

The clamping force ratios derived from least-squares fit to the in-reactor 
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I ~ I I I I I I 

80001: 

4 �9 FIRST IRRADIATION ~ V ~ I J  -- 

3 J J  IRRADIATION 
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0 I Z 3 4 5 6 7 

F o - Ib 

F I G .  6~Plo t  o f  residual clamping forces after irradiation at 800~ (427~ No significant 
stress dependence can be seen. 

relaxation data are summarized in Table 3. in the case of the high-fluence 
specimens at 800 and 1000~ (427 and 538~ the straight-line fit was 
constrained to go through the origin as any "built in" stresses due to cold 
working would be relaxed out. The quantity F2/FI, which is formed by 
dividing the ratio F2/Fo by FI/Fo, represents the percent relaxation taking 
place in the second irradiation. It is seen that in every case the relaxation 
was greater in-reactor than outside, indicating that the irradiation induced 
a higher creep rate. Further, the percent relaxation is greater in the first 
period than in the second, as would be expected because the correspond- 
ing thermal relaxation is far greater in the first time period than in the 
second. 

Derivation of Creep Coefficients 

Model Used 

The model used to describe the combined effects of irradiation-induced 
stress relaxation and thermal relaxation is simply 
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24 IRRADIATION EFFECTS ON METALS 

gr = Bo~ + G(t)o (uniaxial stress state) (12) 

where 

G(t) = time dependent thermal creep coefficient appropriate at each 
condition, 

B = irradiation creep coefficient, and 
r = total in-reactor strain rate. 

It is implied here that G(t) can be derived from thermal control experi- 
ments, on specimens at the appropriate prior fluence. This notion of 
thermal- and irradiation-induced effects being additive is of  course not 
new, but it is instructive to examine what such a form requires: 

1. Thermal and irradiation deformation are parallel processes, and they 
are independent contributions. 

2. Thermal creep is not affected by irradiation exposure. Note that the 
thermal creep utilized is that measured outside the reactor at the nominal 
fluence level of  interest. 

It is not claimed here that these assumptions are generally true; how- 
ever, over the parameter range in this study it is shown that this simple 
model does indeed give consistent results with the data. 

Equation 12 can be easily integrated to yield for the uniaxial stress state 

where 

- E B ~ t  - E~o 'G( t ' )d t '  ~ m ~" e O0 total 

= (~0 I irradiation) (~00 [ thermal) 
(13) 

~ [  = total relaxation, T 
o I e-ea~' irradiation-induced relaxation, and O0 ! 

~00[thermal ~ e-Ef~ ~ thermal relaxation component. 

The relaxation for the irradiation component is then 

I I (O/O0)thermal 
Equation 14 holds for the plane-strain case as well, because over this 
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range the relaxation function can be fit by a simple exponential as men- 
tioned earlier. 

There are conditions under which Eq 14 holds without the two restric- 
tions; for example, if the time for thermal creep to be completed is very 
small compared with that for significant irradiation creep to occur. The 
processes are effectively parallel as they are separated in time. This would 
seem to be the case at 800~ (427~ based on the time dependence 
shown in Fig. 5 for the thermal relaxation observed in slit tubes. 

Creep Coefficients at 800~ (427~ 

This temperature is treated first, as thermal relaxation effects are smaller 
and more easily isolated than at 1000~ (538~ Using Eq 14 and the 
thermal relaxation in Table 2, one can form F/Folz, the irradiation-induced 
relaxation for each portion of  the irradiation. The results are shown in 
Table 4, and it is seen that the irradiation-induced components for each 
period are in reasonable agreement with the expected average irradiation- 
induced relaxation ~/(F2/Fo)~. In short, the experimental results are con- 
sistent with the interpretation developed in the foregoing. The creep coef- 
ficients derived from the quantity F2/Fo[irradiation via Eq 9 are listed in the 
same table. 

At last we are ready to compare derived creep coefficients with those 
for constant-stress loading. This is done in Fig. 9, which shows the cur- 
rent best values for the creep coefficients from pressurized tubes. The 
agreement at low fluences (where stress history should not be a factor) 
to AB = (1 x 10-3~ is a verification of  the stress relaxation 
technique to obtain creep coefficients. The agreement at the high-fluence 
values of  the creep coefficients to AB = (1.6 x 10-3~ is 
striking--it  indicates that the stress applied over the whole irradiation o f  
the pressurized tubes has had no significant effect on the irradiation creep 
rate. 

Another  key point is that the fluence dependence of  the creep coeffi- 
cient B at this temperature provides the first direct proof  that the creep 
coefficient is increasing with fluence at this temperature, as the dashed 
line in the figure is extrapolated from an overall fit to higher temperature 
data. 

Creep Coefficients at IO00~ (538~ 

The steps cited in the foregoing have been repeated for 1000~176 
and the results are also plotted in Fig. 9. Again, quantitative agreement at 
the high-fluence level indicates that prolonged stressing to a fluence of  
3.4 x 1022 n /cm 2 has not changed the creep coefficients f rom those de- 
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FIG. 9--Ef fect  o f  stress history on irradiation-induced creep coefficients. The creep co- 
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surized tube data [solid line at IO00~ (538~ and dashed line at 800~ (427~ A t  800~ 
(427~ the pressurized tube curve is derived f r o m  extrapolation, higher temperature data. 

rived by a short-term load increase. Also, the fluence dependence of  pres- 
surized tube data is matched quite well by the slit tube data. 

It is interesting to note that the results are not self-consistent between 
the two irradiation periods. This is not considered serious as there are 
several factors that are potentially responsible for  this lower quality of  
self-consistency at 1000~ (538~ First, the thermal effects are simply 
much larger here, so that the irradiation-induced effects are inherently 
more difficult to isolate. Secondly, the effects of  data scatter are more 
serious at lower clamping forces. Finally, creep is inherently temperature 
dependent at these temperatures so that a temperature error of  20~ can 
give size to a 10 percent change in both the irradiation-induced creep rate 
and in the thermal creep rate as well. 

Discussion of Results 

The primary conclusion from this experiment is that stress history dur- 
ing irradiation does not change the steady-state irradiation-induced creep 
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rate. Rather, the creep rates are apparently influenced mainly by the irra- 
diation temperatures and fluence. This would imply that the microstruc-  
tural features associated with the applied stress, such as preferential dis- 
location motion producing the creep or preferential loop nucleation, are 
less important than other changes induced by the effects of  fluence and 
temperature alone in the fluence range investigated in this experiment. At 
high fluences (1.0 to 2.0 x 10 23 n / cm 2, E > 0.1 MeV) where swelling 
rates may become large in this material, stress-assisted swelling and swelling- 
enhanced creep effects may come into play [4,16] to change the situation. 

Another significant result of  this experiment is that it has shed new 
light on " t rans ient"  creep, that is, creep effects which occur at initiation 
of  irradiation before the creep rate has settled down to a quasi-steady 
state rate. Previously, this has been described [5, It)] by a term like 

s  : A (1 - e-§ (15) 

where 

A = constant representing the magnitude of  the effect, 
tn = constant describing the relaxation time for the process, and 

= flux 

This form implies that such behavior is an irradiation-induced effect 
above the steady-state value. This effect was deduced, on the basis of  an 
instrumented uniaxial experiment [10], to have a magnitude A = 2.6 x 
10 -8 psi at 850~ (454~ It has been established experimentally, how- 
ever, that transient effects in pressurized tubes are much smaller than 
predicted [1] from the uniaxial experiment, and hence they are difficult 
to quantify. This experiment is ideal for detection of  these effects and has 
provided an entirely new concept on transient effects. During the first 
irradiation period of  the experiment, previously unirradiated slit tubes at 
800~ (427 ~ showed no significant relaxation beyond the thermal relax- 
ation and the low-fluence creep coefficient. The second irradiation period 
showed only the relaxation associated with the steady-state creep coeffi- 
cient. At 1000~ (538~ the net result of  both irradiations also was con- 
sistent with thermal and steady-state creep. The actual B derived was 
1.3 • 10 -30 n /cm 2" psi larger than indicated from pressurized tubes, and, 
if it is assumed this is due to transient effects, the calculated value of  A in 
Eq 15 is only 5.2 x 10 -9 psi. Hence there appears to be only a small irra- 
diation-induced transient. Instead, as furnace tests showed that thermal 
relaxation was observed to occur in previously irradiated tubes at approxi- 
mately the same levels as in unirradiated, it is logical to conclude that 
thermal relaxation occurring in-reactor is the major  source of " t rans ient"  
behavior. The large effect observed in the previous uniaxial experiment 
now must be regarded as potentially misleading in view of  the fact that a 
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large number of pressurized tubes and slit tubes do not confirm an effect 
of this magnitude. 

The foregoing conclusions can be formulated more concretely by extend- 
ing Eq 12, which described the total creep behavior. According to this 
experiment, the total in-reactor creep for 20 percent cold-worked Type 
316 stainless steel can be described by the form 

~r = B(t,+)o+ + G(T,t)o 800~ (427~ ~< T <  1000~ (538~ (16) 

for the uniaxial stress state. The irradiation-induced creep coefficient 
B(T,d?) is a function only of fluence and temperature, and not a function 
of past stress history. The quantity G(T,t)  represents the thermal creep 
which is mainly dependent on temperature and time and weakly depen- 
dent on fluence. Expressions for G(T,t) can be derived from this experi- 
ment and that of Blackburn et al [14]. The application of the thermal 
creep portion of  Eq 15 requires a knowledge of  the past loading history, 
as the thermal component depends on the time after a stress change and 
will eventually saturate. This restriction can be removed by developing an 
expression for the thermal creep in terms of stress and strain rate. This 
shall be reserved for future work. 

The question may be raised as to whether thermal creep effects of the 
relatively small magnitude observed at these low temperatures are impor- 
tant if they saturate and hence if they are of limited duration. Additional 
thermal control work done at HEDL in preparation for a continuation of 
this test provides a new insight. The irradiated specimens from this experi- 
ment, which had relaxed to F2/Fo ~ 0.4 at 1000~ (538~ and F/Fo ~ 0.7 
at 800~ (427 ~ were reloaded to levels greater or equal to the load 
before irradiation exposure. Relaxation was monitored in a 60-h furnace 
test to remove any early time portion of the thermal creep for convenience 
in a future irradiation experiment. It was found that the specimens exhib- 
ited relaxations as large as the relaxation observed during this time inter- 
val on the first loading. Therefore, it appears that thermal creep is not 
limited to a single occurrence, but can recur whenever the load level is 
changed. To illustrate, consider the hypothetical sequence in Fig. 10. A 
small misfit strain due to thermal expansion or fuel loading, etc., is im- 
posed during reactor startup. During irradiation, both thermal creep and 
irradiation act to relax the stresses. After a long time the thermal relaxa- 
tion becomes small compared with the irradiation-induced relaxation rate. 
Suppose, after significant total relaxation has occurred, that a second 
misfit strain is applied to raise the stress to the original level. Now ther- 
mal relaxation will recur to cause a greater relaxation rate than irradia- 
tion creep alone. The example, based on data from this experiment at 
1000~ (538~ shows that thermal effects contribute nearly a third of 
the total relaxation of the second misfit strain. This recurrence of the 
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thermal relaxation makes it then a potentially significant contributor for 
a cyclic loading mechanism. 

Conclusion 

The experiment has shown that the irradiation-induced creep rates in 
20 percent cold-worked Type 316 stainless steel are not dependent on 
stress history at 800 and 1000~ (427 and 538~ to a fluence of 4 • 1022 
n / c m  2 ( E  > 0.1 MeV). This result may be rationalized if the microstruc- 
rural development during irradiation is influenced predominantly by the 
irradiation flux and temperature variables, and only to a minor extent by 
irradiation creep deformation. 

Evidence was cited to show that what has been termed transient irradi- 
ation creep can be quantitatively accounted for as thermal creep. Further, 
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this thermal creep component was observed to be recurrent, giving rise to 
an additional creep mechanism for loading which changes periodically. 
As a result of the foregoing experimental results, an analytic description 
was formulated. This formulation is in only empirical form at present, 
but it provides a way of summarizing the sense of these experimental find- 
ings. 
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ABSTRACT: Irradiation creep and stress relaxation data are available from the 
United Kingdom for 20 percent cold-worked Type M316, 20 percent cold-worked 
Type FV548, and FHT Type PE-16 using pure torsion in the absence of swelling at 
300~ (572~ Irradiation creep models were used to calculate the relaxation and 
permanent deflection of the stress relaxation tests. Two relationships between irra- 
diation creep and stress relaxation were assessed by comparing the measured and 
calculated stress relaxation and permanent deflection. The results show that for Types 
M316 and FV548 the stress relaxation and deflection may be calculated using irradia- 
tion creep models when the stress rate term arising from the irradiation creep model 
is set equal to zero. In the case of Type PE-16, the inability to calculate the stress 
relaxation and permanent deflection from the irradiation creep data was attributed to 
differences in creep behavior arising from lot-to-lot variations in alloying elements 
and impurity content. 

A modification of Types FV548 and PE-16 irradiation creep coefficients was 
necessary in order to calculate the stress relaxation and deflection. The modifications 
in Types FV548 and PE-16 irradiation creep properties reduces the large variation in 
the transient or incubation parameter predicted by irradiation creep tests for Types 
M316, FV548, and PE-16. 

KEY WORDS: radiation, mechanical properties, creep properties, creep rate, stress 
relaxation, plastic properties, shear properties, irradiation, neutron irradiation 

Reactor core structures are subject to stresses varying with time, where- 
as irradiation creep tests are generally per formed under constant load. In 
applying these constant-load test data to structures in which stress varies 
with time, certain assumptions must be made.  The use of  irradiation creep 
models to calculate stress relaxation assumes the existence of  a mechanical 
equation of  state between creep rate, stress, temperature,  neutron flux, 

~Westinghouse Advanced Reactors Division, Madison, Pa. 15663. 
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and the current creep strain. For example, an assumption must be made 
about the existence of a stress rate term, $tc (where T is the shear stress, 
the superscript dot denotes a time derivative, and the superscript Ic sig- 
nifies that the stress rate term originates with the irradiation creep model), 
arising from the irradiation creep model. Presently, the mechanical equa- 
tion of state for irradiation is simply postulated, and may not be valid. 
The purpose of this paper is to evaluate the available irradiation creep 
and stress relaxation data to show that stress relaxation may be calculated 
from irradiation creep tests. 

The United Kingdom irradiation data were selected to assess the me- 
chanical equation of state because these data are the only available in- 
reactor stress relaxation [1]' and creep tests [2-4] involving the same 
stress state. Furthermore, the irradiation creep tests cover completely the 
dose and dose rates of the stress relaxation measurements. Note that the 
available irradiation creep data on 20 percent cold-worked Type 316 in- 
dicate that the transient irradiation creep component is a function of the 
stress state. A larger transient coefficient was measured using a uniaxial 
stress system [5] than in the case of pure torsion. Since both the irradia- 
tion creep and stress relaxation tests analyzed in this paper involve pure 
torsion, transient irradiation creep is not subject to any uncertainty asso- 
ciated with stress state. 

Stress Relaxation Data 

The available stress relaxation measurements [1] were made on springs 
irradiated in the Dounreay Fast Reactor (DFR). Helical springs with ident- 
ical geometry were cut from lengths of PFR reference size tubing manu- 
factured for fuel pins. The cladding had an outside diameter of 5.8 mm 
(0.230 in.) and a thickness of 0.38 mm (15 mils). Two springs were con- 
nected in series by welding, and compressed on a mandrel. The spring- 
pair combinations were irradiated at 300~ (572~ to a maximum dose 
of 2.80 displacements per atom (dpa). DFR irradiation creep data [2-4] 
are available in the temperature interval from 247 to 330 ~ (477 to 626 OF) 
for the material spring-pair combinations irradiated (cold-worked Type 
M316, cold-worked Type FV548, and FHT PE-16). 

Types M316 and FV548 tubing was 20 percent cold-worked, and the 
PE-16 tubing was fully hardened and aged. The stress relaxation speci- 
mens were only irradiated over a narrow dose interval, and Standring 
reports Ill that the measured stress relaxation is not a function of the 
initial stress, dose, or material pair combination. No thermal relaxation 
was measured with Type M316 at 280~ (536~ out-of-reactor; there- 
fore, the stress relaxation is due to irradiation creep. The permanent de- 

2The italic numbers  in brackets refer to the list of  references appended to this paper. 
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flection measurements of the unloaded springs showed large differences 
depending on the material and applied stress. For the same initial stress, 
approximately the same permanent deflection was measured in the cases 
of Types M316 and FV548 springs. This indicates that Types M316 and 
FV548 have about the same irradiation creep properties. For the case of 
Type PE-16 springs in combination with either Type M316 or Type FV548, 
the PE-16 permanent deflections were smaller on the average by a factor 
of 2. This indicates that the irradiation creep of Types M316 and FV548 
is greater than that of Type PE-16. 

Standring [1] calculated stress relaxation by setting the irradiation creep 
stress rate term (~Ic) equal to zero and using the irradiation creep equation 

y/r = A[1 - exp(-d~t/B)] + C~t (1) 

where y is the shear strain, r the shear stress, ~t the displacement damage 
calculated using the Half-Nelson model, and A, B, and C are material 
coefficients. No assessment was made of the stress rate component, § 
Further, recent irradiation creep measurements in DFR show that Eq 1 
does not describe PE-16 [2]. The PE-16 data indicate either an incubation 
plus linear or a quadratic dose dependence. This paper extends the stress 
relaxation calculations just described by updating PE-16 irradiation creep, 
comparing the effect of including the stress rate term from the irradiation 
creep component on stress relaxation, and calculating the deflection in the 
springs due to irradiation creep. 

Irradiation Creep 

Irradiation creep measurements of DFR wire-wound helical springs are 
available on the same type, but different lots, of material that was tested 
in stress relaxation. References 3 and 4 show that the irradiation creep 
strain of Types M316 and FV548 is composed of transient and steady- 
state components. The irradiation creep strain ), follows a McVetty-type 
[6] representation given in Eq 1. The magnitude of the transient and 
steady-state components is given by the A and C constants, respectively. 

The spring irradiation creep data that lie within the dose rate interval of 
the stress relaxation specimens were fit to Eq 1. The irradiation creep 
coefficients were calculated for springs that were measured and reirra- 
diated in the same reactor position. Mosedale et al [7] report that the 
stress-reduced strains (ratio of the measured strain to the applied stress, 
),/r) are dose rate dependent. The low-flux specimens tend to exhibit less 
strain per dpa than the higher-flux specimens. Dose rate effects, however, 
are observed only for a factor of 20 variation in the dose rate. Therefore, 
dose rate effects would not be expected in the stress relaxation data be- 
cause the dose rate variation is less than a factor of 2. 
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Table 1 lists the mean, minimum, and maximum values for the A and C 
coefficients of Eq 1 for 20 percent cold-worked Types M316 and FV548. 

TABLE 1--Irradiation creep coefficients. 

Material 

McVetty Relationship 

A x 101~ , B% C x  101~ , 
(N/m2) -1 dpa (N /m 2 - dpa) -~ 

Cold-worked Type M316 
mean 
minimum 
maximum 

Cold-worked Type FV548 
mean 
minimum 
maximum 

4.5 0.27 3.3 x l0 -~~ 
3.3 0.27 2.5 
7.3 0.27 4.3 

12.4 0.27 4.5 
8.3 0.27 4.0 

16.5 0.27 5.1 

Bilinear Relationship for Type PE-16 

R x l01~ 
(N/m 2 - dpa) -~ a,  dpa -1 to, dpa 

4.7 0.53 8.1 

=Evaluated using a 20 percent cold-worked Type 316 uniaxial specimen in EBR-II [5]. 

The Type M316 values were derived from three different lots of material, 
and the Type FV548 coefficients are based on a single heat. The B coeffi- 
cient in Eq 1 cannot be evaluated using the spring data because all of the 
measurements are in the steady-state region. Instead, the B coefficient 
for Types M316 and FV548 was taken to be given by the 20 percent cold- 
worked Type 316 uniaxial specimen [5] irradiated in the Experimental 
Breeder Reactor-II (EBR-II). This assumption is not critical because the 
calculated stress relaxation and permanent deflection were relatively insen- 
sitive to the value of B. A factor of 10 variation in B resulted in less than 
a 10 percent variation in the calculated permanent deflection. 

The irradiation creep behavior of PE-16 [2] appears to follow an incuba- 
tion plus linear dose behavior. Lewthwalte and Proctor [9] report that in 
the DMTR (thermal neutron spectrum) PE-16 irradiation creep strain is 
composed of transient and steady state (that is, linear dose dependence) 
components. Unpublished calculations by the author demonstrate that 
when the spectral-averaged displacement cross section is used as the spec- 
tral weighting function, Type M316 creeps the same in both the DFR and 
Dounreay Materials Test Reactor (DMTR). The DFR high-dose spring 
irradiation creep data for Type M316 exhibit the same irradiation creep 
rate as Type M316 in the DMTR. Therefore, Type PE-16 spring irradia- 
tion creep data appear to have just entered into the steady-state creep 
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36 IRRADIATION EFFECTS ON METALS 

region. The irradiation creep strain data were fit to an incubation plus 
linear equation [8] 

[, 1 {l + exp[a(to- + e-'~p[a~o] .J T ~ = R t + a-ln - )_  (2) 

where R, to, and a are material coefficients. The coefficients are listed in 
Table 1. The linear strain rate and dose intercept are given by the R and 
to coefficients, respectively. The value of R may be an underestimate 
because a well-defined steady-state creep rate has not been established. 

The incubation plus linear irradiation creep behavior of Type PE-16 is 
postulated to be related to the in-reactor precipitation of second phases. 
The precipitation of second phases results in densification, or shrinkage. 
The dimensional decrease deviates only slightly from isotropic behavior 
[10]. In a creep experiment, shrinkage contributes a negative strain com- 
ponent. Note that Type PE-16 is aged before being placed in-reactor, and 
no microstructural evidence is available to indicate the stability of the 
pre-aged structure. Figure 1 of Ref 2, however, shows that the first stress- 
reduced strain measurement of Type PE-16 spring 395/6 [1] is negative. 
Therefore, the observed incubation ̀ effect is considered to result from 
similar rates of irradiation creep (that is, positive strain component) and 
second-phase instability (that is, negative strain component). When the 
microstructure is stable, the dose dependence then becomes linear. In Eq 
2, the magnitude of the shrinkage is given by the to parameter. 

The stress-reduced irradiation creep strain versus dose behavior of 
Types M316, FV548, and PE-16 is shown by the dashed lines in Fig. 1. 
The solid lines are explained in the following. For Types FV548, M316, 
and PE-16, the steady-state irradiation creep rates are similar, but the 
strain values at a given dose are significantly different. Prior to steady- 
state irradiation creep, Type PE-16 has a long incubation period, whereas 
Type FV548 has a large positive transient irradiation creep component. 
The Type M316 transient irradiation creep component is smaller than 
that of Type FV548, and the Type M316 strain values fall intermediate 
between Types FV548 and PE-16. 

Relationship Between Irradiation Creep and Stress Relaxation 

In creep tests the load is usually constant and the specimen length in- 
creases, while in relaxation tests the specimen length is maintained con- 
stant and the stress decreases with time. Therefore, for stress relaxation 

y' + y" = constant (3) 

where y '  is the elastic shear strain and y" is the irradiation creep shear 
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FIG. l--Comparison of the stress-reduced strain versus dose behavior of Types M316, 
FV548 and PE-16. 

strain. The shear stress is the same for two springs welded together, so 
Eq 3 becomes 

r~ '  + y2' + y,"  + y~" = constant (4) 

where the subscripts refer to different springs. Differentiating Eq 4 with 
respect to time results in 

?, '  + h '  + P," + P2" = o (5) 

Using Eq 5, the deflection and stress relaxation equations may be derived 
from the irradiation creep models. 
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38 IRRADIATION EFFECTS ON METALS 

The elastic strain is 

1- i 
Yi' = ~ ,  i = 1, 2 (6) 

where G is the shear modulus. Differentiating Eq 6 with respect to time 
yields 

1 

~i' = ~ ,  (7) 
LI 

The irradiation creep models discussed in the foregoing have different 
dose functions; therefore, the time derivatives of the strain will result in dif- 
ferent strain rate functions. The McVetty relationship will be discussed 
first, followed by the incubation plus linear form. 

McVetty Irradiation Creep Relationship for Both Springs of the Spring Pair 

Differentiating Eq 1 with respect to time results in 

~./.= r+[~--~'e-*,/B, + Ci]+i[Ai(1-e-~t/n,)+ C~t] (8) 

The right-hand side of Eq 8 is composed of two terms: the first depends 
on r and the second depends on ~. The i- parameter in Eq 8 results from 
differentiating the irradiation creep model, and thus is denoted t Ic . If 
i~c is zero, then the strain rate is given by the first term in Eq 8. However, 
if t~c is variable, then the strain rate is given by both terms of Eq 8. Cur- 
rently, for reactor structural design studies, t 'c is assumed to be zero. To 
assess this assumption, two cases of Eq 8 are considered: § = 0 and 
iIc ~ 0. 

Case 1: +~c = 0--Substituting Eq 8 with ~ = 0 and Eq 7 into Eq 5 and 
integrating yields in closed form the stress-relaxation relation 

T 
- -  = exp 
TO 

I G~G2 [A 
b ~ +  (52 ~(1 - e-~ '/,,) + Az(l - e -+'/a,) + 

, t (c ,+ c~)]l (9) 

The irradiation creep strain accumulated by each spring during the relaxa- 
tion test may be calculated by integrating Eq 8. Substituting Eq 9 into 
Eq 8 for r results in 
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dy," = x o ~ [ ~  e-'tm' + C~] exp~~G'G2-'((.it + (J2 L[A~(1 - e-'tm' ) + 

m ~ ( 1 -  e -''/B~) + ~ t ( C ,  + C 2 ) J [  (10) 

Equation 10 is easily solved by numerical integration. The deflection Z is 
given by the relation 

Z i "~- 694.4)',- (11) 

where Z`. is in units of millimetres (mm) and y .̀ is in metres/metres (m/m) 
Case 2: .[-ic ~/= 0--When § is variable in Eq 8, the resulting differential 

equation is exact, and may be integrated in closed form. 
The closed-form stress relaxation relation is 

G1 + G~ 
x GIG2 
- -  = (12) 
ro G1 + G2 

+ A , ( I  - e-+  ̀ ./B,) + ~ t ( C ,  + C2) 
GIG2 

Incubation Plus Linear Irradiation Creep Form for  One Spring o f  the 
Spring Pair 

Type PE-16 springs were irradiated in combination with Types M316 
and FV548. For these spring pairs, the irradiation creep models of each 
spring comprising the spring pair differ. Type M316 and FV548 springs 
follow the McVetty irradiation creep relationship, whereas the Type PE- 
16 spring follows the incubation plus linear relationship. Differentiating 
Eq 2 with respect to time yields 

~," = r RflH 1 + eo,('~ + ~R`. d~t + - - I n  (13) ct ̀ . x 1 + e ~,t~ 

Case 1: § = 0--Substituting Eqs 13, 8, and 7 into Eq 5 for ~ = 0, 
and integrating, results in the closed-form solution 

4 GiG2 [ (~ 1 (1 + e~'(t0'-~~ 
x = exp) R~ t + w i n  - - - - -  + 
"to b T Z b 2  a,  , 1 + e ~,t~ 

A2(1 - e -r + C2+tl 
(14) 

The Type PE-16 deflection may be calculated by numerically integrating 
E q l 3 w i t h ~  = 0. 
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40 IRRADIATION EFFECTS ON METALS 

Case 2: -~ ~ O--When § is variable in Eqs 8 and 13, the resulting closed- 
form solution is 

T 
m 

TO 

Gl + G2 

GiG2 
05) 

G t + G 2  [ 1 (1 + e~'tt~ - *t))] 
GIG2 + R +t + - - l n  _ m _  al 1 + e ",to, 

+ A 2 ( 1  - e -*'/B~) + C2+t 

Results 

The relaxation and permanent deflection for each spring pair were cal- 
culated using the mean, minimum, maximum, and minimum/maximum 
combinations of  the irradiation creep coefficients listed in Table 1. The 
maximum calculated intervals for the stress relaxation and permanent 
deflection are reported in the following for each spring pair. 

Type M316 Spring Pairs 

The calculated values of  stress relaxation and permanent deflection 
agree with the measured values when §162 = 0. Figure 2 shows that the 
measured stress relaxation data fall within the interval calculated using the 
minimum and maximum irradiation creep coefficients when the ~ = 0. 
When ~-~ r 0, the data lie below the calculated stress relaxation interval. 
Table 2 shows that the measured deflection data fall within the interval of  

TAB LE 2--Calculated deflections of the cold-worked Type M3i 6 spring pairs. 

Deflection, mm 

Calculated 
Specimen T 0, Displacement 

[1] No. M N / m  2 Damage, dpa Measured "i -lc -- 0 § ~ 0 

14MM 438 2.80 2.51/2.67 1.94 to 3.73 1.02 to 1.91 
13MM 564 1.75 2.97/3.58 2.07 to 4.07 1.41 to 2.19 

values calculated when ~-ir = 0. The deflection interval reported in Table 
2 corresponds to the case of  minimum/maximum irradiation creep coeffi- 
cients. Note that the deflection intervals calculated with § # 0 are about 
a factor of  2 less than the measured deflections. Furthermore,  the interval 
reported in Table 2 for the § #: 0 case represents an overestimation of  the 
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T / T .  (fraction) 
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#,t (dpo) 

FIG. 2--Stress  relaxation o f  Type M316-M316 spring pairs. 

calculated deflection. Figure 2 shows that, when ~-~c # 0, the calculated 
stress is higher than the measured stress. Equation 8 shows that the de- 
flection is directly proportional to the stress. Therefore, the reported de- 
flection interval is an overestimate because the calculated stress that is 
used to determine the deflection interval is greater than the measured 
stress. 

Type FV548-M316 Spring Pairs 

The calculated stress relaxation agrees with the measured values both 
when .~ic = 0 and when -~tc ~ 0. Figure 3 shows that when ~ = 0 the data 
just fall within the interval calculated using the maximum and minimum 
irradiation coefficients. When "~;c ~ 0, the calculated stress relaxation in- 
terval lies slightly above the data. 

Table 3 appears to indicate that the deflection measurements of  Type 
FV548-M316 spring pairs are not in agreement with the calculations of  
either the ~c = 0 or the ~r ~ 0 cases. However, a comparison of  the cal- 
culated and measured deflection values indicates that with a modification 
in the Type FV548 transient irradiation creep coefficient (the A-param- 
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T / T  o (fraction) 

1.0 
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0.4 

02 
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~t (dpa) 

FIG. 3--Stress relaxation o f  Type M316-FV548 spring pairs. 

eter) the calculated values can be made to agree with the measurements 
when .~c = 0. When ~c ~ 0, no reasonable irradiation creep coefficient 
modification is possible to force the calculated deflections to fit the mea- 
surements. Table 3 shows that when f~ ~ 0 the calculated Type FV548 
deflection interval is slightly less and the Type M316 deflection interval 
is much less than the measurements, respectively. Equation 8 shows that 
the calculated deflection can be increased by increasing the irradiation 
creep coefficients. In the case of Type M316, the irradiation creep coeffi- 
cients must be increased by approximately a factor of 10 to force agree- 
ment between the calculated deflection interval for ?~ = 0 and the data. 
A factor of 10 increase in the irradiation creep coefficients is significantly 
larger than the lot-to-lot variations measured with the three different 
batches of material. Therefore, the measured Type M316 deflections do 
not agree with the fxc variable case. On the other hand, Table 3 shows 
that the calculated Types FV548 and M316 deflections are in good agree- 
ment with the data for ~ = 0 when the Type FV548 transient coefficient 
is decreased by a factor of 5 less than the value measured in the irradia- 
tion creep tests (see Table 1). 
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44 IRRADIATION EFFECTS ON METALS 

Type M316-PE-16 Spring Pairs 

The PE-16 stress relaxation calculations were performed only for the 
§ = 0 case because of  the good agreement between the data and cal- 
culations for Types M316 and FV548. The calculated stress relaxation 
of  the Type M316-PE-16 spring pairs and the calculated Type PE-16 per- 
manent deflection do not agree with the experimental measurements when 
i -~c = 0. Figure 4 shows-that the calculated stress relaxation is from 0 to 

T / T  o ( f ract ion)  

1.0 , 

0.8 

0.6 

0.4 

0.2 

CW M 3 1 6 / F H T  PEI6 

~-IC= 0 f o r  o i l  cu r ves  ~ ,  

data 

t 
(dpa) 

8.1 
0 i ~mu 

0 I I 

0 I 2 4 

~ t t d p a )  

3 

F I G .  4mStress relaxation of Type PE-16-M316 spring pairs. 

45 percent greater than the measurements. Table 4 shows that the cal- 
culated Type M316 deflections agree with the measurements, but that the 
calculated PE-16 deflections are between a factor of  10 to 30 less than 
the measurements. The lack of  agreement between the calculated and 
measured PE-16 stress relaxation and deflection values is believed to be 
due to improperly defined PE-16 irradiation creep coefficients. 

Calculations with a zero-fluence intercept (that is, to = 0 dpa) were 
performed to assess the sensitivity of  the calculated stress relaxation and 
PE-16 deflection values to to. Figure 4 shows that when to = 0 the cal- 
culated stress relaxation is in reasonable agreement with the measure- 
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46 IRRADIATION EFFECTS ON METALS 

ments. Table 4 shows that the calculated Type M316 deflections are insen- 
sitive to the to value, and that the calculated Type PE-16 deflections and 
stress relaxation of the spring pairs are in reasonable agreement with the 
measurements when to = 0. The agreement between the measured and 
calculated stress relaxation and Type PE-16 deflection values could be 
slightly improved by increasing the steady-state irradiation creep rate. 
This is consistent with Type PE-16 irradiation creep data. As noted in the 
foregoing, the available Type PE-16 irradiation creep data probably slightly 
underestimate the steady-state irradiation creep rate. 

Type PE-16-FV548 Spring Pairs 

Figure 5 shows that the calculated stress relaxation of the Type PE-16- 
FV548 spring pairs agrees with the measurements. However, Table 5 

T/To(fraction) 
1.0, 

0.8 

0.6 

0.4 

0.2 

CW FV548/FHT PEI6 

�9 -~iC: 0 for aJl C u r v e s  

t (PEI6) A (FV548) 
(dpo)  (MN/m2) -I xlO I~ 

8.1 8.3-16.5 
0 2.5 u D ~  [ 

0 i i J 
0 I 2 3 4 

~t (dpa) 

F I G .  5--Stress  relaxation o f  Type PE-16-FV548 spring pairs. 

shows that the calculated Type PE-16 deflection is between a factor of 
20 to 50 below and that the calculated Type FV548 deflection is about 
50 percent greater than the measurements, respectively. Therefore, the 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



T
A

B
L

E
 5

--
C

al
cu

la
te

d 
de

fl
ec

ti
on

s f
o

r 
th

e 
co

ld
-w

or
ke

d 
Ty

p~
s 

F
V

54
8-

F
H

T
 a

nd
 P

E
-1

6 
sp

ri
ng

 p
ai

rs
 w

he
n 

~
k 

_ 
O

. 

D
is

pl
ac

em
en

t 
D

am
ag

e 

S
pe

ci
m

en
 

S
pr

in
g 

TO
, 

[1
] 

N
O

. 
T

yp
e 

M
N

/m
 2

 
dp

a 
dp

aJ
s 

x 
10

7 
M

ea
su

re
d 

D
ef

le
ct

io
n,

 m
m

 

C
al

cu
la

te
d 

U
nm

od
if

ie
d 

Ir
ra

di
at

io
n 

C
re

ep
, 

P
ar

am
et

er
s"

 

M
od

if
ie

d 
Ir

ra
di

at
io

n 
C

re
ep

 
P

ar
am

et
er

s 
b 

"!1
 

O
 

0o
 

0&
PV

 
F

V
54

8 
43

8 
2.

80
 

5.
8 

2.
82

 
09

V
P

/1
0P

V
 

F
V

54
8 

43
8 

2.
46

 
5.

1 
2.

79
/3

.3
3 

0g
P

V
 

P
E

-1
6 

43
8 

2.
80

 
5.

8 
2.

46
 

0
9

V
P

/t
O

P
V

 
P

E
- 

16
 

43
8 

2.
46

 
5.

1 
1.

12
/2

.2
6 

4.
32

 t
o 

5.
79

 
4.

11
 t

o 
5.

60
 

0.
05

 t
o 

0.
07

 
0.

04
 t

o 
0.

06
 

3.
00

 t
o 

3.
50

 
2.

80
 t

o 
3.

27
 

1.
68

 t
o 

1.
77

 
1.

51
 t

o 
1.

58
 

--
I 

m
 

-1
1 

t:)
 

Z
 

(D
 

--4
 

"A
s 

gi
ve

n 
in

 T
ab

le
 1

. 
bM

od
if

ic
at

io
n 

in
cl

ud
es

 f
or

 T
yp

e 
F

V
54

8,
 A

 
= 

2.
5 

x 
10

 -~
~ 

(N
/m

2
) 

-~
, 

an
d 

fo
r 

T
yp

e 
P

E
-1

6,
 t

o 
= 

dp
a.

 

-in
 

IT
I 

0o
 

~D
 

m
 

r-
 

X
 

.-
I 

z 4~
 

"4
 

C
op

yr
ig

ht
 b

y 
A

S
T

M
 I

nt
'l

 (
al

l 
ri

gh
ts

 r
es

er
ve

d)
; 

S
un

 D
ec

 2
7 

13
:1

1:
13

 E
S

T
 2

01
5

D
ow

nl
oa

de
d/

pr
in

te
d 

by
U

ni
ve

rs
it

y 
of

 W
as

hi
ng

to
n 

(U
ni

ve
rs

it
y 

of
 W

as
hi

ng
to

n)
 p

ur
su

an
t 

to
 L

ic
en

se
 A

gr
ee

m
en

t.
 N

o 
fu

rt
he

r 
re

pr
od

uc
ti

on
s 

au
th

or
iz

ed
.



48 IRRADIATION EFFECTS ON METALS 

agreement between the calculated and measured stress relaxation values 
is fortuitous because the increment of Type FV548 irradiation creep strain 
greater than the measurement just balances the increment of Type PE-16 
irradiation creep strain smaller than the measurement. 

The results discussed in the foregoing for the Type M316-PE-16 and 
Type M316-FV548 spring pairs showed that modifications to the Type 
FV548 transient and Type PE-16 fluence intercept irradiation creep coeffi- 
cients are necessary in order to calculate the stress relaxation and deflec- 
tion. Figure 5 shows that the calculated stress relaxation is virtually un- 
changed, and thus it remains in good agreement with the measurements. 
Table 5 shows that good agreement is obtained between the calculated 
and measured deflections using the modified irradiation creep coeffi- 
cients. These results further support the modifications proposed for Types 
FV548 and PE-16 irradiation creep coefficients. 

Discussion 

The results of this study for Type M316 support the validity of a me- 
chanical equation of state for in-reactor deformation. Irradiation creep 
models may be used to calculate stress relaxation when ~c = 0. If "~c # 0, 
stress relaxation cannot be calculated using irradiation creep models. 

Lot-to-lot variations appear to have the largest effect on the transient 
irradiation creep coefficient. Mosedale et al [7] report that scatter is as- 
sociated with the transient coefficients for different lots of Type M316. 
This behavior may be related to the influence of varying alloying element 
and impurity content on second-phase precipitation. Various authors 
[10-12] have studied the effects of precipitation at high temperatures out- 
of-reactor. The measured shrinkage is small, and depends on the second- 
phase precipitation sequence. The time-temperature-precipitation sequence 
is complex, and relates to the alloying element and impurity content. 
Therefore, the amount of shrinkage varies from lot to lot due to differ- 
ences in impurity content. 

Figure 1 shows that the variation in ,the stress-reduced strain versus 
dose behavior of Types FV548, M316, and PE-16 is greatly reduced when 
the irradiation creep coefficients are modified using the stress relaxation 
data. The irradiation creep tests predict substantially different behavior of 
the transient irradiation creep component. Adjustments were made in the 
Type FV548 transient and Type PE-16 incubation parameters because the 
irradiation creep and stress relaxation tests were performed on different 
lots of material. The Type M316 irradiation creep coefficients listed in 
Table 1 are based on the results from three different lots of material. 
Types FV548 and PE-16 results are limited to a single lot of material. 
Therefore, the irradiation creep properties listed in Table 1 probably best 
describe the behavior of Type M316 with respect to the lot of material 
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FOSTER ON STRESS RELAXATION 49 

used for stress relaxation testing. The adjustments in the Type FV548 
transient and the Type PE-16 incubation coefficients, respectively, are 
considered to reflect lot-to-lot variations in irradiation creep behavior. 

Conclusions 

The irradiation creep and stress relaxation data support the validity of a 
mechanical equation of state. The largest uncertainty in the stress relaxa- 
tion calculations is considered to be associated with the use of different 
lots of material for the irradiation creep and stress relaxation tests. The 
stress relaxation and deflection of Type M316 could be calculated using 
the irradiation creep models when ~-~c = 0, because the irradiation creep 
measurements were made on three lots of material. Types FV548 and PE- 
16 stress relaxation also could be calculated using irradiation creep models, 
but adjustments were necessary in the Type FV548 transient and the Type 
PE-16 incubation irradiation creep coefficients, respectively, because 
irradiation creep measurements were made on only one lot of material in 
each case. The adjustments probably result from lot-to-lot variations in 
shrinkage behavior. The modifications in Types FV548 and PE-16 irradia- 
tion creep parameters greatly reduce the variation in the strain versus dose 
behavior of Types M316, PE-16, and FV548. 
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Dynamic Strain-Aging and Neutron 
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ABSTRACT: "Blue brittle" or dynamic strain-aging studies were carried out on 
mild steel in vacuum-annealed, irradiated, and irradiated decarburized conditions. 
The effect of neutron damage is to decrease or eliminate the concentration of 
free interstitial impurity elements responsible for locking the dislocations. Progres- 
sively increasing the irradiation dose from '~ 1016 to '~ 1019 nvt (> 1 MeV) resulted 
in a transition from "serrated" to "jerky" flow at and beyond '~ 1017 nvt. The 
activation energies for serrated and jerky flow were determined to be the same, ~, 18 
kcal/mol (75 kJ/mol), identifiable with the migration energy of carbon or nitrogen 
in iron. Thus neutron irradiation does not seem to affect the mechanism of dis- 
location locking. 

Neutron irradiation was found to result in the following: (1) yield stress increases 
(hardening); (2) ductility decreases (embrittlement); (3) temperature of strain- 
aging increases; (4) temperature region of unstable flow decreases; (5) degree of 
locking decreases; (6) Luders bands become relatively more diffuse; (7) the transi- 
tion from serrated to jerky flow results in a complex temperature dependence of 
yield stress and Luders strain; (8) at temperatures below unstable flow, Luders 
strain increases and, at the highest doses ('~ 1019 nvt), fracture occurs during Luders 
extension; and (9) radiation hardening in mild steel is thermally activated. 

There was no evidence of serrated flow in decarburized and irradiated decarburized 
material up to about 280~ (553 K). The effect of neutron damage was found to be 
similar to that of dry hydrogen treatment. In both cases a transition from serrated 
to jerky flow was observed. Both the appearance and disappearance of serrations 
were found to be dependent on the concentration of nitrogen in solution. These 
results imply that free nitrogen is primarily responsible for dynamic strain-aging in 
mild steel, both archive and irradiated. 

KEY WORDS: radiation, neutron irradiation, ductility, embrittlement, damage, 
impurities, precipation hardening 

1Senior research engineer, Lynchburg Research Center, Lynchburg, Babcock & Wilcox 
Company, Va. 24505. 

2Australian Universities Commission, Canberra, Australia; formerly, professor and 
head, Department of Metallurgy, University of Newcastle, Newcastle, Australia. 

53 

Copyright�9 by ASTM International www.astm.org 
Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



54 IRRADIATION EFFECTS ON METALS 

It is well documented in the literature [1-4] 3 that the interstitial im- 
purities such as carbon and nitrogen play a major role in irradiation 
hardening and strain-aging phenomena. Earlier work by Hall [5] and 
others [6, 7] clearly indicated that these interstitial impurities combine 
with irradiation-induced point defects, such as vacancies and interstitials, 
either individual defects or loops, to form complexes. These complexes 
may probably be responsible for part of the hardening [5]. At the same 
time the creation of these complexes results in reduced net concentration 
of interstitial atoms in solution [7], and thus the irradiated steel becomes 
non-aging at sufficiently high neutron doses [5,6]. Recently Murty and 
Hall [8] examined the effect of incremental neutron doses on the static 
strain-aging kinetics in mild steel and found that irradiation doses greater 
than about 1018 nvt render mild steel non-aging. 

The stress-strain curve for mild steel at temperatures around 150 to 
250~ (423 to 523 K) is serrated and most unlike the smooth curve ob- 
tained at room temperature. The accompanying increased work-harden- 
ing rate and reduced elongation constitute the so called blue-brittle be- 
havior of mild steel. The idea that the blue-brittleness is an effect caused 
by strain-aging during deformation is not new [9], and Hall [1] reported 
one of the first systematic studies of serrated yielding. Hall distinguished 
between (1) "serrated yielding," with each serration produced by the 
propagation of a separate Luders band, and (2) "jerky flow," with 
plastic deformation occurring at random locations along the specimen 
after the initial Luders band front had traveled the gage length of the 
specimen. 

There is substantial evidence that the dynamic strain-aging (Portevin- 
Le Chatelier effect) in mild steel is associated with the presence of carbon 
and nitrogen. The effects produced by these are additive. The effect of 
interstitial nitrogen seems to be more pronounced than that of carbon 
[6,8]. The temperature and strain rate at which serrations were observed 
were strongly dependent upon the concentration of interstitial impuri- 
tiesmin particular, nitrogen [10]. Since the effect of neutron irradiation is 
to reduce the concentration of free interstitial impurities, the neutron 
damage is expected to affect the characteristics of the dynamic strain- 
aging in mild steel. 

A very limited amount of information on the superimposed effect of 
irradiation on the Portevin-Le Chatelier effect is available. Two isolated 
examples, one by Russell [11] on copper-tin and the other by Blakemore 
and Hall [23] on carburized nickel-copper alloys, may be cited on the 
substitutional type of locking of the dislocations. Recently, Little and 
Harries [6] reported the only study available on blue-brittle behavior of 
steels due to interstitial impurities. This work indicated that irradiated 

3 The italic numbers in brackets refer to the list of references appended to this paper. 
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MURTY AND HALL ON DYNAMIC STRAIN-AGING 55 

(,x, 2.8 x l0 tS nvt) steels exhibit serrations of substitutional type. How- 
ever, no attempt was made to investigate the incremental effect of 
neutron fluence on blue-brittleness. 

In the present study, an attempt was made to record the characteristics 
of load drops not only on Luders band [4] hut also beyond, up to 
necking and fracture, and to study the effect of incremental neutron 
doses from about 10 '6 to 1019 nvt (fission). The temperature dependence 
of various deformation characteristics such as the lower yield stress, 
Luders strain, and serration height and their variation with irradiation 
dose are documented. 

Experimental 

Mild steel wires of 0.001 m diameter and 0.0385 m gage length were 
used. The main advantage of wires is that the deformation proceeds by a 
single Luders band, usually nucleated in one of the grips, and the 
lower yield stress is thus extremely constant [12]. In addition, the small 
volume of the wire specimens reduces the decay time of y-activity ac- 
cumulated during irradiation. The material used was cold-drawn, 0.06 weight 
percent carbon-rimmed mild steel whose composition is given in Table 1. 

TABLE 1--Composition of steel specimens. 

Element C N O Mn Si S Ni Cr Cu A1 Sn Fe 

Weight ~/0 0.05 0.004 0.012 0.39 < 0.001 0.012 0.032 0.041 0.019 0.002 0.003 remainder 

The prepared specimens were annealed in vacuo for various times and 
temperatures depending on the desired grain size between ASTM 5 and 
ASTM 8. 

Decarburization of the prepared specimens was carried out in a hydro- 
gen furnace with wet hydrogen atmosphere at ~ 650~ (923 K) for 
various times depending on the desired level of impurities. Complete de- 
carburization (carbon < 0.001) was achieved by annealing at 650~ 
(923 K) for about 36 h in an atmosphere of hydrogen passed through 
water at 30~ (303 K) and was inferred from rounded yield in the stress- 
strain curve. 

Vacuum-annealed and decarburized specimens were irradiated by the 
Australian Atomic Energy Commission in high isotopeflux Australian 
reactor (HIFAR), the heavy water moderated reactor at Lucas Heights. 
Different total neutron doses were obtained by insertion in the vertical 
holes--at positions close to the fuel plates for high doses and at positions 
away from the plates for lower doses. In all cases the time of exposure 
was kept essentially constant, and thus the different integrated neutron 
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fluxes were obtained by differing dose rates. The fission neutron fluxes 
were calculated from the y-activity of  46Ti wire monitors placed near 
the specimen cans, and four different fluences were obtained: 3.9 x 
1016, 2.8 x 10 ~v, 2.0 x 10 ~8, and 1.4 x 1019 nvt (> 1 MeV). The quoted 
values for the fluences are the average values, and typically the minimum 
and maximum values of  fluxes differed by a factor of  ,x, 3 over the length 
of  the specimens. 

Special precautions were taken to reduce )'-heating of  the specimens, 
and the irradiation temperature can be taken as 80~ the heavy-water 
temperature [5]. The irradiated specimens all became radioactive due to 
the relatively large capture cross section of  5SFe, and thus the specimens 
were stored in lead coffins until the ),-activity decayed to tolerable levels. 

All tension tests were carried out on a " h a r d "  tensile machine of  the 
type designed by Adams [13]. The crosshead speeds can be varied from 
1.7 x 10 -7 m/s  to 1.0 x 10 -5 m/s  with seven intermediate steps. Most of 
the tests were carried out at a crosshead speed of  5.2 • 10 -6 m/s, which 
corresponds to a strain rate of  ~ 1.36 x 10 -4 s -~. The desired tempera- 
tures were attained by immersing the specimen and the holder assembly in 
an electrically heated stirred oil or salt baths, and the temperatures were 
controlled to _+ 1 ~ 

Results  

Vacuum Annealed 

A series of  load-elongation curves of  mild steel specimens with grain 
size of  ASTM 7.5 annealed in vacuo is reproduced in Fig. 1. All the 
curves were obtained at a constant crosshead speed of  5.2 x 10 -6 m/s.  

At room temperature the load-elongation curve consists of  a smooth 
Luders plateau followed by homogeneous deformation, which again is 
smooth with no load drops. At about 90~ (363 K), the Luders plateau 
is still quite smooth but the flow curve consists of  random jerks. As 
temperature increases, " j e rky"  secondary Luders plateaus develop on 
the flow curve. At the lower critical temperature (,x, 140oc), random 
stress "p ips"  are observed on the Luders plateau while the flow curve is 
now "se r ra ted"  with occasional larger drops in load. The load pips on 
Luders band become more regular and periodic as temperature increases, 
and these are called "serra t ions ."  At still higher temperatures while 
the Luders band is serrated with increased height of  the serrations, the 
flow curve develops random secondary bands which are in turn serrated. 
In addition, occasional smooth parts of  the flow curve are interspersed. 
At about 200~ (473 K), the flow curve becomes smooth except for a few 
serrations during necking instability and at the very beginning of  the flow 
curve (that is, just beyond the Luders band). Beyond 200~ (473 K) the 
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FIG. l--Load-elongation curves at various temperatures f o r  vacuum-annealed specimens 
with grain size o f  A S T M  7.5. 

flow curve is essentially smooth while Luders band is serrated with de- 
creasing magnitude of serrations. Just prior to the disappearance of all 
load drops from the stress-strain curve, the Luders band becomes " jerky" 
with a few serrations occurring in groups. Finally at about 270 ~ (543 K) 
and beyond, the stress-strain curve consists of a yield point with essentially 
no Luders extension. 

Associated with these features is the temperature variation of Luders 
strain (Fig. 2). As temperature increases from ambient, Luders extension 
(eLa) decreases until it reaches a minimum value at approximately the 
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FIG. 2--Effect of  temperature on serration height (AOLB) on the Luders band and Luders 
strain (~ ~ )  in vacuum-annealed specimens. 

same temperature where the load "pips" first appeared on the Luders 
band. Beyond this, s increases to a maximum until about the point 
where the flow curve tends to become smooth and then decreases again, 
reaching essentially zero value at ~ 270~ (543 K). Similar features 
exist for tests at different strain rates except for a shift to higher tempera- 
tures as strain rate increases; also, the height of the serrations decreases 
with the applied strain-rate [14]. Comparison of the room temperature 
and 270~ (543 K) curves indicate that at 270~ although all serrations 
and jerks disappear from the curve, the rate of work hardening remains 
high. Similar observations were made by several investigators earlier, 
see, for example, Hall [15]. Temperature variation of total elongation 
indicates minima at ~ II0~ (383 K) and 210~ (483 K) which corre- 
spond to the temperatures at which minimum and maximum values for 
gLn were noted. In the region of serrated flow, athermal yield stress 
(Fig. 3) (which corresponds to a peak when corrected for temperature 
variation of modulus) and a peak in ultimate tensile strength were ob- 
served. These results again are in line with the earlier findings. 

The lower critical temperature (that is, the temperature at which the 
first upper yield point pips appear on the Luders band and correspond- 
ingly that at which the Luders extension first attains a minimum value) is 
strain-rate dependent [4]. The effect of the test temperature and the ap- 
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FIG. 3--Effect of  neutron dose on temperature dependence of  lower yield stress. 

plied strain rate on the height of serrations on the Luders band is clearly 
depicted in Fig. 4, where load-elongation curves on two specimens are 
shown. Here the specimen was first deformed at 86~ (359 K) partway 
along t h e  Luders band, load released, temperature shifted to 9 ~ C  
(368 K), and the test continued until a few serrations appeared on the 
Luders band. Again the sample is unloaded and the process repeated. 
Thus a few specimens are enough to generate the data shown in Fig. 5, 
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FIG. 5--Arrhenius plo~ of the applied strata ra~ and lower critical temperature. Unfilled 
dam pom~ were obtained using specimens with d~ferent gram size. 

and the activation energy for serrated flow was found to be 18 kcal/ 
mol (75 kJ/mol), which agrees with that for carbon or nitrogen diffusion. 

E f f e c t  o f  Radia t ion  D a m a g e  

A set of specimens irradiated to 3.9 x 1016 nvt was tested at various 
temperatures. Load-elongation curves of these specimens are essentially 
similar to those for the vacuum-annealed unirradiated specimens (Fig. 1), 
except that the minimum temperature at which serrations start appearing 
(that is, lower critical temperature) is shifted to higher values (Fig. 6). In 
addition, the maximum in the height of serrations (AOLB) alSO decreases in 
comparison with that corresponding to the unirradiated material. Luders 
extension at the lower critical temperature increases while the maximum 
in Luders extension beyond the critical temperature remains at the same 
level as that in unirradiated specimen (Fig. 7). Thus the minimum in 
[ L B  at the lower critical temperature (Tc L) in the irradiated specimen is 
much shallower than that in the vacuum-annealed specimen. This is 
indicative of the fact that the Luders band in irradiated material is 
relatively more diffuse, as predicted by Hall [15]. Another set of speci- 
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FIG. 6--Effect of irradiation dose on temperature dependence of load drops on the Luders 
band (Aatn). 

mens with a slightly different grain size (ASTM 5.5--10348 series) ir- 
radiated to the same dose of  3.9 x 1016 nvt is used to obtain the strain- 
rate dependence of  the lower critical temperature (Fig. 5), and an activa- 
tion energy for serrated flow of  19 kcal /mol (79.5 k J/ tool)  was ob- 
tained. One datum was obtained on a specimen with a finer grain size 
(ASTM 7.5--10346 series) irradiated to the same level. Within the range 
of  grain sizes employed here, no grain size dependence of  the kinetics of  
serrated yielding was noted as reported by Hall [4] for  unirradiated 
steel. Thus the neutron irradiation does not seem to affect the kinetics of  
serrated flow in steels at least up to about  4 x 1016 nvt. 

Specimens irradiated to a higher dose of  2.8 x 10 '7 nvt were tested 
at various temperatures, and the load-elongation curves are reproduced 
in Fig. 8. A striking feature of  this series is that the Luders band has 
become " j e r k y "  in contrast to " se r ra ted"  in the former cases, although 
the flow curve has features identical to the unirradiated material. The 
jerks in the Luders band appear at a still higher temperature. In the 
temperature range of  jerky flow, the lower yield point first stays constant 
and then drops suddenly to a low value at around 200~ (473 K). As 
temperature increases, the lower yield point returns to the "expected"  

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  S u n  D e c  2 7  1 3 : 1 1 : 1 3  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .
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F I G .  7--Effect of neutron irradiation and temperature on Luders strain. Filled data 
points indicate serrated or jerky Luders band. 

level and then decreases gradually with temperature (Fig. 3). The complex 
trends observed here seem to be "real." Tests were repeated at tempera- 
tures around 200~ (473 K) to establish the trend, and the sudden drop 
exhibited in Fig. 3 is not regarded as spurious. The case with eLB (Fig. 7) 
is similar. The strain rate dependence o f  Tc L was found to follow an 
Arrhenius type of  correlation, and the activation energy for jerky flow 
was determined to be 19 kcal/mol (79.5 k J/mole)  (Fig. 5). These data in 
Fig. 5 were obtained on the 10675 series with a slightly finer grain size 
(ASTM 7.5). 

As the neutron fluence increases, the Luders band propagates quite 
smoothly up to about 280~ (553 K), beyond which jerky bands are noted 
(Fig. 9). However, the flow curve becomes jerky in a small region of  
temperature from • 179 to r~ 2420C (,,~ 452 to * 515 K). The amplitude 
of load drops further decreases. The Luders strain at room temperature 
is quite large and it decreases monotonically with temperature. Some 
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curves, for example, at 179~ (452 K), indicate necking instabilities 
reflected as large load drops. A peak at ,,o 150oC (423 K) in the lower 
yield stress (OLV) noted in Fig. 3 may be a spurious one since the data 
on the 10353 series with coarser grain size irradiated to the same dose 
did not indicate any such peak. 

At the highest dose used in the present study, namely, 1.4 x 1019 nvt, 
pronounced radiation embrittlement was noted. From the data on the ef- 
fect of  progressive irradiation dose, it seems that specimens at tempera- 
tures to "-, 210~ (483 K) may have failed in the Luders band itself, 
although it cannot be inferred from the load-elongation curves per se. 
A Luders band with an extension of  about 6 percent at 282~ (553 K) 
adds to such a contention. Quite often, spurious load drops and steps 
were observed in the load-time curves of  irradiated specimens, as noted 
earlier by Hall [5]. Lower yield stress decreased from ambient to about  
200~ (473 K) and increased slightly beyond. Such a dip in OLV was re- 
producible during tests on the 10358 series with coarser grain size. Since 
the OLv is not clearly identifiable at some temperatures, the stress at a 
fixed strain of 0.008 was also plotted in Fig. 3 for the highest dose. 

Irradiated Decarburized Steel 

There was no evidence of  dynamic strain aging in decarburized and 
irradiated decarburized steel up to about 300~ (573 K). Neutron ex- 
posure resulted in radiation hardening and embrittlement. Stress-strain 
curves were all smooth with no yield point or Luders band in both the 
unirradiated and irradiated decarburized steel. 

Analysis of  Little and Harries data [6] 

While Little and Harries [6] reported that jerky flow occurs in ir- 
radiated (2.5 x 10 Is nvt) steels only after a finite plastic strain (~o), as 
in the case of substitutional type of  locking, no such transition was ob- 
served in the present study with doses up to ~ 1019 nvt and temperatures 
to ~, 300~ (573 K). The reasons for the discrepancy are not clear; how- 
ever, the Litt le/Harries material contained different concentrations of  im- 
purities (chromium---0.05 percent, nickelm0.11 percent, and manganese--  
1.22 percent). They observed that e0 varied with temperature through 
an Arrhenius type of  relation, but did not analyze their data in detail. I f  
the locking is similar to that due to substitutional type, one finds [15] 

= AEom+#e-Q/RT 

where 

Q = activation energy for jerky flow; 
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C~ = p~o m 
0 = dislocation density, and 

Cv = concentration of  vacancies. 

Little and Hurries [6] gathered data at four different temperatures and 
three strain rates. An analysis of the same yields 

= AeoSe-SSoao/R "r 

The value of  5 for m + /3 is much larger than the usually observed value 
of  2 to 3 [15]. The significance of  the activation energy value of  ~ 55 
kcal/mol (230 k J/ tool)  is not clear. But it is interesting to note that 
Tamhankar  et al [21] obtained a value between 50 and 80 kcal/mol for 
serrated yielding in 10Cr-35Ni-0.39Mn-0.03C alloy ascribable to chromi- 
um or nickel diffusion [15] associated with Suzuki locking. Their stress- 
strain curves indicated smooth initial strain, and thus enhanced diffusion 
is probably present. A similar conclusion was reached by Barnby [22], 
who tested a similar alloy with 18Cr-11Ni in the temperature range 300 to 
700~ (573 to 973 K). 

Discussion and Conclusions 

Present study clearly indicates that the effect of neutron irradiation is 
to eliminate or decrease the concentration of  free interstitial impurity 
elements (carbon or nitrogen or both) responsible for locking of the 
dislocations, resulting i i i  blue brittleness or dynamic strain-aging. Pro- 
gressively increasing the irradiation dose resulted in a transition from 
"ser ra ted"  flow to " j e r k y "  flow at and beyond about 1017 nvt. Such a 
transition was heralded by a complex temperature dependence of  oLv (Fig. 
3). Since the activation energies for serrated as well as jerky flow are essen- 
tially the same (~18 kc~ii/mol), the mechanism of  dislocation locking may 
be regarded as unaffected by neutron damage. Roberts and Owen [10] ob- 
served jerky flow in iron-carbon alloys at low temperatures and serrated 
flow at high temperatures. Their results, in addition, indicated that only 
serrated flow occurs in martensite. They concluded that the jerky flow 
may be due to Snoek interaction and serrated flow due to Cottrell drag by 
nitrogen or carbon atoms or both. From the activation energy data alone, 
such a discrimination is not possible. Explicit functional dependencies 
of  the critical strain rate and stress on the concentration of  impurity 
atoms in solution are to be derived from the experimental data to arrive 
unequivocally at a conclusion as to the specific operating mechanism. 
Such information unfortunately cannot be extracted from the present 
data. 
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The effect of neutron fluence on the temperature dependence of OLy is 
recorded in Fig. 3. The effect of neutron irradiation is essentially twofold: 
first, it increases the yield stress (hardening), and second, it shifts the 
temperature of strain-aging peak to  higher values. In addition, the 
temperature region of unstable flow decreases with irradiation. Irradiation 
hardening (Aoy) was found to be proportional to the cube root of the 
radiation dose 

Aoy = ay' - ay ~ = A(c~t)  1/3 

where Oy i and oy ~ are the room temperature yield stresses of irradiated 
and unirradiated material, respectively, and ~t is the neutron fluence 
(> 1 MeV). A was found to decrease slightly with the grain size, implying 
that the fine-grain-sized material is less resistant to radiation hardening. 
These results confirm the earlier studies by Castagna et al [17] on iron- 
titanium alloys and by Trudeau [18] on 3.25 percent nickel steel, but are 
in conflict with Cottrell's prediction regarding the superiority of fine- 
grained steels to radiation embrittlement [19]. 

It is clear (Fig. 3) that radiation hardening is thermally activated at 
temperatures above ambient. Since thermal annealing of radiation damage 
is negligible below ~ 300~ (573 K), the decrease in radiation hardening 
(Aoy) with temperature indicates that the effective stress decreases and 
that the irradiation-induced obstacles become increasingly transparent as 
temperature increases [6]. The pronounced decrease in Aoy at ~200~ 
(473 K) is due to the additional effect of the "blue brittle" region. 
As noted by Little and Harries, these results are in contradiction to the 
theoretical prediction by Arsenault [16] that the irradiation-induced 
obstacles in a-iron may be athermal. The increase in OLy at ~ 280~ 
(553 K) in highly irradiated specimens may be due to starting of the 
recovery of the irradiation structure. 

The effect of irradiation on the temperature variation of stress drops 
is depicted in Fig. 6. The primary effect is a decrease in the amplitude of 
load drops, and when jerky flow is noted the temperature range of un- 
stable flow becomes quite narrow. The effect of irradiation on the 
temperature dependence of s (Fig. 7) is first to make it relatively 
shallow, and the transition to jerky flow results in a complex dependence. 
At temperatures below the unstable flow (<~ 100~ (<~ 373 K), neutron 
irradiation results in a large increase in Luders extension. As noted 
earlier, the data on 10357 series (10 '9 nvt) are not conclusive, and it is 
quite possible that specimens tested at temperatures about 220~ (493 K) 
and below failed even during Luders extension. 

Murty and Hall [24] studied the effect of nitrogen concentration on 
the dynamic strain-aging behavior in mild steel. Specimens treated in 
dry hydrogen atmosphere for times up to about 140 min at 650~ (923 K) 
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revealed serrated stress-strain curves essentially similar to the vacuum-an- 
nealed specimens except for a shift in Tc L to higher temperatures and a 
decrease in the magnitude of load drops. Longer exposures to dry hydro- 
gen exhibit jerky flow as in the specimens irradiated to large doses. The 
effect of denitriding on the temperature dependence of Luders strain is 
also similar to that of neutron irradiation. 

The striking similarities between the effects of neutron irradiation 
and denitriding suggest that nitrogen is predominantly responsible for 
irradiation hardening, a conclusion reached earlier [6,8]. It clearly indi- 
cates that radiation damage manifests itself in reduced concentrations of 
free nitrogen due to the combination of nitrogen with irradiation-in- 
duced point defects. 

We note in addition that both the appearance and the disappearance of 
serrations are dependent on the concentration of interstitial impurity 
atoms. On the other hand, Roberts and Owen [10| as well as Keh et al 
[3] claim that the disappearance is concentration-independent. Hirth 
[20] observes that the ending of the serrations should correlate with 
Cottrell or Snoek drag with inverse concentration-dependence of the 
strain rate; present results are in agreement with his arguments. The rea- 
son for the observations by Keh et al and Roberts and Owen may be 
due to the quenching of their specimens from high temperatures [20]. 
Since the concentrations of impurity atoms in solution are not known 
in the present study, no quantitative values for the concentration de- 
pendence of TcL and T~ U are obtainable. 
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Swelling and Tensile Property 
Changes in Neutron-Irradiated 
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Materials, 1976, pp. 72-90. 

ABSTRACT: Specimens of Type 316 stainless steel, given different thermomechanical 
treatments resulting in either a cold-worked or solution-annealed and aged structure, 
were irradiated in the Experimental Breeder Reactor-II (EBR-II) at 500 to 600 ~ (932 to 
1112 ~ to a fluence of 7.4 x 102* neutrons (n)/m 2 (E > 0.1 MeV). Three specimen con- 
figurations were used: small sheet tension specimens, small right-circular cylinders for 
immersion density, and thin foils for transmission electron microscopy (TEM). TEM 
revealed voids in all specimens. Immersion density indicated swelling in cold-rolled 
specimens only after irradiation at temperatures near 600~ (1112~ 
recovery and precipitation were observed in the cold-rolled specimens. Results of ten- 
sion tests revealed an increase in strength and decrease in ductility for specimens 
originally in a solution-annealed and aged condition. Cold-rolled specimens exhibited a 
decrease in strength and a slight increase in total elongation. True stress-true plastic 
strain was best described by the Ludwigson equation, o = K3E"' + exp (K4 + n4e), in all 
cases. Irradiation causes a decrease in the work-hardening exponent, n,, and strength 
factor, K3. After irradiation, the values of n3 and K3 tended toward common values for 
both preirradiation treatments. 

KEY WORDS: radiation, stainless steels, mechanical properties, swelling, voids, stress- 
strain diagrams, irradiation 

High-fluence swelling and mechanical properties data for Type 316 
stainless steel are needed to provide data for design equations so that ex- 
trapolations to projected liquid metal fast breeder reactor (LMFBR) goal 
fluence can be made with more confidence. Data obtained on Type 316 
stainless steel will also be used as a basis for comparison with data on ad- 
vanced and developmental alloys now being considered for use in reactors. 

'Atomics International Division, Rockwell International Corporation, Canoga Park, Calif. 
91304. 
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The work reported here is a continuation of the Experimental Breeder Reac- 
tor-II (EBR-II) irradiation experiment, X100, to determine the effect of the 
reactor environment on the tensile properties and microstructure of Type 
316 stainless steel given different pre-irradiation treatments, and extends 
these observations to a fluence of 7.4 • 102~ neutrons (n)/m 2 (E > 0.1 
MeV). 

Experimental 

Small sheet tension specimens (0.23 by 1.02 mm, with a gage length of 
12.7 mm), small right-circular cylinders (3.8 mm diameter by 2.8 mm), and 
thin foils (3.7 mm square by 0.013 mm) of Type 316 stainless steel were 
irradiated in EBR-II Subassemblies X100 and X100A. The composition, 
specimen configuration, and preirradiation treatment designation are given 
in Table 1. Table 2 gives the details of the pre-irradiation treatments. These 
are the same alloy heats and pre-irradiation treatments as those reported 
earlier for Pins A and B of Subassembly X100 [1]. 2 

Data reported here are for specimens irradiated in Pins C, D, E, or F of 
EBR-II Subassemblies X100 and X100A. Specimens in Pins C, E, and F 
received a total fluence of 8.4 • 1026 n/m 2 with 7.4 • 1026 n/m 2 ( E >  0.1 
MeV), or 37.2 displacements per atom (dpa). Specimens in Pin D received 
8.3 • 1026 n/m 2 total with 7.3 • 1026 n/m 2 (E > 0.1 MeV), or 35.4 dpa. 
These fluences and dpa values were calculated by the Fast Reactor Materials 
Dosimetry Center (FRMDC) at Hanford Engineering Development 
Laboratory (HEDL) [2]. Fluences quoted in this report will be for (E > 0.1 
MeV),except where noted. 

The initial and final irradiation temperatures for the capsules in each pin 
are given in Table 3 [3]. Final irradiation temperature for the capsule in Pin 
D varied from 520~ (968~ at the top to 553~ (1027~ at the bottom 
and will be referred to as nominally 535 ~ (995 ~ Assuming a linear tem- 
perature gradient, the gage section of the tension specimens in this pin 
varied from 532 to 541 ~ (990 to 1006~ while the cylindrical and foil 
specimens were in a temperature region of 547 to 552 ~ (1016 to 1026 ~ 
Also included in Table 3 are the temperatures for the capsules in Pins A and 
B. 

Percent swelling was determined from immersion density measurements 3 
on the right-circular cylinders, and calculated from void size and density 
data from foil and tension specimens. Swelling data for tension specimens 
were obtained from grip ends after testing was completed. Void size and 
concentration data were obtained from electron photomicrographs using a 
particle-size analyzer. Immersion densities for the unirradiated cylindrical 
specimens were obtained from archive samples. 

2The italic numbers  in brackets refer to the list of  references appended to this paper. 
3Density measurements  were made at ANL ' s  Idaho Facility, Analytical Laboratory.  
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TABLE 2--Preirradiation treatments. 

Designation Treatment Condition 

A 980~ h + 760~ h solution-annealed and aged 
(SA + A) 

B 980~ h + 760~ h + 2207o solution-annealed, aged, and 
cold-rolled (CR) cold-rolled (SA + A + CR) 

C 1120~ min + 25o70 CR solution-annealed and cold- 
rolled (SA + CR) 

D 9800C/1 h + 20o70 CR solution-annealed and cold- 
rolled (SA + CR) 

TABLE 3--Initial and final irradiation temperatures. 

Pin 

Initial Final 
Temperature Temperature 

~ ~ 

A 500 530 
B 600 620 
C 500 500 
D 600 520 to 553 
E 500 545 
F 600 600 

Tension tests were performed in a vacuum (•7 x 10-3Pa) at a strain rate 
of  3.3 x 10 -4 s -~ . Specimens from Pin E were tested at 525 ~ (977 ~ while 
those from Pin D were tested at 575 ~ (1067~ There was a 15-min hold 
prior to testing to allow for temperature stabilization. 

Helium analysis was determined by mass spectrometry [4] at Atomics In- 
ternational (AI) on a piece cut from the grip end of  a tension specimen 
irradiated in Pin E. The analysis showed 18-appm helium in the specimen. 

Results and Discussion 

Tension Tests 

The results of  the tension tests are given in Table 4. These results indicate 
that, for SA + A specimens, irradiation between 500 and 600~ (932 and 
1112 ~ leads to an increase in yield and ultimate strengths and a decrease in 
uniform and total elongations. For specimens that are SA + CR, however, 
irradiation in this temperature region produces a reduction in yield and 
ultimate strengths and a slight increase in uniform and total elongations. 
These trends are the same as those reported earlier for specimens irradiated 
in Pins A and B to a fluence of  3.9 x 1026 n / m  2 [1], and similar to the ob- 
servations of  Fahr et al [5] and Fish et al [6, 7] for specimens irradiated in 
the same temperature range. 
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FIG. 1--Yield strength versus tension test temperature for  type 316 stainless steel irradi- 
ated near the test temperature. 

Data in Table 4 reveal that the yield strengths of  irradiated SA + A and 
SA + CR specimens are not too different. Figure 1 is a plot of  the 0.2 per- 
cent yield strength versus tension test temperature for data  f rom Table 4, 
our  previously reported data [1], and data of  Fahr et al [5]. In all cases the 
irradiation temperature is near the test temperature. The numbers in paren- 
theses are the fast fluence. The data show a shifting of  the yield strengths 
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78 IRRADIATION EFFECTS ON METALS 

with fluence to a common value for both cold-worked and annealed 
materials. The dash lines are only an indication of  the trends and have been 
arbitrarily drawn parallel. It must be pointed up, however, that both Fahr et 
al [5] and Fish et al [6] reported that the yield strength of  specimens that 
were cold-worked and aged, but not irradiated, was essentially the same as 
that of  the cold-worked and irradiated specimens. Also, transmission elec- 
tron microscopy (TEM) on our specimens, to be discussed later, does reveal 
a loss of  cold-worked structure in all the cold-rolled specimens. Thus, the 
reduction in yield strength of  the cold-worked material is probably due sim- 
ply to the time at temperature. 

To assess more quantitatively the changes that had occurred in the 
specimens, the stress-strain curves of  several specimens were analyzed. 
Stress-strain data for each specimen were fitted, by a least-squares method, 
to the following equations 

o = K~g" (1) 

o = Oo + K2e "~ (2) 

and 

o = K3E "~ + exp(K4 + n,e) (3) 

where 

o = true stress, 
e = true plastic strain, and 

K ,  n,., o0 = constants. 

Equation 1 is commonly referred to as the power law, while Eq 2 is 
referred to as the Ludwik equation after the work of  Ludwik [8]. Equation 
1 is also often referred to as the Ludwik equation; however, we will call it 
the power law to distinguish it from Eq 2. Equation 3 is a recent 
modification of  Eq 1 by Ludwigson [9]. In the foregoing equations, Kj, K2, 
and/ (3  are called the strength factors, while n, ,  n2, and n3 are called the 
work-hardening exponents. The values of  o0 and exp(K4) represent the true 
stress at a true plastic strain of  zero. 

The standard estimate of  error (SEE) was computed and used as an in- 
dication of  the goodness of  fit of  each equation to the data. SEE was used 
instead of  the coefficient of  determination, R 2, because all the equations 
had high values o f R  2 (>0.9999), and SEE was easier to work with. 

The values of  SEE were computed from the equation 

S E E =  ~ (Y~- yo,)2 
=1  

(4) 
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where 

Y; = the ith data point, and 
Yoi = the calculated value of  the ith data point. 

In addition, the value of  E,, the true uniform plastic strain before 
necking, was calculated for each equation and compared with the ex- 
perimentally determined value. The experimental values of ~, were obtained 
by taking the value of  elongation at maximum load and converting it to true 
plastic strain. The value of E, was obtained for each of  the Eqs 1, 2, and 3 by 
solving the relationship do~de = o for E. The resulting expressions for E, are 

E , - n ~  = 0  

K~E."2-' (E. - n O  + o0 = 0 

K3E, "'-~ (E. - n3) + (1 - n4)exp(K, + n,E,) = 0 

(5) 

(6) 

(7) 

for Eqs 1, 2, and 3, respectively. Having values for the constants Ki, nl, and 
o0 from the least-squares fit of  the data to Eqs 1, 2, and 3 allows E, to be 
calculated from the foregoing expressions for comparison with the ex- 
perimentally deterrhined values. 

Values of  E, were the easiest to  obtain from Eq 5. Values f rom Eqs 6 and 
7 were obtained by an iterative method. When calculating E, from Eq 7, it 
was found that the exponential term was negligible in all cases. Equation 7 
then reduces to the form of Eq 5 with n3 instead of  n,.  If data are analyzed 
to the experimentally determined value of  uniform elongation, the power- 
law term in Eq 3 will always describe the material behavior in this region, 
that is, the region of  E,. Thus, the exponential term in Eq 7 will always be 
negligible. We believe this is a general feature of  Ludwigson's method [9] to 
determine the constants in Eq 3. Numerical solutions have been obtained 
and plotted by Ono [10] for Eq 6. 

In general, Eq 1 could be fitted to the data in all cases. However, if one 
plots log true stress versus log true plastic strain, one observes that the data 
for most of  the specimens do not correspond to a straight line. Most 
specimens exhibit either a concave or a convex shape when so plotted. Con- 
cave-shaped curves have been observed many times and often can be fitted 
to Eq 2. It was the concave-shaped curves that also led Ludwigson to 
develop his modification of  the power law [9]. 

To our knowledge convex curves have been previously observed only 
once, by Fahr et al [5]. Fahr et al, however, observed convex curves for 
data from some of  the unirradiated as well as irradiated specimens, whereas 
all of  the convex curves that we observed were for data f rom irradiated 
specimens. 
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80 IRRADIATION EFFECTS ON METALS 

In order to fit the data of  specimens exhibiting convex curves on a log 
true stress versus log true strain plot, Eqs 2 and 3, were changed slightly. 
Equation 2 was written as o = - o 0  + K2~"'. Even with this modification, 
considerable difficulty was encountered. The values of  o0 were of  the order 
of  3000 to 4000 with a loss of sensitivity, that is, the data were small com- 
pared to these values. This produced a strong linear correlation between o0 
and K2 which, in turn, made computation impossible. Graphical solutions 
for specimens with convex curves were obtained with oo = 3000 to 4000, K2 
= 3500 to 5000, and n2 = 0.02. Equation 3 was changed to read o = K 3 e " '  - 

exp(K4 + n4e). This generally produced satisfactory results. These changes 
also changed Eqs 6 and 7 slightly. 

Changing the sign of  o0 and the exponential term in Eqs 2 and 3 resulted 
in equations that no longer corresponded to a physical model. For example, 
Ono [10]  has pointed up that o0 in Eq 2 may be interpreted as the thermally 
activated component of the flow stress. Also, o0 in Eq 2 and the term 
exp(K4) in Eq 3 are the true stress at the true plastic strain of zero. Changing 
the sign of these terms produces a negative stress at zero true plastic strain 
which we knew to be physically unrealistic. We realized these discrepencies 
when we made these changes. Our intent, however, was simply to see if they 
would fit the data mathematically, and we were not concerned with the 
physical model p e r  s e .  

A summary of  the constants obtained upon fitting the data to each of Eqs 
1, 2, and 3, or their modifications, is given in Tables 5, 6, and 7, respec- 
tively. Also included in each table is the value of  SEE, the value of  eu ob- 
tained using the appropriate constants in Eqs 5, 6, or 7 or their changes, and 
the observed value of  E=. Table 5 also has the preirradiation treatment, 
irradiation history, and tension test temperature. 

Examination o f  the tables reveals that the best fit to the data for all 
specimens was obtained with Eq 3 (smaller values of  SEE). In general, the 
calculated values of  eu do not agree with the observed values, and the work- 
hardening exponents n,,  n2, and n3 are lower in the irradiated specimens 
compared with their unirradiated counterparts. The strength factors K,, K2, 
and K3 do not vary in the same manner in all cases for the irradiated 
specimens. 

Looking specifically at Table 7, which gives the constants obtained for Eq 
3, for which the best fit to the data was obtained, reveals that the strength 
factor,/(3,  and the work-hardening exponent, n3, are lower in the irradiated 
specimens for both preirradiated treatments. Also, values of  K3 and n3 are 
about the same for all irradiated specimens, particularly K3. The values of  
K, do not reveal a systematic variation, while n, is lower, more negative, in 
the SA + A irradiated specimens and higher, less negative, in the SA + CR 
irradiated specimens. The values of  K3 and n3 describe the behavior of the 
material at higher strains while K,  and n, describe the deviation from this 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



T
A

B
L

E
 5

--
S

u
m

m
a

ry
 o

f 
co

ns
ta

nt
s 

fo
r 

da
ta

 f
it

 t
o 

o 
=

 K
~ 

rn
,.

 
a~

 

S
pe

ci
m

en
 

T
re

at
m

en
t 

F
lu

en
ce

 
E

>
0

.1
 

M
eV

 
(n

/m
 s )

 

Ir
ra

d
ia

ti
o

n
 

T
es

t 
T

em
p

er
at

u
re

, 
T

em
p

er
at

u
re

, 
O

b
se

rv
ed

 
K

~
, 

~
 

~
 

~
. 

M
P

a 
11

1 
S

E
E

 
C

al
cu

la
te

d 
E

u 

"n
 

"n
 

Z 0 

90
1 

A
 

.
.

.
.

.
.

 
50

0 
0.

30
5 

56
4 

0.
23

8 
10

3.
4 

0.
23

8 
92

0 
A

 
.

.
.

.
.

.
 

52
5 

0.
26

7 
53

4 
0.

21
4 

87
.7

 
0.

21
4 

92
7 

A
 

.
.

.
.

.
.

 
57

5 
0.

26
9 

74
9 

0.
30

6 
27

,0
 

0.
30

6 
90

7 
A

 
.

.
.

.
.

.
 

60
0 

0.
29

5 
67

7 
0.

27
5 

42
.7

 
0.

27
5 

A
1 

A
 

3.
9 

x 
10

26
 

50
0 

to
 5

30
 

50
0 

0.
04

9 
72

2 
0.

06
6 

2.
8 

0.
06

6 
A

2 
A

 
3.

9 
x 

10
26

 
50

0 
to

 5
30

 
50

0 
0.

05
9 

75
1 

0.
09

5 
11

.4
 

0.
09

5 
E

3 
A

 
7.

4 
x 

10
26

 
50

0 
to

 5
45

 
52

5 
0.

10
9 

71
2 

0.
10

9 
5.

7 
0.

10
9 

E
4 

A
 

7.
4 

x 
10

 z6
 

50
0 

to
 5

45
 

52
5 

0.
10

2 
60

0 
0.

05
9 

12
.1

 
0.

05
9 

D
3 

A
 

7.
3 

x 
10

56
 

60
0 

to
 <

5
3

5
>

 
57

5 
0.

09
8 

56
7 

0.
08

9 
7.

0 
0.

08
9 

B
2 

A
 

3.
9 

• 
1

0
2

4
 

6
0

0
to

6
2

0
 

60
0 

0.
13

4 
58

3 
0.

14
9'

 
11

.2
 

0.
14

9 

89
6 

C
 

.
.

.
.

.
.

 
50

0 
0.

01
4 

17
80

 
0.

15
4 

12
.1

 
0.

15
4 

91
4 

C
 

.
.

.
.

.
.

 
52

5 
0.

01
3 

18
07

 
0.

17
4 

12
.5

 
0.

17
4 

91
7 

C
 

.
.

.
.

.
.

 
57

5 
0.

01
6 

20
13

 
0.

21
3 

13
.2

 
0.

21
3 

91
2 

C
 

.
.

.
.

.
.

 
60

0 
0.

01
6 

22
43

 
0.

25
5 

14
.1

 
0.

25
5 

A
3 

C
 

3,
.9

 x
 

10
56

 
50

0 
to

 5
30

 
50

0 
0.

01
8 

12
75

 
0.

14
 

8.
3 

0.
14

 
E

1 
C

 
7.

4 
x 

10
 ~

 
50

0 
to

 5
45

 
52

5 
0.

02
9 

14
36

 
0.

25
1 

19
.7

 
0.

25
1 

E
2 

C
 

7.
4 

x 
10

26
 

50
0 

to
 5

45
 

52
5 

0.
05

4 
88

0 
0.

12
6 

12
.6

 
0.

12
6 

D
I 

C
 

7.
3 

x 
10

56
 

60
0 

to
 <

5
3

5
>

 
57

5 
0.

03
0 

78
0 

0.
12

3 
6.

2 
0.

12
3 

B
6 

C
 

3.
9 

x 
1

0
5

6
 

6
0

0
to

6
2

0
 

60
0 

0.
03

7 
85

0 
0.

13
0 

11
.2

 
0.

13
0 

-o
 

-n
 

0 z ~n
 

m
 

r"
 

r"
 

Q
 

7 -1
1 

0 "u
 

m
 

'11
 

-t
 

0 I z m
 

o~
 

C
op

yr
ig

ht
 b

y 
A

ST
M

 In
t'l

 (a
ll 

rig
ht

s 
re

se
rv

ed
); 

Su
n 

D
ec

 2
7 

13
:1

1:
13

 E
ST

 2
01

5
D

ow
nl

oa
de

d/
pr

in
te

d 
by

U
ni

ve
rs

ity
 o

f W
as

hi
ng

to
n 

(U
ni

ve
rs

ity
 o

f W
as

hi
ng

to
n)

 p
ur

su
an

t t
o 

L
ic

en
se

 A
gr

ee
m

en
t. 

N
o 

fu
rth

er
 re

pr
od

uc
tio

ns
 a

ut
ho

riz
ed

.



82 IRRADIATION EFFECTS ON METALS 

TABLE 6--Sumrnary of constants for datafit to o = o0 + K2 n2. 

Observed Calculated 
Specimen = e.  oo, MPa  K2, MPa  n 2 SEE E. 

901 0.305 130 1291 0.715 6.9 0.627 
920 0.267 121 921 0.555 17.6 0.462 
927 0.269 128 1100 0.68 4.4 0.582 
907 0.295 103 986 0.587 6.0 0.508 

A1 0.049 - 3000 3699 0.01 . . .  
A2 0.059 689 - 6 4 . 9  - 2 . 3 6  '~.8 . . .  
E3 0.109 . . . . . . . . . . . . . . .  

E4 0.102 373 383 0.34 4.7 0.111 
D3 0.098 204 416 0.20 4.4 0.114 
B2 0.134 214 602 0.46 2.5 0.281 

896 0.014 513 3193 0.472 6.3 0.376 
914 0.013 430 3099 0.45 8.0 
917 0.016 342 3361 0.46 10.2 0.398 
912 0.016 219 3049 0.41 12.2 0.370 

A3 0.018 . . .  
E1 0.029 - 4484 5'$67 01022 1"5.? . . .  
E2 0.054 911 - 198 - 0.16 6.4 . . .  
D1 0.030 . . . . . . . . . . . . . . .  
B6 0.037 . . . . . . . . . . . . . . .  

= See Table 5 for specimen history. 

behavior at the lower strains. Thus, the behavior of  the irradiated material 
at higher strains, regardless of the preirradiation treatment, is about the 
same while the deviation at low strains shows some variation. 

Microstructural Observations 

Solution-Annealed and Aged Specimens--Prior to irradiation, the 
microstructure consisted of  austenitic grains with M23C6 carbides primarily 
on the grain boundaries and some in the matrix. The dislocation density 
was typical of  an annealed structure, about  10 ~2 to 101Vm 2. 

Specimens previously irradiated to 3.9 • 102~ n /m 2 at 500 and 600~ 
(932 and I 112 ~ were examined along with the specimens irradiated to the 
higher fluence of  7.3 x 1026 n /m 2. The irradiations resulted in considerably 
more precipitates at the grain boundaries. After the higher fluence, some 
boundaries had a continuous layer of  precipitate. A greater quantity of  
matrix carbides also resulted, as well as unidentified rod-shaped 
precipitates. 

Voids were observed in all specimens. The low-fluence specimen 
irradiated at 600~ (1112 ~ had a significant number of  voids associated 
with precipitates. They tended to be larger than isolated voids. Large local 
variations in void density were apparent in the high-fluence specimen 
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irradiated at 600 to 535~ (1112 to 995~ this was not the case for the 
specimen irradiated at 500 to 545 ~ (932 to 1013 ~ which had a very high 
swelling value (Table 8). 

The dislocation structure for irradiated SA+A specimens ,consisted 
mostly of line segments with loops. Most of the loops were unfaulted; there 
were some faulted loops in the low-fluence specimen irradiated at 500~ 
(932~ This is in variance with our earlier observations of foil specimens 
irradiated to 3.9 x 1026 n/m 2 at 500 and 600~ (932 to ll12~ where 
faulted loops were more prevalent [1]. Small cavities, which we believe to be 
helium bubbles, were observed in the low-fluence specimen irradiated at 
600~ (1112~ They were observed in the matrix, primarily attached to 
dislocations. They ranged in size from 2 to 3 nm, which was considerably 
smaller than the smallest voids observed in that specimen. They were not 
found at lower temperatures nor in the high-fluence specimen which began 
irradiation at 600~ (ll12~ The general features mentioned in the 
foregoing are similar to those of Brager and Straalsund [11] for SA Type 
316 stainless steel. 

Solution-Annealed and Cold-Rolled Specimens--Preirradiation micro- 
structure was typical of cold-worked structures with a high dislocation 
density. No precipitates were observed. After irradiation, polygonization 
was evident in all cases. However, in the low-fluence specimen irradiated at 
500~ (932~ polygonization was not as obvious as in the other 
specimens. The specimen irradiated at 500 to 545 ~ (932 to 1013 ~ to 7.4 
x 1026 n/m 2 had polygonization restricted to those areas that were 
probably the most heavily cold-worked originally. The specimens with an 
initial irradiation temperature of 600~ (ll12~ showed more recovery 
than specimens with lower initial irradiation temperatures. The high-fluence 
specimens initially irradiated at 600~ (1112 ~ were the most advanced in 
this regard. 

The void distribution was inhomogeneous in all cases, being located in 
regions between deformation bands in low-fluence specimens and between 
deformation bands and in polygonized regions in high-fluence specimens. 
Similar low-fluence results have been observed by Brager [12]. The void 
density in these recovered areas was high in some cases, but showed con- 
siderable variation even in the same specimen (Fig. 2). Nucleation of voids 
appears to be continuing in the high-fluence specimens. For the specimen 
irradiated in Pin E (Fig. 3), swelling in the regions with high void densities 
reached 11 percent although the overall swelling in the sample was only 2 
percent. 

Precipitation occurred in all the irradiated SA + CR specimens, mostly in 
the deformation bands, but also in the grain boundaries. The grain boun- 
dary precipitation was not as heavy nor as continuous as in the SA +A 
specimens. Small cavities were observed in all specimens except in the low- 
fluence specimen irradiated at 500~ (932~ They were in the matrix 
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primarily attached to particles and dislocations. We believe these small 
cavities to be helium bubbles. 

Swelling--Results of immersion density measurements and calculations 
performed on void concentrations and sizes taken from electron 
photomicrographs are summarized in Table 8. Voids were observed in all 
specimens; however, the SA + CR tension specimen irradiated in Pin B had 
very few voids and no swelling value was calculated. 

The results have been compared with the equations of Garner et al [13], 
and Garner and Bielein [14]. These equations are currently being used in the 
Nuclear Systems Materials Handbook (NSMH) for design purposes. We 
find that the immersion density results from Pin F do not agree with the 
equation of Garner et al [13]. In order to get agreement, it was necessary to 
reduce the incubation fluence, x, to a value of about 3.8 • 1026 n/m 2. 

Swelling calculated from photomicrographs taken of the SA+CR 
specimens irradiated in Pins D and E is in agreement with the equations of 
Garner et al [13], using a value of Tmod -- 2 and temperatures of 525 ~ 
(977~ for Pin E and 550~ (1022~ for Pin D. These represent about 
average temperatures for the pins. The void densities and sizes are also in 
agreement with the recently reported results of Busboom [15]. 

Using these average temperatures to calculate the swelling for the SA + A 
specimens from Pins D and E produces good agreement with observed 
values for Pin D but not for Pin E. The observed swelling vale for the Pin E 
SA+ A specimen is about 2.5 times greater than that calculated using the 
correlation equation of Garner and Bierlein [14]. 

In an attempt to explain the large swelling in the SA + A specimen from 
Pin E, and the variations observed in the different heats used in the ex- 
periment, we used the equivalent chromium content relationship developed 
by Bates and Guthrie [16]. Using the values given in Table I did not produce 
a significant variation in equivalent chromium, and therefore does not ex- 
plain the observed variation. 

Conclusions 

1. Irradiation at temperatures between 500 and 600~ (932 and ll12~ 
produces an increase in yield and tensile strengths and a decrease in uniform 
and total elongations of solution-annealed and aged SA+A, Type 316 
stainless steel. 

2. Irradiation at these temperatures to high fluences (>3 x 102~ n/m 2) 
produces a decrease in yield and ultimate strengths with a slight increase in 
ductility in specimens that were solution-annealed and cold-rolled, 
SA + CR, prior to irradiation. 

3. The true stress-true plastic strain relationship is best described by the 
Ludwigson equation 
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o = K3E "3 + exp(K4 + n4E) 

4. In all cases, irradiation causes a decrease in the work-hardening ex- 
ponent, n3, and in general also in the strength factor, K3. 

5. After irradiation, the values of  K3 and n3 are tending toward common 
values, respectively, for both the SA + A and SA + CR conditions. 

6. Significant amounts of  recovery occur in cold-rolled material irradiated 
at 500 to 600~ (932 to l l12~ to fluences greater than 7 x 1026 n / m  s ( E >  
0.1 MeV). Voids were observed in all specimens. 
7. Results of  tension tests and metallography indicate that pre-irradiation 
thermomechanical treatment will have little effect on the tensile properties 
of  Type 316 stainless steel at the projected goal LMFBR fluence at tem- 
peratures of  500 to 600 ~ (932 to 1112 ~ 

8. Voids were observed in all specimens. Polygonization had occurred in all 
the cold-worked specimens. 
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Effect of Fast Reactor Irradiation on 
the Tensile Properties of 20 Percent 
Cold-Worked Type 316 
Stainless Steel 

REFERENCE: Fish, R. L. and Watrous, J. D., "Effect of Fast Reactor Irradiation 
on the Tensile Properties of 20 Percent Cold-Worked Type 316 Stainless Steel," 
Irradiation Effects on the Microstructure and Properties o f  Metal, A S T M  STP 611, 
American Society for Testing and Materials, 1976, pp. 91-100. 

ABSTRACT: Fast neutron irradiation effects on the tensile properties of 20 percent 
cold-worked Type 316 stainless steel are presented to fluences of 3.6 x 1022 neutrons 
(n)/cm 2, E > 0.1 MeV (3.6 x 1026 n / m  2, E > 16 fJ), at irradiation temperatures of 
700 to 1125 ~ (644 to 880 K). The tests were performed over the range of room tem- 
perature to 1600~ (1144 K) employing strain rates of 1.82 x 10 -3 to 1.82/min (3 x 
10 -5 to 3 X 10-Z/s). 

Irradiation defect hardening at irradiation temperatures below 900~ (755 K) 
resulted in strength increases. Thermal annealing of the original cold-work operated to 
reduce the strength of material irradiated near 1000 and l l00~ (811 and 866 K), in 
the fluence range investigated. Elongation values initially increased at most irradiation 
temperatures and then decreased with fluence beyond 1022 n/cm 2 (1026 n/m2). Both 
strength and ductility decreased with increasing temperature at fluences beyond 1022 
n/cm 2 (10 ~6 n/m2). The 450~ (505 K) unirradiated elongation level was maintained 
or improved for all irradiation conditions investigated, which suggests that low duc- 
tility will not present a problem during refueling operations. 

KEY WORDS: radiation, irradiation, stainless steels, tensile strength, fast reactor, 
strain rate, ductility 

Future liquid metal fast breeder reactor (LMFBR) power plants will 
utilize stainless steels in many core structural applications. The Fast-Flux 
Test Facility (FFTF) in particular will use 20 percent cold-worked Type 
316 stainless steel for fuel cladding, duct components, and other critical 
core structures. Characterization of  the effect of  fast reactor environ- 

1Advanced engineer and manager, Duct, Cladding and Control Elements, respectively, 
Hanford Engineering Development Laboratory, Westinghouse Hanford Company, Rich- 
land, Wash. 99352. 
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92 IRRADIATION EFFECTS ON METALS 

ments on the mechanical properties of this material is therefore essential 
to the sound design and safe operation of the LMFBR. 

The effect of fast neutron irradiation on the tensile properties of 20 
percent cold-worked Type 316 stainless steel has been investigated to only 
a limited extent [1-3]. 2 Until recently, the data generated by these studies 
have been sparse above IlY 2 neutrons (n)/cm 2, 1026 n/m 2 (E > 0.1 MeV, 
E > 16 fJ, used throughout). The present work describes the effects of 
fast reactor irradiation on the tensile properties to fluences of 3.6 x 1022 
n/cm 2 (3.6 x 1026 n/m 2) over the irradiation temperature range of 700 to 
1125 ~ (644 to 880 K). Test temperatures investigated ranged from room 
temperature to 1600~ (1144 K) at initial strain rates of 1.82 x 10-3/min 
to 1.82/min (3 x 10 -5 to 3 x 10-2/s). 

Experimental Technique 

Tension specimens (2.45 in., 62.2 mm, long) were sectioned from 0.230 
in. (5.8 mm) outside diameter by 0.015-in. (0.38 mm) wall tubing. The 
tubing material was 20 percent cold-worked (20 percent reduction in 
cross-sectional area by plug drawing) Type 316 stainless steel made to the 
FFTF developmental specification and designated as N-lot. Table 1 pre- 

TABLE l--Chemical composition for N-lot tubing. 

Element Weight % 

Nickel 0.006 
Carbon 0.054 
Manganese 1.59 
Phosphorus 0.010 
Sulfur 0.006 
Silicon 0.48 
Nickel 13.48 
Chromium 16.45 
Molybdenum 2.48 
Copper 0.07 
Boron 0.0025 
Iron balance 

sents the chemical composition for this material. For purposes of irradi- 
ation, some of the tubular specimens were placed in sodium-filled subcap- 
sules to minimize temperature gradients while in the Experimental Breeder 
Reactor-II (EBR-II). The subcapsules were positioned in an irradiation 
pin to provide a predetermined helium gas gap which, by utilizing gamma 
heating, provided the desired irradiation temperatures. Melt pellet senti- 

= The italic numbers in brackets refer to the list of references appended to this paper. 
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nels with known melting points were used to help provide knowledge of  
the irradiation temperatures. Low irradiation temperature specimens were 
obtained using a "weeper" pin which allowed free ingress of reactor 
sodium coolant. 

The tension tests were performed on a hard-beam testing machine with 
a load-extension recorder. A linear variable differential transformer 
(LVDT) extensometer was used to measure specimen elongation during 
the initial stages of  each test. At strain levels greater than about 1.5 per- 
cent, crosshead movement was used in conjunction with the extensometer 
to calculate the specimen strain. Compression fittings were used to grip 
the tubular specimens. A vacuum furnace ~was used to obtain the desired 
test temperature with about 15 to 20 min (900 to 1200 s) for specimen 
heat-up and thermal stabilization. Tests were performed at the irradiation 
temperature as well as at lower and higher temperatures to simulate re- 
fueling, hot cell manipulation, and reactor upset conditions. 

Properties Near the Irradiation Temperature 

Plots of yield strength and total elongation for each of the nominal 
irradiation temperatures are presented in Fig. 1 and 2. These figures sum- 
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FIG. 1--Effect of  fluence on the yield strength o f  20 percent cold-worked Type 316 stain- 
less steel irradiated between 700 and 1125 ~ (644 and 880 K). 

marize the effect of irradiation temperature on the strength and ductility 
as a function of fast neutron fluence. The specimen irradiation temper- 
atures are within 50~ (28 K) of the test temperatures. The strain rate 
used to obtain these data was 1.82 x 10-3/min (3 x 10-5/s). 

The strength properties shown in Fig, 1 were affected primarily by two 
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F I G .  2--Effect  a f f luence  on the total elongation o f  20 percent cold-worked Type 316 
stainless steel irradiated between 700 and 1125 ~ (644 and 880 K). 

competing mechanisms: irradiation defect hardening [4], which operates 
to increase strength properties, and thermal annealing [5], which tends to 
reduce the strength. Irradiation hardening was dominant at 700 ~ (644 K) 
and 800~ (700 K) where the strength was greater than the unirradiated 
levels at all fluence conditions investigated. Thermal annealing predomi- 
nated at 1000~ (811 K) and 1100~ (866 K) where the strength decreased 
rapidly with increasing fluence until about 10 ~2 n/cm 2 (1026 n/mS), be- 
yond which the fluence dependence decreased and the strength values 
leveled out. The interaction of the defect hardening and thermal annealing 
processes was best demonstrated by the strength parameters measured at 
900~ (755 K) on specimens irradiated at 860~ (733 K). Initially, the 
strength decreased from the unirradiated level, reflecting the dominance 
of the thermal annealing in determining the material strength. At a much 
higher fluence level (3.6 • 1025 n/cm 2, 3.6 x 1056 n/m2), the strength 
was greater than the unirradiated level. This increase in strength was the 
result of irradiation defect hardening, which evidently has a dominant 
influence on the strength at high fluences at 900 ~ (755 K). At all fluences 
investigated, the strength properties decreased with increasing irradiation 
temperature. 

Ductility of  20 percent cold-worked Type 316 stainless steel is affected 
by helium embrittlement [6, 7] as well as by the thermal annealing and 
irradiation defect hardening processes. The complex interaction of these 
processes resulted in the array of  curves shown in Fig. 2. 
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Thermal annealing normally results in increased ductility at the higher 
temperatures. In the present study, however, an "irradiation assisted" 
annealing occurred at 700~ (644 K) and 800~ (700 K) to increase the 
elongation significantly above the unirradiated level at fluences below 
1022 n/cm 2 (1026 n/m 2) as shown in Fig. 2. Material thermally aged at 
comparable conditions revealed only a slight increase in elongation. At 
higher fluence levels, the low-temperature irradiation hardening reduced 
the work hardenability (which leads to premature plastic instability), 
resulting in the elongation being decreased to below the unirradiated 
levels. 

Helium embrittlement is only effective in reducing ductility in the inter- 
granular failure region, >t 900~ (>i 755 K) at 1.82 x 10-3/min (3 x 
10-5/s). The elongation levels were consequently lower at these higher 
temperatures with the thermal annealing process operating to produce 
slightly higher ductilities at l l00~ (866 K). At fluences beyond • 10 22 
n/cm 2 (1026 n/m2), the high-temperature ductility, controlled primarily by 
the helium embrittlement process, decreased continuously with increasing 
fluence. At the highest fluences investigated (>3 x 10 22 n/cm 2, 3 • 10 26 
n/m 2) the elongation values decreased with increasing temperature, reach- 
ing values as low as 0.7 percent uniform and 1.4 percent total elongation 
at I100~ (866 I(). 

Properties at Other Than the Irradiation Temperature 

Tension tests performed at temperatures other than the irradiation tem- 
perature provide insight as to the material properties under reactor upset, 
refueling, and hot cell conditions. The yield strength and total elongation 
are shown in Figs. 3 through 6 for specimens irradiated at temperatures 
near 700 and ll00~ (644 and 866 K) and tested across a temperature 
spectrum. These plots illustrate the effect of test temperature and fluence 
on the tensile properties. The data were obtained at the nominal tensile 
strain rate of 1.82 x 10r3/min (3 x 10-5/s). 

At all fluence levels and irradiation temperatures investigated, the 
strength decreased with increasing test temperature. Evidence of the low- 
temperature irradiation defect hardening existed to 1000~ (811 K) test 
temperature with some indication of existence as high as 1200~ (922 K), 
as shown in Fig. 3. The irradiation hardening was not retained to test 
temperatures of 1400~ (1033 K) or greater. Predominance of thermal 
annealing at irradiation temperatures near I100~ (866 K) is shown in 
Fig. 5. 

Below about 1022 n/cm 2 (102~ n/m 2) ductility trends are changing 
rapidly with both test and irradiation conditions due to the complex inter- 
action of the processes affecting ductility. However, above 10 22 n/cm 2 
(1026 n /m 2) and at irradiation temperatures of 860~ (733 K) and below, 
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F I G .  3--Effect o f  fluence on the yield strength o f  20 percent cold-worked Type 316 
stainless steel irradiated near 700 ~ (644 K ). 
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F I G .  4--Effect o f  fluence on the total elongation o f  20 percent cold-worked Type 316 
stainless steel irradiated near 700~ (644 10. 

both uniform and total elongations measured at temperatures above the 
irradiation temperature were relatively independent of  test temperature 
and decreased with fluence, as illustrated in Fig. 4 for the steel irradiated 
near 700~ (644 K). At irradiation temperatures of  960~ (789 K) and 
above, the total elongation decreased with increasing test temperatures, 
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F I G .  6--Effect o f  fluence on the total elongation o f  20 percent cold-worked Type 316 
stainless steel irradiated near 1100 ~ (866 10. 

reaching values of  slightly less than 1 percent at 1200 to 1400~ (922 to 
1033 K) at the higher fluence levels (>3 x 102~ n/cm 2, 3 x 102~ n/m2), 
as illustrated in Fig. 6 for the steel irradiated near 1100~ (866 K). At all 
irradiation temperatures and fluence levels investigated, the total elonga- 
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tion at the refueling temperature of  450~ (505 K) was maintained equal 
to or higher than the unirradiated value o f  5 percent. This retention of  
ductility portends that manipulation of  fuel pins and ducts during refuel- 
ing operations will not be a problem from the standpoint of  low com- 
ponent ductility, at least within the fluence range investigated. 

High Fluence Strain-Rate Ef fec t s  

Testing was performed over a range of  strain rates f rom 1.82 to 1.82 x 
10-3/min (3 x 10 -2 to 3 x 10-5/s) on specimens irradiated near and 
tested at temperatures of  900~ (755 K), 1000~ (811 K), and l l00~ 
(866 K). Tests were not performed at strain rates other than 1.82 • 
10-3/min (3 • 10-5/s) on specimens irradiated below 860~ (733 K) be- 
cause of  limited numbers of  specimens. 

The plot of  ultimate tensile strength as a function of  strain rate in the 
fluence range o f  1.3 to 3.6 x 10 22 n /cm z (1.3 to 3.6 x 10 2~ n/m2),  Fig. 
7, clearly illustrates two regions of  deformation behavior. At the higher 
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FIG. 7--Effect of strain rate on the ultimate tensile strength of  EBR-H irradiated 20 
percent cold-worked Type 316 stainless steel. 

strain rates, strength is independent of  strain rate, characteristic of  an 
athermal, transgranular deformation mechanism. Below a "critical strain 
ra te , "  which depends on temperature, the strength is strain-rate depen- 
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dent, characteristic of thermally activated deformation processes and 
intergranular failure. The unirradiated critical strain rates for 20 percent 
cold-worked Type 316 stainless steel at 1000~ (811 K) and ll00~ (866 
K) are approximately 6 x 10-5/min and 6 x 10-3/min (10 -6 and 10-4/s), 
respectively [8]. The critical strain rates for the same temperatures after 
irradiation to beyond 1.3 x 1022 n/cm 2 (1.3 • 1056 n/m 2) have shifted 
to higher rates as shown in Fig. 7. This shift is probably due to the 
helium-assisted separation of grain boundaries during the deformation of 
irradiated material. The helium embrittlement process thus renders inter- 
granular failure possible over a wider range of strain rates for a given 
temperature. Although the strain-rate affected behavior of elongation is 
somewhat more complex than for strength, the general critical strain rate 
behavior is not inconsistent with that discussed for strength. 

Conclusions 

Postirradiation tension tests performed on material irradiated in the 
EBR-II from 700 to 1125~ (644 to 880 K) to fluences of 3.6 • 1022 
n/cm 2 (3.6 x 1026 n /m 2) have provided an improved basis for under- 
standing the irradiation effects on 20 percent cold-worked Type 316 stain- 
less steel. Low-temperature irradiation, ~< 900~ (755 K), produced irra- 
diation defect hardening of the matrix, resulting in strength increases. Ther- 
mal annealing effects were observed at temperatures of 1000~ (811 K) 
and 1100~ (866 K) where the strength initially decreased and then leveled 
out at fluences beyond about 1022 n/cm 2 (1026 n/m2). The elongation 
parameters at 700~ (644 K) and 800~ (700 K) exhibited an increase at 
low fluence levels that could be attributed to an "irradiation assisted" 
annealing. Higher temperature ductility at fluences below 1022 n/cm 2 
(1026 n /m 2) was affected by competition between helium embrittlement 
and thermal annealing processes. Ductility parameters, measured at the 
irradiation temperature, decreased continuously with fluence beyond 1022 
n/cm 2 (1026 n/m2), reaching values as low as 0.7 percent uniform and 1.4 
percent total elongation at l l00~ (866 K) at a fluence of 3.4 • 1022 
n/cm 2 (3.4 x 1026 n/m2). 

At test temperatures above the irradiation temperature, the irradiation 
defect hardening was retained to temperatures of up to 1200~ (922 K). 
Total elongation values of slightly less than 1 percent were measured at 
1200 to 1400~ (922 to 1033 K) at fluences beyond 3 x 1022 n/cm 2 (3 x 
1026 n/m2). The unirradiated total elongation of 5 percent at the refueling 
temperature of 450 ~ (505 K) was retained or improved for all irradiation 
conditions investigated. 

A shift in the critical strain rate required to produce athermal, trans- 
granular deformation and failure was evidenced at 1000~ (811 K) and 
l l00~ (866 K) after neutron irradiation to fluences greater than 1022 
n/cm 2 (1026 n/m2). 
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Mechanical Properties of Fast 
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Analysis 
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ABSTRACT: In order to determine mechanical behavior under various simulated re- 
actor transient events, internally pressurized specimens of fast flux-irradiated 20 per- 
cent cold-worked Type 316 stainless steel fuel pin cladding were rapidly heated until 
they burst. Tests were conducted at heating rates of 10F~ and 200~ with pres- 
sures of 2500 to 14 300 psi (17.2 to 98.6 MPa), resulting in failure temperatures from 
1000 to 2000~ (811 to 1366 K). The specimens were taken from subassemblies irradi- 
ated in the Experimental Breeder Reactor-II at temperatures from 700 to 
1300~ (644 to 978 K). Peak burnup and fluence levels ranged from 28 000 to 50 000 
megawatt days per metric ton metal (MWd/MTM) and 2.5 to 4.0 x 1022 neutrons 
(n)/cm = (E > 0.1 MeV), respectively. 

Irradiation degraded both the failure strain and failure strength, when the transient 
test conditions resulted in intergranular fracture; iutergranular fracture occurred 
above 1000 to 1200~ (811 to 922 K), depending on strain rate. Below these tempera- 
tures the fracture mode is transgranular, so that the failure strength is not reduced. 

A correlation based on the ratio of irradiated material failure strain and failure 
strength was developed to describe the effects of irradiation on the mechanical prop- 
erties of the cladding. The strain ratio correlation indicates that the failure strain does 
not further decrease beyond a fluence of 2 x 10 22 n/cm 2. The mechanical properties 
of cladding which had contained fuel during irradiation were degraded more than 
were the properties of unfueled material. 

KEY WORDS: radiation, irradiation, stainless steels, mechanical properties, pinholes, 
nuclear fuel claddings, ductility, strain rate, safety analysis 

The design and licensing of  liquid metal fast breeder reactors (LMFBR) 
require an extensive and basic understanding of  fuel pin response to a 
wide range of  off-normal events, which vary from the anticipated mild 
events to purely hypothetical conditions. These events have been primarily 

~Senior scientist and senior engineer, respectively, Hanford Engineering Development 
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102 IRRADIATION EFFECTS ON METALS 

characterized as either loss-of-flow (LOF) or transient overpower (TOP), 
although undercooling and power/cooling mismatch are also considered. 

During severe LOF or TOP transients the temperature of the fuel pin 
cladding is elevated rapidly above its steady-state service temperature. 
Such severe events are hypothetical and, even if initiated, would be termi- 
nated; nevertheless, the fuel pin behavior must be known for safety anal- 
yses. To model properly the fuel pin transient behavior and to predict 
failure, the mechanical properties (specifically failure strength and ductil- 
ity) of the 20 percent cold-worked Type 316 stainless steel cladding must 
be known under thermal and stress conditions encountered in transients. 
The temperature transient alters the strength, ductility, and deformation 
behavior by causing recovery, recrystallization, and annealing of the 
microstructure of the cold-worked and irradiated cladding. Since the ex- 
tent of the property alteration is dependent upon time as well as tempera- 
ture, it is imperative that the mechanical properties be determined under 
appropriate time/temperature conditions. Therefore, a specific testing 
program is underway at Hanford Engineering Development Laboratory 
(HEDL), utilizing a recently developed Fuel Cladding Transient Tester 
(FCTT) [1-5] 2 to generate the requisite mechanical property information 
on irradiated and unirradiated fast reactor fuel cladding under tempera- 
ture ramp conditions. 

In a LOF transient, cladding loading is from the plenum fission gas 
pressure, which is sufficiently low to produce cladding deformation and 
failure only at high temperatures above 2000~ (1366 K). The failure be- 
havior of low-fluence cladding [1 • 1022 neutrons (n)/cm 2, E > 0.1 MeV 
(1 • 1026 n/cm 2, E > 16 fJ)] during high-temperature LOF transients has 
been characterized with the FCTT and is reported in Ref 2. 

During a TOP event, differential fuel-cladding thermal expansion, intra- 
granular fission gas-induced fuel swelling, and transient release of the 
intergranular fission gases generate local cladding loadings [3,5,6] suffi- 
cient to strain the cladding at low temperatures. For example, the seven 
integral fuel pin TOP tests in the Transient Reactor Test Facility (TREAT), 
which are reported in Ref 5, failed at cladding temperatures from 1300 to 
1800~ (978 to 1255 K). Therefore, high gas pressures, which simulate the 
cladding loadings produced by fuel-cladding mechanical interaction, are 
employed in FCTT tests intended for TOP analyses. The effects of irradi- 
ation at 700 to 1300~ (644 to 978 K) to fluence levels of 4 • 1022 n/cm 2 
(E > 0.1 MeV) (4 • 1026 n/cm, E > 16 fJ) on cladding properties for 
TOP analyses is the subject of this paper. 

Fuel Cladding Specimens 

Fuel pins, from which cladding specimens were taken for FCTT testing, 

2 The italic numbers in brackets refer to the list of references appended to this paper. 
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HUNTER AND JOHNSON ON FUEL CLADDING 103 

were irradiated in the Experimental Breeder Reactor-II (EBR-II) as part 
of the fast-flux test facility (FFTF) Driver Fuel Development Program 
[7]. The dimensions of the 20 percent cold-worked Type 316 cladding 
were 0.230 outside diameter by 0.015 in. wall (5.84 by 0.381 mm). The 
fuel pins were irradiated in Subassemblies X096, X097, X158, X193 and 
X194 at temperatures from 700 to 1300~ (644 to 978 K). Neutron fluences 
ranged from 0.1 to 4.0 • 1022 n/cm 2 (E> 0.1 MeV). Specimens, 2.45 in. 
(62.2 mm) in length, were cut from various fuel pins from these sub- 
assemblies. The fuel was removed by drilling with a ~6-in. (4.76 mm) 
drill. The specimens were filled with a fused-silica rod to reduce the gas 
volume before end caps were attached to the specimens. 

Test Method 

Thermal transient tests were performed by pressurizing the tubular 
specimen to a predetermined load and increasing the temperature from an_ 
initial temperature of 700~ (644 K) at a constant rate of 10 or 200F~ 
(5.6 or 111 K/s) until rupture occurred. Specimen heating was achieved 
with an induction generator which was controlled by a function generator 
to give the desired heating rate. A thermocouple, spot-welded to the spec- 
imen, provided the closed-loop control element and temperature measure- 
ment. Primary pressure measurement was made with a calibrated Heise 
gage; during the test the pressure was measured with a strain-gage pres- 
sure transducer. The pressures used in testing were from 2500 to 14 300 
psi (17.2 to 98.6 MPa). Diametral strain information was obtained by 
taking posttest-diameter measurements at fixed increments along the axis 
of the specimen. Additional experimental details are described in Ref 1. 

Unirradiated Cladding Results 

Results with FCTT for unirradiated 20 percent cold-worked Type 316 
stainless steel cladding have been previously reported [1]. It was shown that 
the failure temperatures increased with decreasing internal pressure. Speci- 
mens heated at 200F~ (111 K/s) were "stronger" than the 10F~ (5.6 
K/s) specimens because less thermal recovery and annealing of the cold- 
worked microstructure occurred. Under constant-pressure conditions, the 
majority of the deformation occurred during the last stages of the tran- 
sient and the cladding strain rate increased rapidly as the failure tempera- 
ture was approached. Diametral strains at 10F~ (5.6 K/s) were greater 
than at 200F~ (111 K/s) because of more time for recovery or annealing 
or both. The results for the unirradiated cladding are given as the solid 
curves in Figs. 1 through 4 and serve as a baseline reference for compar- 
ing with the data on the irradiated specimens. 
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F I G .  l--Failure stress for lOF~ (5.6 K/s) thermal transients for irradiated cladding. 

Irradiated Cladding Results 

The irradiated cladding specimens may be characterized as exhibiting 
reduced ductility, and failing at lower temperatures during the transient, 
than did the unirradiated cladding material. Comparisons of the unirradi- 
ated and irradiated cladding failure temperatures are shown in Figs. 1 and 
2 for heating rates of 10 and 200F~ (5.6 and 111 K/s), respectively. In 
general, the data points lie below the unirradiated cladding curves. This 
decrease in failure temperature implies that the failure strength of the 
irradiated material has been decreased. Several high-stress specimens 
failed at temperatures greater than the corresponding unirradiated mate- 
rial. Test conditions permitted these specimens to fail in a transgranular 
mode. This increase in strength was due to irradiation hardening [4]. 

Figures 3 and 4 show the cladding diametral failure strain as a function 
of failure temperature for heating rates of 10 and 200F~ (5.6 and 111 
K/s), respectively. Minimum failure strains are on the order of 0.1 per- 
cent at the lower temperatures. For both heating rates, the failure strains 
increase with increasing failure temperature. At the higher temperatures 
the maximum strains are 1 to 1.3 percent. 
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FIG.  2--Failure stress for 200F~ (111 K/s) thermal transients for irradiated cladding. 

Irradiation Parameter Dependence 

The effect of  neutron fluence on the diametral failure strain for speci- 
mens tested at 10F~ (5.6 K/s) is shown in Fig. 5. Dashed lines have been 
drawn to show the general trend of the data; namely, a decrease in failure 
strain is observed for increasing neutron fluence. 

Figure 6 illustrates the effect of neutron irradiation on the failure tem- 
perature by showing the decrease in failure temperature as a function of 
fluence. Except for the high-pressure tests which failed in a transgranular 
mode, increased fluence resulted in a greater decrease in failure tempera- 
ture. Again, the dashed lines are drawn to show the general trend. The 
data fields of  Figs. 5 and 6 are fairly broad due to the wide range of test 
conditions. 

Figures 5 and 6 reveal that an increase in the neutron fluence results in 
decreases in both the failure strain and failure temperature. Thus the de- 
crease in ductility due to fluence is compounded with an inherent ductility 
reduction associated with decreasing failure temperature. A proper evalu- 
ation of the effect of fluence on the failure strain can be obtained by 
employing a strain ratio, defined as the ratio of the irradiated failure 
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FIG. 3--Diametral failure strain for lOF~ (5.6 K/s) thermal transients for irradiated 
cladding. 

strain to the unirradiated failure strain at the failure temperature for the 
irradiated specimen. Strain ratio curves were fit to all the failure strain 
data and are summarized in Figs. 7 and 8. These results indicate that the 
reduction in ductility occurred at low fluences and has saturated at a 
fluence of 2 x 1052 n/cm 2. 

In the FCTT burst test, a decrease in the failure temperature for an 
irradiated specimen, relative to the failure temperature at the same gas 
pressure for an unirradiated specimen, implies that the failure strength 
has been decreased. For example, an irradiated specimen at 28.8/ksi 
(198.6 MPa) hoop stress, which failed at 1400~ (1033 K), exhibited only 
50 percent of the unirradiated failure strength at that temperature. The 
results in Figs. 1 and 2 show that the majority of the irradiated specimens 
failed at a lower temperature than the unirradiated specimens. A stress 
ratio of the irradiated failure stress to the unirradiated failure stress, at 
the failure temperature of the irradiated specimen, provides a normalized 
indication of how the cladding strength has been changed. Figure 9 pre- 
sents summary stress ratio curves for both heating rates at various gas 
pressures. While the majority of the curves show a reduction in the stress 
ratio with fluence, there is a strengthening observed at the higher pres- 
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FIG. 4--Diametral failure strain for 200F~ (111 K/s) thermal transients for irradiated 
cladding. 

sures. The occurrence of both a strengthening and reduction in strength 
is dependent upon test and irradiation conditions, and is discussed in the 
next section. 

Analysis of Irradiated Cladding Failure Behavior 

In Fig. 10 the decrease in failure temperature is shown as a function of 
the failure strain, which demonstrates that the cladding with lower failure 
strain exhibited the larger decrease in failure temperature, and, conse- 
quently, failure strength. This behavior is opposite to that of increasing 
strength with decreasing ductility commonly exhibited by metals, and is a 
definite sign that a cracking (noncontinuum) process interferes with the 
ability of the cladding hoop ligament to bear tensile loads. The decrease 
in load-bearing capability occurred only under conditions of partial or 
total intergranular fracture. Intergranular fracture does not inherently 
require extensive local strain. Hence, if the irradiation and test conditions 
are appropriate for low-ductility intergranular fracture, then at any highly 
stressed local region a grain boundary opening or microcrack can occur 
before the remaining material across the section can bear stress. Conse- 
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quently, the failure strength in tension is reduced. The ductility of inter- 
granular fracture is reduced by helium embrittlement [8] and a hard or 
strong crystal (matrix) [9]. Therefore, a higher irradiation fluence should 
decrease the ductility and reduce the failure strength under conditions of 
low-ductility intergranular fracture. An example of an intergranular frac- 
ture is shown in Fig. I I. 

Figures 1 and 2 show that several of the tests at hoop stresses greater 
than 97.2 ksi (670.3 MPa) had failure temperatures greater than that for 
the unirradiated material. These test conditions forced a high strain rate 
at sufficiently low temperatures that transgranular failure occurred, which 
allowed the radiation hardening to increase the failure strength. There- 
fore, below about 1200~ (922 K) at 200FO/s (111 K/s) and below about 
1000~ (811 K) at 10F~ (5.6 K/s) transgranular failure can occur, and 
irradiated failure strengths equal to or greater than those for the unirradi- 
ated material are anticipated. 

A cross section of a specimen which failed in a transgranular mode is 
shown in Fig. 12. This specimen failed at a temperature about 200~ 
(111 K) greater than an unirradiated specimen at the same pressure. It was 
irradiated at 825~ (714 K) to a fluence of 1.6 x 10 ~ n/cm ~ (E > 0.1 
MeV). A small specimen of the fracture surface was examined by scan- 
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ning electron micrOscopy (SEM). The SEM fractograph of this specimen 
in Fig. 13 shows that plastic dimpling has occurred. These dimples are 
microvoids which have been formed at interfaces between the matrix and 
particles such as carbides, and at imperfections. These voids grow by 
shear deformation processes until they coalesce to give the cavities or 
dimples shown in the picture. 

The two types of  fracture, intergranular and transgranular, require large 
differences in the energy absorbed before failure occurs. In a standard 
tension test the total area under the stress-strain curve is indicative of  the 
toughness of  the material. Also, this area is a measure of  the amount of  
work done on the specimen per unit volume. Similarly, in a FCTT test, 
the product of  the hoop stress and failure strain is also a measure of  
toughness. In a cladding transient test the hoop stress is essentially con- 
stant throughout the test; thus, the product o,,'es is a measure of  the 
toughness and is analogous to the work done in a tension test. 

Values for the product o,.es at a heating rate of  10F~ (5,6 K/s) are 
shown in Fig. 14 as a function of  neutron fluence. Similarly Fig. 15 is for 
200F~ (111 K/s). Fractl!re modes are indicated in the figures for those 
specimens which have been examined metallographically. The product 
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1 12 IRRADIATION EFFECTS ON METALS 

FIG. ll--Transverse section of  a specimen tested at lOF~ (5.6 K/s)  with 4000 psi (27.6 
MPa) gas, which failed at 1325 ~ (991 K) and exhibiting intergranular fracture ( x 200). 

on'@ is more affected by failure strain than by hoop stress, since the @ 
values vary by a factor of 20 while o,, values vary by only a factor of 7. 

In Fig. 14, the lower edge of the data field is bounded by specimens ex- 
hibiting an intergranular fracture of the "pinhole" type. Data points with 
higher on'es values are for intergranular fractures occurring at higher fail- 
ure temperatures (under which conditions the failure strain was much 
greater) or for mixed mode (intergranular ~ transgranular). The general 
trend of the data field is toward lower values of on'es at higher fluences. 
There were only three tests at the highest fluence of 4 x 10 ~ n/cm~; 
more tests under different test conditions might produce higher on'Es 
values. 

In Fig. 15 there are three major differences compared with Fig. 14. 
First, the number of pinhole failures has decreased significantly. Next, the 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



HUNTER AND JOHNSON ON FUEL CLADDING 113 

FIG. 12--Transverse section through the failure site o f  a specimen tested at 200F~ (111 
K/s) with 14 300 psi (98.6 MPa) gas, which failed at 1125F ~ (880 K)  by a transgranular 
fracture mode ( x 200). 

lower and upper  limits of  the data field lie at higher values of  o~," es. Fi- 
nally, the specimens exhibiting the higher oH'es values exhibit a transgran- 
ular fracture. These differences can be attributed to the difference in 
strain rates associated with the heating rates. The strain rates for the spec- 
imens heated at 10F~ (5.6 K/s) are on the order of  10 -4 to 10 -3 s -1 , 
while at 200F~ (111 K/s)  the strain rates are 10 -2 to 10 -1 s -1 . As pointed 
up by Dieter [10], decreasing the strain rate increases the tendency for 
intergranular fracture. Thus, at the slower heating rate, there are many  
pinhole intergranular fractures with no specimens (metallographically 
examined) exhibiting transgranular fracture. Increasing the heating rate, 
and therefore the strain rate, tends to eliminate the pinhole fractures and 
favors transgranular fractures. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



114 IRRADIATION EFFECTS ON METALS 

FIG. 13--Transgranular plastic dimpling of fracture surface of the specimen in Fig. 12 
(x2000). 

The results in Fig. 14 and 15 again indicate that the cladding properties 
are degraded by increasing fluence. Also, the irradiation-produced de- 
crease in ductility is only partially offset by an increase in strength, since 
the product of,'es is seen to decrease with fluence. Further, the specimens 
from the fuel column region had the lowest values of  o,,-es. This degrad- 
ing effect of fuel is described in the next section. 

Effect of  Fuel Column on Mechanical Properties 

In gef  4 it was shown that cladding specimens from the fuel column 
region of the pins exhibited lower failure strengths then did either plenum 
specimens or unfueled, unstressed specimens from structural materials 
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irradiations. Recent data from both fuel pin specimens and other struc- 
tural materials irradiation specimen testing have further substantiated this 
observation. Figure 16 gives a comparison of fueled and unfueled speci- 
men 10F~ transient behavior for a neutron fluence of 3 to 4 x 10 22 

n/cm 2. The unfueled specimens show about a 20 percent reduction in 
strength, while the fueled specimens exhibit more than a 50 percent reduc- 
tion in strength. Thus there is an additional 30 percent reduction in 
strength beyond the fluence effect. 

Several mechanisms have been proposed to explain the poorer behavior 
of fuel column cladding specimens: (a) unrelieved thermal stresses after 
irradiation, (b) enhanced helium embrittlement, (c) stress concentration 
from inner surface grain boundary attack or cracking, (d) fuel-cladding 
mechanical interaction during reactor start-up, (e) loading from thermal 
gradients during irradiation, and (f) fission gas pressure loading. The cur- 
rent effort is directed toward evaluation of these various mechanisms. 

Summary of Irradiation Effects 

The irradiated cladding failure stress and ductility data are summarized 
in Fig. 17. At 200F~ (111 K/s) above 1200~ (922 K) the ductility and 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



HUNTER AND J O H N S O N  ON FUEL CLADDING 1 1 7  

120 

100 

60 

40 

20 

0 

z 
6 

E 

- • I  
20~ CW TYPE 316 SS CLADDI NG 

: ;'X.",,,IOF~ 
I ~ " ~ , . ~  UNI RRADIA1EO 

3xlOZ2nl~ 2 (E>O.~W - -  _ " - ' , ~  _X,,. 

10 F~ 
UNIRRA01ArE0 / N 

- -  - , R R : ' , O , A ~ 0  / \ 
3X1022n/cm2 (E>0.1 MeV) / _ \ 
AT 700-1000 ~ / 

600 800 1000 1200 1400 1600 18(]0 2000  2200 2400 

FAILURE TEMPERATURE, OF 

,16 

12 

uJ 

4 

0 

8 ~. 

4~ 

2 ~ 

0 ~ 

FIG. 17--Effect o f  irradiation on failure strength and ductility. 

failure strength of the cladding are reduced; however, above 1600~ (1144 
K) the ductility increases and the available results do not show decreased 
failure strength. The fracture mode is still intergranular, but the ductility 
is not low enough to interfere with load-bearing capability. At 10F~ (5.6 
K/s) similar trends are exhibited, except that the slower strain rate allows 
low-ductility intergranular fracture to occur at temperatures as low as 
1000 ~ (811 K) and the ductility is increased above about 1400 ~ (1033 K). 

For both heating rates, at lower failure temperatures and higher stresses, 
the irradiated material failure stress curve is shown to rise discontinuously 
to the unirradiated material curve as the fracture changes from intergran- 
ular to transgranular. At temperatures above 1400 and 1600~ (1033 and 
1144 K) the failure stress curves gradually approach the unirradiated 
curves, as the reduced crystal shear strength allows blunting of  stress 
concentrations. 
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Tensile Properties of Fast Reactor 
Irradiated Type 304 Stainless Steel 

REFERENCE: Fish, R. L. and Hunter, C. W., "Tensile Properties of Fast Reactor 
Irradiated Type 304 Stainless Steel," Irradiation Effects on the Microstructure and 
Properties o f  Metals, A S T M  STP 611, American Society for Testing and Materials, 
1976, pp. 119-138. 

ABSTRACT: Tension tests were performed on annealed Type 304 stainless steel spec- 
imens sectioned from Experimental Breeder Reactor-I| (EBR-H) duct thimbles. 
The specimens had accumulated neutron fluences of up to 10.3 x 1022 neutrons 
(n)/cm 2, E > 0.1 MeV (10.3 x 1026 n/m 2, E >16 fJ). Irradiation temperatures for 
the material tested ranged from 700 to 750~ (644 to 672 K). The tests were per- 
formed at temperatures of room temperature to 1400~ (1033 K), employing strain 
rates of 2 • 10 -3 to 2/min (3.3 • 10 -5 to 3.3 • 10-2/s). 

At test temperatures below 800~ (700 K), the strength increased with fluence until 
about 7 x 1025 n/cm 2 (7 x 10 ~6 n/m2), beyond which no further increase was ob- 
served. The elongation decreased with fluence, reaching levels as low as 0.5 percent 
uniform and 1.3 percent total elongation at 700~ (644 K). High-fluence failures be- 
low 800~ (700 K) occurred by transgranular channel fracture. 

At test temperatures above 1000~ (811 K), elongations were reduced to very low 
levels at high fluences (average total elongation (TE) = 0.03 percent). Extensive inter- 
granular fracture at the high fluences produced the low ductility and resulted in fail- 
ure of the specimens before reaching the strength characteristic of the true hardness 
of the material. 

KEY WORDS: radiation, irradiation, stainless steels, ductility, strain rate, neutron 
irradiation 

Tension testing of annealed Type 304 stainless steel specimens taken 
from Experimental Breeder Reactor-II (EBR-II) duct thimbles has pro- 
vided an important basis for understanding the mechanical properties of 
high-fluence fast reactor core structural materials. Investigations of Type 
304 stainless steel in the past [1-5] 2 have focused on the description of 
tensile properties at the irradiation temperatures of 700 to 900~ (644 to 
755 K) over the fluence range to 1 x 1023 neutrons (n)/cm 2, E >  0.1 MeV 

~Advanced engineer and senior scientist respectively, Hanford Engineering Development 
Laboratory, Westinghouse Hanford Company, Richland, Wash. 99352. 

2 The italic numbers in brackets refer to the list of references appended to this paper. 
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120 IRRADIATION EFFECTS ON METALS 

(1 • 1027 n/m 2, E > 16 fJ). Only limited testing has been performed 
above the irradiation temperature for analysis of reactor components dur- 
ing transient conditions. In addition to the need for tensile properties 
above the irradiation temperature, knowledge of mechanical properties is 
required for analysis of reactor components during low-temperature re- 
fueling and hot-cell operations. 

This paper describes the effects of fast neutron fluence on the tensile 
properties of annealed Type 304 stainless steel over a test temperature 
range from room temperature to 1400~ (1033 K). Tensile strain rates 
from 2 x 10 -3 through 2 per min (3.3 x 10 "5 through 3.3 x 10-2/s) were 
employed. The specimens were irradiated to a maximum fluence of 10.3 
X 10 22 n/cm 2, E >  0.1 MeV (10.3 • 10 26 n/m 2, E >  16 fJ) and were cut 
from portions of EBR-II thimbles which had operated at 700 to 750~ 
(644 to 672 K). 

Experimental Technique 

Material Irradiation History 

The irradiation conditions for EBR-II irradiated, Type 304 stainless 
steel duct thimbles used in this testing are summarized in Table 1. Irradi- 

TABLE 1--Summary of EBR-H irradiated duct thimbles. 

EBR-II Thimble Exposure, Peak Fluence, 
Identification MWd ~ E > 0.1 MeV 

Irradiation 
Temperature, ~ 

3A1 SRT 37 490 11.7 x 1022 n /cm ~ 
5A3 CRT 36 785 7.6 x 10 z2 n /cm 2 
5C3 CRT 15 541 3.7 x 1022 n /cm 2 
5F3 CRT 42 321 10.3 • 1022 n /cm 2 
5F1 CRT 49 967 10.2 x 1022 n /cm 2 

700 to 860 (644 to 733 K) 
700 to 870 (644 to 739 K) 
700 to 870 (644 to 739 K) 
700 to 870 (644 to 739 K) 
700 to 870 (644 to 739 K) 

~MWd = megawatt day 

ation temperatures for specimens sectioned from the thimbles were esti- 
mated from temperature curves supplied by the EBR-II project [61. The 
fluence estimates were based on Run 3IF dosimetry tests [7]. 

A plot of the estimated irradiation conditions for one of the thimbles, 
control rod thimble (CRT) 5A3, is shown in Fig. 1. The axial neutron flux 
gradient in the EBR-II produced neutron fluences about three times higher 
at the midplane than at 10 in. (0.25 m) away from the midplane. 

The temperature in Fig. 1 rises fairly rapidly through the core region 
(+ 6�90 in., _ 0.17 m) and becomes approximately constant again for dis- 
tances more than about 10 in. (0.25 m) above the midplane. Below the 
core, the thimble temperature was equal to the inlet sodium coolant tem- 
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perature, which is maintained at a constant 700 ~ (644 K). The tempera- 
tures at the upper ends of the thimbles vary from flat to flat depending 
upon the loading of adjacent subassemblies. The temperature profiles in 
Fig. 1, as well as the temperatures in Tables 1 and 2, represent averages 
over the lifetime of the in-reactor service. 

Tension Testing 

The tension specimens were cut from regions of the thimbles irradiated 
at 700 to 750 ~ (644 to 672 K). The tension specimen shown in Fig. 2 is a 
modification of the pin-loaded flat specimen described in ASTM Tension 
Testing of Metallic Materials (E 8-69). The overall dimensions were 2~ 
in. (66.7 ram) long by 0.040 in. (I mm) thick; the reduced gage section 
was effectively 1 in. (25.4 mm) long by ~ in. (3.2 mm) wide. The speci- 
mens were machined from the flats of the thimbles with the specimen ten- 
sile axis parallel to the longitudinal axis of the thimble. 

Tension tests were performed on a hard-beam testing machine equipped 
with a high-temperature vacuum furnace. Both load and elongation were 
recorded throughout the test. A linear variable differential transformer 
(LVDT) extensometer, capable of • 700 strain magnification, was em- 
ployed for strain measurements during the low-strain (<1.5 percent) por- 
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I ~ 0.040" 2-5/8" -"- 
THICK 

I/8" DIAM / 2 ~ .  
(TYP.) + ,,~pA...D I U $ 

FIG. 2--Schematic o f  EBR-H thimble tension specimen. 

tion of all tests. For the specimens which failed at low plastic strain, the 
extensometer recorded the entire strain history of the specimen, and the 
elongation values were obtained from the extensometer record. The elon- 
gation on specimens exhibiting greater strain was estimated by summing 
both the extensometer record and the crosshead movement. The specimen 
temperature during each test was measured and controlled with a chro- 
mel-alumel thermocouple. Approximately 20 to 30 min (1200 to 1800 s) 
were allowed for thermal equilibration and stabilization prior to initiating 
each tension test. 

Experimental Results 

The tension test results are presented in Table 2 along with the respec- 
tive specimen irradiation temperatures and fluences. Also included in the 
table are test temperature and strain rate. The major groupings within the 
table are based on test temperature. 

Effect of Test Temperature 

The tensile properties listed in Table 2 for the high-fluence (>8.7 x 
1022 n/cm 2, 8.7 • 1026 n/m 2) material, at the nominal strain rate of 2 • 
10-Vmin (3.3 x 10-5/s) are plotted as a function of test temperature in Figs. 
3 and 4. The 0.2 percent offset yield strength and ultimate tensil~ strength 
are shown in Fig. 3. At these high fluences of 8.7 to 10.3 • 1022 n/cm 2 
(8.7 to 10.3 x 1026 n/m2), the strength parameters continually decreased 
with increasing test temperature from room temperature to 1400 ~ (1033 K). 
At temperatures above 1000~ (811 K), the strength decreased more 
rapidly with temperature; concurrently, the uniform elongation (plastic 
strain at maximum load) decreased to below the 0.2 percent level, ren- 
dering the 0.2 percent offset yield strength parameter irrelevant above this 
temperature. From the limited data it appears that the temperature de- 
pendence of the ultimate tensile strength decreased at 1300~ (978 K) and 
above. 
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TEST TEMPERATURE, K 
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~ STRENGTH 800 

YIELD STRENGTH ~ 
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MATERIAL: ANN. 304 SS ~ 400 
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- - - 200 
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FIG. 3--Effect of test temperature on the yield strength (0.2 percent offset) and ultimate 
tensile strength at high fluence. 
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MATERIAL: ANN. 304 SS 
4 -- 

IRRAD. TEMP. = 710-730~ (650-661 K) 
FLUENCE = 8.7-10.3 x 1022 n/cm 2 (E>O.I MeV) 
STRAIN RATE = 2 x IO'3/MIN (3.3 x i0-5/s) 
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FIG. 4--Effect of test temperature on the high-fluence ducti~ty of EBR-II Type 304 
stainless steel 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



126 IRRADIATION EFFECTS ON METALS 

The uniform and total elongation at the high fluences are plotted as a 
function of test temperature in Fig. 4. These ductility parameters decreased 
with increasing temperature between room temperature and 450 ~ (505 K). 
Between 450~ (505 K) and 700 ~ (644 K) the parameters were relatively 
temperature independent, with uniform elongation at 0.5 percent and 
total elongation at about 1.4 percent. As the test temperature was in- 
creased from 700~ (644 K) to l l00~ (866 K), the ductility further de- 
creased to a very low level, averaging 0.03 percent from 1100 to 1400~ 
(866 to 1033 K). At these high temperatures (>~ll00~ 866 K) uniform 
and total elongation were practically identical, because essentially no plas- 
tic strain occurred beyond the peak load. 

Strain Rate Effects 

Strain rate effects were investigated at the lower test temperatures of 
room temperature, 450 ~ (505 K) and 700 ~ (644 K). The ultimate tensile 
strengths, measured at these temperatures, are plotted as a function of 
strain rate in Fig. 5. A slight increase in ultimate tensile strength of about 

[60 I I , I ,,''| , , , i ,,,* l * , I 1 , ,,, I i 

TEST TEMP. (~ 

150 

140 

i--. 
m 1 3 0  

120 

l l O  

1 0 0  

�9 ROOM TEMP. 
�9 450 (505 R) 
�9 700 (644 K) ~ - -  

. 

ROOM TEMP, 

8 

~ ~ T E ~ [ A L :  ANN. 304 SS 
IRRAD. TEMP = 725-730~ (658-661 K) 
FLUENCE = 8.8-10.3 x 1022 n/cm 2 (E>0.1MeV) 

I i I , i ,,,,I I , , li,l,l , J L i l,l,l 

10-3 10 -2 10 -1 100 

STRAIN RATE, 1/MIN 

, i , , ,,, 1100 

1000 

f 
1 4 5 0 ~  (605 K) 

900 ~ 

�9 700~ (644 K) 300 

100 

* i I , , , , 1 0 1  

FIG. 5--Effect of  strain rate on the ultimate tensile strength of  high-fluence EBR-H Type 
304 stainless steel. 

8 percent was observed as the strain rate increased from 2 x 10-3/min to 
2/min (3.3 x 10 -5 to 3.3 x 10-2/s). This modest strain rate dependence 
was similar for all test temperatures. 
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The uniform elongation, at the high fluence levels of 8.8 to 10.3 • 1022 
n/cm 2 (8.8 to 10.3 • 10 2~ n/m2), is plotted as a function of strain rate in 
Fig. 6. The strain rate dependence of uniform elongation was more pro- 

~4 

~3 

o 2  

l l l i i i l l [  

TEST TEMP. (OF) 
�9 ROOM TEMP. 

�9 450 (505 K) 

�9 70O (644 K) 

i i E l i ,  l l i , , i  l , ]  , , , , ,  i 

MATERIAL: ANN. 304 SS 

IRRAD. TEMP. = 725-730~ (658-661 K) 

FLUENCE = 8.8-10.3 x 1022 n/cm 2 (E>O.I MeV) 

I 
ROOM TEMP. 

. ~ e  �9 450% (505 K) 
r g 700~ (644 K) 

I , , , , ,  , i l l  , , , i ,  , ,  , I  , , j , , , , , I  , , , , ,  , ,  

10-3 i0-2 10-1 i00 

STRAIN RATE, I/MIN 
101 

FIG. 6--Effect of  strain rate on the uniform elongation o f  high-fluence EBR-H Type 304 
stainless steel. 

nounced than that observed in the strength. Particularly at room temper- 
ature, the uniform elongation increased substantially (86 percent) as the 
strain rate increased from 2 • 10-3/min to 2/min (3.3 • 10 -s to 3.3 • 
10-2/s). 

E f f e c t  o f  F luence  

The effect of fluence on the ultimate tensile strength of annealed Type 
304 stainless steel is presented in Fig. 7. At all fluence levels investigated, 
strength decreased with increasing test temperature. At test temperatures 
less than and equal to the 700~ (644 K) irradiation temperature, the 
strength increased rapidly with increasing fluence until about 3 • 1022 
n/cm 2 (3 • 1026 n/m2), above which the fluence dependence diminished; 
above 7 • 1022 n/cm 2 (7 • 102` n/m e) the strength leveled out and be- 
came fluence independent. The low-fluence strength representations 
shown in Fig. 7 were established on the basis of previously published data 
at 700~ (644 K) [5] and assuming similar trends for the 450~ (505 K) 
and room temperature curves. At the l l00~ (866 K) and 1300~ (978 K) 
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FIG. 7--Effect of  fluence on ultimate tensile strength. 

test temperatures, the ultimate tensile strength exhibited a different flu- 
ence dependence than at the lower test temperatures. The strength increased 
with fluence to about 3 x 1022 n/cm 2 (3 x 1026 n/m2), above which the 
strength dropped abruptly and became independent of fluence. 

Total elongation determined at and below the 700 ~ (644 K) irradiation 
temperature is shown as a function of fluence in Fig. 8. Over the fluence 
range investigated, 3 to 10 • 1022 n/cm 2 (3 to 10 x 1026 n/m2), the total 
elongation at 700~ (644 K) remained fluence independent. There was a 
greater fluence dependence at test temperatures below 700~ (644 K). 
Both the uniform and total elongation at l l00~  (866 K) and 1300~ 
(978 K) are presented as a function of fluence in Fig. 9. These ductility 
parameters decreased with increasing fluence to about 5 x 10 22 n / c m  2. 
Above 5 x 1052 n/cm 2 (5 • l02~ n/m2), the total plastic strain to failure 
corresponded very closely with the plastic strain at the peak load. There- 
fore, the uniform and total elongation values were essentially identical 
and leveled out at an average value of 0.03 percent. 

Correlation of Properties with Fracture Mode 

The correlation of fracture modes and mechanisms with tensile proper- 
ties contributes to the basis for understanding the mechanical properties 
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FIG. 8--Effect of fluence on total elongation of EBR-H Type 304 stainless steel. 
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FIG. 9--Effect of  fluence on h~h-temperature ductility of EBR-II Type 304 stainless steel. 

exhibited by this material. Both irradiation fluence and test temperature 
exert a pronounced effect on the deformation and fracture characteristics. 

Fractography 

Fracture surfaces from 22 tension specimens were examined using a 
scanning electron microscope (SEM). A composite SEM fractograph was 
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130 IRRADIATION EFFECTS ON METALS 

developed for each specimen fracture using x 75 magnification photos. 
This composite was utilized for locating key regions for high magnifica- 
tion photographs, up to x 3000. The fracture mode and mechanisms were 
identified and confirmed at the higher magnifications, and correlated with 
the low-magnification appearance. Based on the low-magnification ap- 
pearance, and confirming observations at high magnifications, the frac- 
ture surface percentage of each type of fracture was estimated for each 
specimen. These estimates are summarized in Table 3. Several tension 
specimens from other Type 304 stainless steel studies were analyzed and 
have been included in this table in order to facilitate an overall interpre- 
tation. 

Fracture Modes and Mechanisms 

Below 900 to 1000~ (755 to 811 K) the dominant fracture mode was 
transgranular [8]. However, irradiation does affect the fracture mecha- 
nism in this temperature range: unirradiated specimens exhibit plastic 
dimpling [8], while the fracture mechanism in highly irradiated material is 
channel fracture. This fracture mechanism, which has been observed only 
in irradiated stainless steel [9], results from dislocation channeling [5,10-12] 
confining the crystal slip to narrow bands of planes or channels within the 
grain. At high fluences the slip along one of these bands is so extensive 
that the crystals literally slide apart on that channel. Each fracturing 
channel produces a relatively flat facet and the polycrystalline character 
of the specimen leads to intersecting and interrupted channels. The 
macroscopic fracture appearance of a specimen fracturing by channel 
fracture was a slant fracture, 45 deg to the tensile stress axis, which elim- 
inated the possibilities of either transgranular cleavage [not observed in 
face-centered-cubic (fcc)] or intergranular fracture. At temperatures above 
900 to 1000~ (755 to 811 K), the dominant fracture mode was intergran- 
ular. 

Correlation o f  Fracture with Strength 

The relationship between fracture character, ultimate tensile strength, 
and irradiation fluence is shown in Fig. 10 for two different test tempera- 
tures. The low-temperature fracture mode is transgranular at all fluence 
levels. However, the irradiation hardening, which is very fluence depen- 
dent at low fluence levels and becomes relatively fluence independent at 
above 3 to 4 • 10 22 n/cm ~ (3 to 4 x 10 26 n/m2), is accompanied by a 
transition in the fracture mechanism. At low fluences, fracture occurred 
by transgranular plastic dimpling. As the fluence increased, the shear pro- 
cesses ceased to be homogeneous throughout the entire crystal and be- 
came restricted to narrow channels to such an extent that complete chan- 
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132 IRRADIATION EFFECTS ON METALS 

FIG. lO--Fracture mode and irradiated tensile strength of EBR-H Type 304 stainless steel. 

nel fracture resulted at the highest fluence levels. An example of channel 
fracture is shown in Fig. 11, which is typical of irradiated specimen frac- 
ture for test temperatures of room temperature,  450~ (505 K), and 700~ 
(644 K), and tensile strain rates from 2 x 10-3/rain (3.3 x 10 -5 to 3.3 x 
10-2/s. 

At the l l00~ (866 K) test temperature, fracture occurred at the low 
fluences by a mixed plastic dimpling and intergranular fracture. As the 
fluence increased, the tensile strength increased, as illustrated in Fig. 10. 
Above about 3 • 1022 n/cm 2 (3 x 1026 n/m 2) the grain boundary em- 
brittlement from helium [13] became sufficient to interfere with the load- 
bearing capability of the material; consequently, the tensile strength 
dropped abruptly. The high-fluence ll00~ (866 K) fracture in Fig. 10 
reflects a greater degree of intergranular failure, indicative of helium em- 
brittled grain boundaries. 

Correlation o f  Fracture with Duct i l i ty  

The relationship between fracture and elongation at the high-fluence 
level is presented in Fig. 12. In general, the continual decrease in both 
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FISH AND HUNTER ON STAINLESS STEEL 133 

FIG. l l --Channel fracture ( 700~ "-) (644 K) o f  Specimen B6H1 (3.41 SRT)  irradiated at 
750~ K)  to 10. 7 x 1022 n/cm 2 (E > 0.1 MeV) .  

uniform and total elongation with increasing test temperature is associ- 
ated with a decreasing tendency for flow within the grains. From room 
temperature to 700~ (644 K), crystal deformation decreased due to a 
greater tendency for dislocation channeling, while above 900 to 1000~ 
(755 to 811 K) intergranular fracture further reduced the deformation. 
The decreased propensity for dislocation channeling at room temperature 
from that at 700~ (644 K) allows more homogeneous shear, which results 
in the greater measured ductilities at room temperature. The channel frac- 
ture observed at the lower temperatures, room temperature to 700~ (644 
K), resulted in relatively high elongation values compared with the higher 
test temperature behavior. 
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134 IRRADIATION EFFECTS ON METALS 

FIG. 12--Effect of  test temperature on high-fluence ductility and fracture. 

The further decrease in elongation at the high test temperatures was 
associated with the preclusion of matrix (within the grain) deformation by 
intergranular fracture. The combination, at high fluences, of an irradi- 
ation-hardened matrix and helium-embrittled grain boundaries allows 
initiation and propagation of an intergranular crack at very low plastic 
strain levels. Propagation of an intergranular crack precludes the possi- 
bility of further extensive deformation within the grains of the material. 
The extreme intergranular character of the high-fluence, high-temperature 
specimens is illustrated in Fig. 12. 

Frac ture  M a p  

The fracture characteristics, evaluated with the SEM and listed in Table 
3 for specimens tested at 2 x 10-3/min (3.3 x 10-5/s) strain rate, provide 
a basis for mapping the fracture modes and mechanisms of annealed Type 
304 stainless steel as a function of fluence and test temperature. The onset 
and completion of the channel fracture mechanism may be established by 
plotting the channel fracture percent as a function of fluence, as shown in 
Fig. 13. The largest amount of data exists at 700 to 900~ (644 to 755 K). 
The scatterband for this temperature range was used to help establish 
bands for room temperature to 450~ (505 K) and ll00~ (866 K) tem- 
peratures. The intersection of the scatterbands with the zero channel frac- 
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FISH AND HUNTER ON STAINLESS STEEL 135 

FIG. 13--Effect of fluence on percent of channel fracture. 

ture level established the "onset of channel fracture" zone presented o n  
the fracture map in Fig. 14. The intersection of the 700 to 900~ (644 to 
755 K) scatter band with the 100 percent channel fracture level established 
the "completion of channel fracture transition" zone for that temperature 
range as shown in Fig. 14. Data points (C1E1 and C1E2) for room tem- 
perature and 450~ (505 K) temperature indicate that the completion of 
channel fracture occurs near the same fluence level for these temperatures 
also. The "completion of channel fracture transition" zone is dashed 
above about 800 ~ (700 K) to indicate the anticipated trend. 

The onset of intergranular fracture was established using four tension 
specimens (A5H1, B611, A5J1, and ALW 4) that show a minimal amount 
of intergranular fracture. The unirradiated specimen (ALW 4) was tested 
at 1000~ (811 K). A specimen at ~0.7 • 10 z2 n/cm 2 (0.7 x 1026 n/m2), 
A5J1, was tested at 900~ (755 K) and the other two at higher fluences 
tested at 800~ (700 K). The similar low amounts of intergranular frac- 
ture displayed by these four specimens, tested at decreasing temperatures 
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136 IRRADIATION EFFECTS ON METALS 

FIG. 14--Fluence-test temperature fracture map for  EBR-H Type 304 stainless steel. 

with increasing fluence, is the basis for the fluence dependent "onset of 
intergranular fracture." Additional evidence for the existence of the shift 
in onset of intergranular fracture due to irradiation is the set of tensile 
fracture surfaces evaluated at 900~ (755 K), B6J2, A511, and A5J1. As 
may be observed in Table 3, the higher-fluence 900~ (755 K) specimens 
exhibited a factor of four greater amount of intergranular fracture mode 
than the lowest-fluence specimen. The width of the onset of intergranular 
fracture zone is arbitrary. A lack of an adequate number of  high-tempera- 
ture (/> 1200~ 922 K) tensile fracture surfaces rendered determination of 
the completion of intergranular fracture transition impossible. A dashed 
line is shown in Fig. 14 to merely represent an anticipated trend for the 
completion of the intergranular fracture transition. 
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Conclusions 

The effects of  fast neutron irradiation at 700 to 750~ (644 to 672 K) 
on the tensile properties of  annealed Type 304 stainless steel are depen- 
dent upon the test temperature and neutron fluence. At test temperatures 
below 800~ (700 K), the strength increased rapidly with increasing 
fluence until about 3 • 10 22 n /cm 2, E >  0.1 MeV (3 • 10 26 n/m2,  E >  
16 fJ), above which the fluence dependence weakened; above 7 x 1022 
n/cm 2 (7 x 1026 n /m 2) the strength became fluence independent. Concom- 
itantly, the elongation decreased with increasing fluence, reaching levels 
as low as 0.5 percent uniform and 1.3 percent total elongation at the 
700~ (644 K) test temperature. Failure below 800 ~ (700 K) at low flu- 
ences occurred by transgranular plastic dimpling, consistent with the high 
ductility observed under these conditions. At high fluences, failure below 
800~ (700 K) was by transgranular channel fracture. The dislocation 
channeling which leads to channel fracture precludes extensive matrix de- 
formation, thus resulting in the low, but necessarily finite, ductilities ob- 
served at high fluences. 

At test temperatures above 1000~ (811 K) the strength increased and 
elongation decreased rapidly with increasing fluence until about 3 • 10 22 

n/cm 2. Beyond 3 x l022 n /cm 2 (3 • 1026 n / m  2) the total elongation 
continued to decrease until it reached a constant low level of  0.03 percent 
beyond 5 • 10 22 n /cm 2 (5 • 10 26 n/m2) .  The low ductility at the high 
fluences resulted from extensive helium-embrittled intergranular fracture 
which occurred before reaching the tensile strength characteristic of  the 
true hardness of the material. Thus, a drop in the ultimate tensile strength 
was observed at fluences beyond ",3 • 1022 n /cm 2 (•3 • 1026 n/m2).  

An 8 percent increase in strength between strain rates of  2 • 10-3/min 
and 2 /min  (3.3 x 10-5/s and 3.3 x 10-2/s) was observed at the highest 
fluence and temperatures below 800~ (700 K). The increase in uniform 
elongation with strain rate over the same range was 86 percent at room 
temperature. 
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Effects of Neutron Irradiation on 
Microstructure and Mechanical 
Properties of Nimonic PE-16 
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ABSTRACT: Specimens o f  Nimonic PE-16, a y ' -hardened austenitic alloy, were 
irradiated in the Experimental Breeder Reactor-II (EBR-II) in order to determine the 
effect of  neutron irradiation on the microstructure and mechanical  properties. 
Specimens with two different aging treatments were irradiated at temperatures ranging 
from 650 to 823 K and fluences ranging from 1.2 x 102+ neutrons (n ) /m 2 to 4.0 x 102+ 
n / m  2. The aging treatments  were: (A) 2h at 1313 K + 2 h at 1073 K + 16 h at 973 K; 
and (B) 4 h at 1313 K + 1 h at 1173 K + 8 h at 1023 K. Postirradiation t ransmission 
electron microscopy (TEM) revealed the presence of  voids in all irradiated specimens. 
No difference in the fluence dependence of  swelling at an irradiation temperature of  773 
K was observed between the specimens with Preirradiation Treatment  A and the 
specimens with Preirradiation Treatment  B. In contrast,  the temperature dependence of  
swelling appears to be sensitive to the particular preirradiation aging treatment  used. 
TEM also shows that  existing precipitates coarsen slightly during irradiation and that  
precipitation o f  y '-precipitates occurs on irradiation-produced dislocation loops and 
voids. 

Specimens irradiated at 773 K were tensile tested at 683,773,873,  and 973 K. There is 
no significant difference in postirradiation mechanical properties between the two 
preirradition heat treatments.  There is a large increase in yield strength after irradiation, 
which is consistent with the observed changes in microstructure. The ductility decreases 
as the test temperature increases. The low ductilities observed at the higher test tem- 
peratures are associated with a tendency for intergranular fracture. Auger  spectroscopy 
of fracture surfaces on a specimen fractured at 823 to 873 K in the Auger  chamber  in- 
dicates that  the concentrations of  phosphorus  and sulfur are a factor of  two or three 
higher, and that the concentrations of  iron and chromium are a factor o f  two lower, on 
surfaces of  grain boundary  fracture than  on surfaces resulting from ductile fracture 
within the same specimen. There is also an enrichment of  nickel at grain boundaries.  In 
addition, helium release was observed at the time of fracture. 

KEY WORDS: radiation, neutron irradiation, nickel-based austenitic alloys, 
precipitation hardening, radiation damage,  mechanical properties, swelling, voids, 
Auger  spectroscopy, t ransmission electron microscopy, precipitation 
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140 IRRADIATION EFFECTS ON METALS 

Nimonic PE-16 is a y ' -hardened austenitic alloy which has been shown to 
have attractive strength properties and swelling resistance [1] 2. It is thus a 
candidate for fuel element cladding and fuel subassembly duct applications 
in future breeder reactors. To begin to understand the relationship between 
neutron irradiation-induced microstructuraI changes, mechanical property 
changes, and the initial microstructure,  several specimens of  this alloy 
with two different aging treatments were irradiated in the Experimental 
Breeder Reactor-II  (EBR-II). Irradiation temperatures were in the range 
650 to 823 K and the maximum fluence was 4 • 10 26 neutrons (n) /m 2 
(>0.1 MeV). 

Experimental Procedure 

Nimonic PE-16 rod having the composition given in Table 1 was 
fabricated according to the following schedule: As-received rod (13.0 mm 

TABLE l--Chemical composition of PE-16. 

Element, weight % 

Ni Cr Mo C A1 Ti Si Mn B Fe 

43.8 16.65 3.38 0.06 1.1 1.03 0.26 0.13 0.0020 balance 

diameter) was annealed 1 h at 1313 K, swaged at 1253 K to 7.11 m m  
diameter, cold swaged to 6.88 mm diameter, swaged at 1253 K to 6.22 m m  
diameter, and cold swaged to 6.17 m m  diameter. Cyclindrical density 
specimens (5.97 mm diameter by 10.2 m m  long) and mechanical property 
test specimens (with gage section 3.175 mm diameter by 28.575 mm long) 
were machined from the rod and heat treated as follows: Treatment  A - - 2  h 
at 1313 K plus 2 h at 1073 K plus 16 h at 973 K, or Treatment  B- -4  h at 1313 
K plus 1 h at 1173 K plus 8 h at 1023 K. These two treatments are suggested 
by the manufacturers,  Henry Wiggen & Company Limited, to provide high- 
creep rupture properties at longer times and greater metallurgical stability, 
respectively. Specimens were irradiated in the EBR-II .  The fluences and 
temperatures are given in Table 2. 

The microstructure of  the material in the as-irradiated condition was 
characterized by transmission electron microscopy (TEM) of  specimens sec- 
tioned f rom density blanks or unstressed portions of  tensile specimens and 
prepared in the usual way. Quantitat ive measures of  void swelling param- 
eters were obtained by determining foil thickness by stereomicroscopy. 
Postirradiation examination also included tensile tests, scanning electron 

2 The italic numbers in brackets refer to the list of references appended to this paper. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



SKLAD ET AL ON NIMONIC PE-16 141 

TABLE 2--Nimonic  PE-16 irradiation history. 

Irradiation Fluence, n / m '  
Temperature, K (>0.1 MeV) 

650 1.2 X 1026 
708 2.9 X 1026 
748 4.0 • 10 ~6 
773 1.2 X 2026 
773 1.7 X 102~ 
773 2.3 • 10 ~6 
773 4.0 X 1026 
823 2.9 X 1026 

microscopy (SEM) of  fracture surfaces, and Auger spectroscopy of  frac- 
ture surfaces created within the Auger apparatus. Specimens for in situ 
fracture within the Auger apparatus were machined from irradiated den- 
sity blanks to a size of 10 mm long and 1 by 1 mm in cross section, with 
the center portion reduced to a 0.5 by 0.5 mm or 0.5 by 1 mm cross sec- 
tion to facilitate fracture at the desired position. Details of  the specimen 
holder, tensile apparatus, and temperature control of  the specimens in the 
Auger analysis are reported elsewhere [2]. 

Results 

Microstructures 

Transmission electron microscopy revealed the presence of voids in all 
irradiated specimens. Stereomicroscopy techniques were used to measure 
foil thickness and obtain values of volume change. Table 3 is a summary of  
the void swelling parameters for irradiated specimens with both preirra- 
diation heat treatments. In all cases the number of  voids, as well as the 
average diameter of  the voids, was small. The volume change calculated 
from these values was in all cases less than 0.5 percent. A measured swelling 
of 0.18 to 0.34 percent in specimens irradiated to 4 • 1026 n /m  2 (~20 dpa) 
at 823 K in this study compares well with published data for examination of 
specimens of  fuel pin cladding irradiated to ~30 dpa at the same tem- 
perature, that is, 0.22 to 0.44 percent [3]. The magnitude of  the swelling is 
low in both cases, although the swelling in the cladding material is higher. It 
must be remembered, however, that data from fuel pin cladding are on 
material stressed to some indeterminate level so that direct quantitative 
comparison is difficult. 

Examination of  the data reveals that preirradiation heat treatment had no 
effect on the swelling rate of  specimens irradiated at 773 K. For specimens 
with both preirradiation heat treatments, the measured volume change in- 
creased as a function of fluence at this temperature from 0.04 percent at 1.2 
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142 IRRADIATION EFFECTS ON METALS 

TABLE 3--Summary o f  void statistics in neutron-irradiated Nimonic PE-16. 

Average 
Irradiation Neutron Fluence, Void Volume Void 

Temperature, n/m 2 Concentration, Change, Diameter, 
K (>0.1 MeV) voids/m 3 o70 nm 

Treatment A 

2 h a t  1313K + 2ha t  1073 K + 16hat973 K 

650 1.2 • 1026 75.0 x 1019 0.05 10 
708 2.9 x 1026 11.2 >( 1019 0.08 21 
748 4.0 • 1026 8.8 • 1019 0.15 30 
773 1.2 X 1026 5.4 x 1019 0.04 22 
773 1.7 • 1026 2.0 X 1019 0.02 27 
773 2.3 • 1026 5.9 X 1019 0.04 21 
773 4.0 x 1026 13.4 • 1019 0.22 28 
823 2.9 • 1026 7.0 X 10 t9 0.34 40 

Treatment B 

4hat1313K + l h a t l 1 7 3 K +  8ha t  1023K 

650 1.2 x 10 z6 70.0 X 1019 0.08 13 
708 2.9 • 1026 5.4 X 1019 0.09 30 
748 4.0 • 1026 22.2 • 1019 0.29 29 
773 1.2 • 1026 2.8 • 1019 0.04 27 
773 1.7 • 1026 3.4 • 10 ~9 0.03 24 
773 2.3 X 1026 5.2 X 10 ~9 0.06 27 
773 4.0 • 1026 10.3 • 10 ~9 0.23 33 
823 2.9 • l026 4.7 X 1019 0.18 39 

>( 1026 n / m  2 tO "~ percent  at 4.0 • 1026 n / m  2. This increase is due to an 

increase in bo th  the number  o f  voids  and the average void  d iameter  as flu- 

ence increases. In contras t ,  the vo lume  changes in specimens i r radiated at dif- 

ferent  t empera tures  to  approx imate ly  the same f luence  (normal ized to  4.0 
x 1026 n / m  2 assuming a linear dependence  o f  swelling on  fluence and no in- 

cuba t ion  fluence) suggest a sensitivity o f  the t empera tu re  dependence  o f  

swelling to the pre i r rad ia t ion  heat  t rea tment .  A sum m ary  of  this normal ized  

data  is given in Tab le  4. In par t icular ,  the measured  vo lume  change in 

specimens with T rea tmen t  A increases cont inuous ly  with t empera tu re  f rom 

0.1 percent  at 708 K to 0.47 percent  at 823 K for  a f luence normal ized  to 4.0 
x 1026 n / m  2. For  specimens with Pre i r rad ia t ion  T r e a t m e n t  B the measured  

vo lume  change for  f luences normal ized  to 4.0 x l0  "6 n / m '  increases f r o m  

0.1 percent  to 708 K to  a m a x i m u m  value  o f  0.29 percent  at  748 K and then 

remains  relat ively cons tant  up to 823 K. The  v o l u m e  change in a specimen 

with Trea tmen t  B at the highest i r radia t ion  t empera tu re  is only one ha l f  as 

large as that  measu red  in the specimen with T r e a t m e n t  A at the same 

i r radia t ion t empera tu re .  This latter observa t ion  suggests that  while the 

pre i r rad ia t ion  heat  t r ea tment  had  no effect  on  the swelling rate o f  speci- 

mens i r radia ted  at 773 K, the same is not  t rue at o ther  tempera tures .  
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TABLE 4--Temperature dependence o f  swelling in neutron- 
irradiated Nimonic PE-16. 

Irradiation Neutron Fluence, Volume 
Temperature, n / m  2 Change, 

K O0.1 MeV) o70 

Treatment A 

2 h a t  1313K + 2 h a t  1073 K + 1 6 h a t 9 7 3  K 

708 4.0 X 102~ 0.10 = 
748 4.0  X 1026 0.15 
773 4.0 X 1026 0.22 
823 4.0 X 1026 0.47 = 

Treatment B 

4 h a t  1313K + 1 h a t  1173K + 8 h a t  1023 K 

708 4.0 x 1026 0.10 a 
748 4.0 x 1026 0.29 
773 4.0 x 1026 0.23 
823 4.0 x 1026 0.25 a 

~ to 4.0 x 1026 n / m  2, assuming linear depen- 
dence of  swelling on fluence and no incubation fluence. 

Changes in dislocation structure were also observed in these specimens. 
Although no attempt was made to measure dislocation densities, some 
qualitative observations were made. The unirradiated specimens with both 
heat treatments are characterized by an almost dislocation-free microstruc- 
ture. Although the postirradiation dislocation structure is much different, it 
does not appear to be sensitive to preirradiation heat treatment. In general, 
for constant irradiation temperature, the structure varies f rom a high con- 
centration of  small loops, many of  which are faulted, at low fluence to a 
complex configuration of  larger loops and loop segments at high fluence. 
The variation in dislocation structure as a function of  irradiation tem- 
perature for approximately the same fluence follows a similar trend, 
changing from a high concentration of  small loops at low temperature to a 
complex configuration of  loops and segments at high temperature. 

Since y '-precipitates in PE-16 are known to have an important effect on 
mechanical properties and possibly swelling resistance, the effect of  neutron 
irradiation on the morphology and distribution of  the precipitates was in- 
vestigated. The two preirradiation treatments produced y '-precipitate 
distributions which were noticeably different. In particular, a specimen with 
Preirradiation Treatment A was characterized by a narrow and relatively 
symmetrical distribution of precipitate sizes, with diameters ranging from 

•10 nm to 33 nm and having a mean of  •22 nm. The precipitates appear 
to be very regular in shape. A specimen with Preirradiation Treatment B 
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was also characterized by a narrow symmetrical distribution of  precipitate 
particles. In this latter case, however, the size of  the particles was smaller, 
ranging from ",,6.0 nm to --13.0 nm and having a mean size of  "~t0 nm. 
In order to characterize some of  the changes in y '-distribution and mor- 
phology which result from neutron irradiation, several specimens with 
Preirradiation Treatment A and different irradiation histories were exam- 
ined by TEM. 

The distribution o f  r '-particle sizes in a specimen with Preirradiation 
Treatment A irradiated to a fluence of  1.2 x 10 26 n / m  2 at 650 K is essen- 
tially the same as in the unirradiated specimen. No significant redistribu- 
tion of  precipitates nor coarsening of  existing precipitates was observed. It 
was not possible to determine positively whether small y '-precipitates 
were present on loops due to the fine scale of  the irradiation-produced 
dislocation structure. 

Although many of  the y '-precipitates seen in the specimen irradiated 
to a fluence of  1.2 • 1026 n / m '  at 773 K are similar in size to those 
in the unirradiated specimen, there is also a significant number of large 
(m45 nm diameter) irregularly shaped y '-precipitates. These are associ- 
ated with large perfect loops or dislocation segments. In addition, exam- 
ples of  small ("-,5 nm diameter) y '-precipitates which have formed on the 
dislocation lines of  irradiation-produced loops, and also of  thin layers of  
y '  which have precipitated at void surfaces, are observed. Similar ob- 
servations were made in specimens irradiated to a fluence of  4 • 1026 n /m 2 
at 773 K. These observations are illustrated in Fig. 1. The appearance of  an 
unirradiated specimen is shown in Fig. la. Here the y '-precipitates are 
imaged in dark-field contrast using a [110] superlattice reflection on a (200) 
matrix pattern. The appearance of  a specimen after neutron irradiation to a 
fluence of 4 • 1026 n / m  s at 773 K is shown in Fig. lb as imaged in dark- 
field contrast using the [110] superlattice reflection. In addition to regularly 
shaped precipitates similar to those seen in the unirradiated case, large 
irregularly shaped y '-precipitates associated with perfect loops or dis- 
location segments, small y '-precipitates on the dislocation lines of loops, 
and y '  precipitated at void surfaces can be clearly seen. The decorated loops 
are identified as L and the voids as Vin the micrograph. The changes which 
occur during irradiation become more pronounced with increasing fluence. 
Furthermore, a slight coarsening of  the uniformly distributed, regularly 
shaped y '-precipitates occurs at the higher fluence, producing a size 
distribution which is skewed toward larger sizes. Although no quantitative 
analysis of  kinetics was performed, this coarsening appears to be fluence 
dependent since it was not observed in the specimens irradiated to a lower 
fluence at the same temperature. 

The observation of  precipitates associated with dislocations is in 
agreement with similar observations by Sharpe and Whapham [4] in 
neutron-irradiated PE-16, and by Hudson [5] in both neutron-irradiated 
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and ion-bombarded PE-16. Although the precipitation of y '-precipitates on 
dislocations observed in the present study is on a much finer scale due to the 
fact that the dislocation structure is not as well developed at our lower 
irradiation temperatures, the phenomenon is the same, that is, hetero- 
geneous precipitation of  y '  on dislocations. The precipitation of y '  on 
dislocations may be significant in two ways. First the precipitates may 
pin the dislocations and thus provide increased strength, and second, 
precipitation of  y '  on dislocations may inhibit the ability of  dislocations to 
act as preferential sinks for interstitials. Segregation of  alloying elements to 
void surfaces has been predicted by Anthony [6] and has been experimen- 
tally observed in several systems [7]. Sharpe and Whapham [4] and the 
present authors have observed the precipitation of y '  at void surfaces in PE- 
16. The precipitation of y '  at void surfaces may indicate that significant 
segregation of  nickel, titanium, and aluminum to the voids occurs during 
irradiation. It cannot be shown from our results, however, that this is an 
irradiation effect rather than an equilibrium phenomenon. Two other 
possible explanations for the presence of  y '  precipitates at void surfaces 
exist: (a) The void may provide a preferential nucleation site for the 
precipitates, or (b) the void is nucleated and grows until it intersects existing 
y '-precipitates which subsequently coat the void surface. 

If the precipitation of  y '  at void surfaces is due to segregation, it im- 
plies similar segregation to other internal surfaces such as grain boundaries. 
Compositional changes of  this type may influence other properties such as 
ductility or may provide a possible mechanism for limiting void growth. 

Mechanical Properties 

Specimens with both preirradiation heat treatments irradiated to a flu- 
ence of  1.2 x 1026 n /m  2 at 773 K were tensile tested at 673,773,873,973 K. 
The results of  these tests, along with those for unirradiated as-heat-treated 
specimens, are tabulated in Table 5. It can be seen that the two preirradi- 
ation treatments produce different properties in unirradiated specimens. In 
particular, specimens given Treatment A have a higher yield stress as well as a 
higher uniform elongation. After irradiation, there is an increase in yield 
strength in all specimens; however, there is no significant difference in 
postirradiation properties between specimens with Preirradiation Treat- 
ments A and B. Figure 2 illustrates the variation in properties with test tem- 
perature and compares them with handbook values [8]. The yield strength, 
ultimate tensile strength, and ductility all decrease with increasing test tem- 
perature. In considering the results of tests at 873 and 973 K, it should be 
noted that the specimens were irradiated at 773 K, and, thus, the matrix har- 
dening (as indicated by the increase in yield strength) is greater than would 
be expected in specimens irradiated to the same fluence at 873 and 973 K. 

Fracture surfaces from the irradiated specimens tested at 673,773, 873, 
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F I G .  2--Tensile properties o f  Nimonic PE-16 irradiated at 773 K to 1.2 x 10 ~ n /m 2 
(>0.1MeV).  Heat treatment: 4 h a t  1313 K + 1 h a t  1173 K + 8 h a t  1023 K. (Flags sign~fy 
2 h at 1313 K + 2 h at 1073 K + 16 h at 973 K.) Handbook values f rom Ref8 .  

and 973 K have been examined by SEM. The fracture surfaces varied 
gradually with increasing test temperature from primarily transgranular 
shear character in the specimen tested at 673 K to completely intergranular 
character in the specimen tested at 973 K (Fig. 3). The low ductilities ob- 
served at higher test temperatures are associated with this tendency for in- 
tergranular fracture. Note that the fracture surfaces shown in Fig. 3a and d 
are from specimens given Preirradiation Treatment B while the fracture sur- 
faces shown in Fig. 3b and c are from specimens given Treatment A. 

The increase in yield strength over the unirradiated value observed in 
specimens irradiated at 773 K to a fluence of  1.2 • 1026 n /m  2 is not unex- 
pected and follows the trends seen by Broomfield [9] at lower fluences. The 
values given in Table 5 are significantly higher than those reported by 
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SKLAD ET AL ON NIMONIC PE-16 149 

FIG. 3--SEM's o f  fracture surfaces in PE-16 irradiated at 773 K to a fluence of  1.2 • 
102+ n/m 2. Strain rate = 0.02 min -~. (a) Test temperature 673 K; fracture primarily trans- 
granular. (b ) Test temperature 773 K; fracture-mixed transgranular and intergranular. (c) 
Test temperature 873 K; fracture-mixed transgranular and intergranular. (d) Test tempera- 
ture 973 K; fracture primarily intergranular. (Note: Specimens tested at 673 K and 973 K had 
Preirradiation Treatment B while specimens tested at 773 K and 873 K had Preirradiation 
Treatment A. ) 

Broomfield; however, this may be the result of the lower irradition tem- 
perature and test temperatures used in the present study. The increase in 
strength is due to the combined effect of high densities of irradiation- 
produced dislocations and a redistribution of y '-precipitates on the 
dislocations. In contrast to the foregoing results, the yield strength values 
reported by Fraser et al [10] are significantly lower. The reason for this 
disagreement is not presently known. 

The decrease in strength which is observed in specimens tested at tem- 
peratures higher than the irradiation temperature is due to partial recovery 
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150 IRRADIATION EFFECTS ON METALS 

of  the irradiated dislocation structure and to the decrease associated with 
thermally activated processes. In general, the strength of PE-16 remains 
higher until the test temperature reaches a critical value approximately 
equal to the irradiation temperatures and then begins to drop drastically. 
The uniform ductility measured in the irradiated PE-16 parallels the tensile 
behavior; that is, it remains fairly constant until the test temperature is 
greater than 773 K and then drops sharply. 

Auger Spectroscopy 

In order to determine whether segregation to grain boundaries con- 
tributes to the intergranular fracture and low ductilities, several specimens 
of PE-16 which had been given Preirradiation Treatment A before neutron 
irradiation to 4 • 1026 n /m  2 at 773 K were fractured in situ in an Auger 
spectrometer at temperatures between 823 and 973 K. A mass spectrometer 
incorporated in the Auger apparatus was used to determine if helium was 
released as the specimens were fractured. The first specimen was fractured 
at 823 to 873 K. The fracture was predominantly transgranular except for a 
small area of  intergranular fracture, marked " I "  in Fig. 4. The second 
specimen was fracfured at 923 to 973 K. Helium release occurred; however, 
an estimate of  the amount  could not be obtained because the mass spec- 
trometer became saturated. The fracture was predominantly along grain 
boundaries as shown in Fig. 5. Many of the grain boundary surfaces con- 
tained sharp ledges or offsets, Fig. 6, which are thought to result from chan- 
nel deformation. The final specimen was tested between 823 and 873 K. 
Again helium release was detected. Based on system pumping rate, volume, 
and observed pressure increase, a helium release of ~0.03 helium atoms per 
atom of grain boundary is calculated assuming 1.5 x 1019 grain boundary 
a toms/mL This value is in agreement with the helium release value 
measured in Type 304 stainless steel irradiated to approximately the same 
fluence at about 650 K and fractured at 823 K [2]. 

Auger spectra were taken at several positions on each of  the fracture sur- 
faces. Table 6 compares the compositions in a region of ductile fracture and 
a region of grain boundary fracture on a specimen fractured at 823 to 873 
K. Concentrations of  phosphorous and sulfur are about a factor of three 
higher and the concentrations of  iron and chromium about a factor of two 
lower on surfaces of grain boundary fracture than on surfaces resulting 
from ductile fracture within the same specimen. The concentrations of 
nickel and titanium are also higher at the grain boundary surface. Similar 
observations were made on grain boundary fractures in the specimens tested 
at 923 to 973 K. Carbon concentration was high on all surfaces although 
this effect is probably due to surface contamination rather than a real 
segregation effect. The fracture surface produced at 923 to 973 K was sput- 
tered with 1000 eV argon ions at 5 x 10 -5 torr  using a normal incidence 
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FIG+ 4--SEM of  fracture surface of  specimen of  PE-16 irradiated at 773 K to a fluence o f  4 
• 1026 n/m 2 and fractured in situ in the Auger spectrometer at 823 to 873 K. Area o f  in- 
tergranular fracture marked " I . "  

beam. Removal rates are estimated to be 1 atom layer per minute. After 40 
min of sputtering, the phosphorous and sulfur concentrations in the sput- 
tered area decreased from 2.2 and 3.8 atomic percent to 0.6 and 0.4 atomic 
percent respectively. On the initial fracture surface the carbon peaks were 
not typical of a carbide phase whereas after sputtering they were. 

The iron, nickel, and chromium concentrations at the grain boundaries 
are significantly different than in the bulk. Table 7 gives the relative con- 
centrations of these three elements normalized to 100 for different areas of 
a fracture surface. It is evident that the grain boundary is significantly 
enriched in nickel and depleted in iron and chromium. As was the case with 
phosphorous and sulfur, the nickel, chromium, and iron composition of the 
boundary approaches that in the bulk after 40 min of sputtering. Such 
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FIG. 5--SEM o f fracture surface o f  specimen of  PE-16 irradiated at 773 K to a fluence of  4 
x 1026 n/m 2 and fractured in situ in the Auger spectrometer at 923 to 973 K. Fracture is 

predominantly intergranular. 

segregation of iron, nickel, and chromium could be qualitatively predicted. 
If  we assume that the grain boundary acts as a sink for vacancies during 
irradiation, a relative enrichment of  nickel and depletion of  iron at the grain 
boundary would occur if DEe > DNi. Duiraldenq and Poyet [11] have 
shown that this is the case in an alloy of  Fe-45Ni-19Cr at 1173 K, and it is 
not unreasonable to expect similar behavior in PE-16 (Fe-43Ni-17Cr) 
irradiated at 773 K. 

The segregation of  sulfur and phosphorous to grain boundaries as deter- 
mined by Auger spectroscopy is of interest since the presence of these 
elements at grain boundaries may be detrimental to ductility. It is not 
possible to determine from our results whether such segregation is an 
equilibrium phenomenon or the result of the boundary acting as vacancy of 
interstitial sink during irradiation. 
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FIG. 6- -SEM o f  fracture surface o f  PE-16 specimen irradiated at 773 K to a fluence o f  4 x 
1026 n /m  2 and fractured in situ in the Auger spectrometer at 923 to 973 K. Ledges or offsets are 
thought to result f rom channel deformation. 

TABLE 6--Estimated composition o f  fracture surfaces f rom Auger spectroscopy. 

Element, atomic ~/0 
Type of 
Fracture Fe Cr Hi P S C Ti 

Ductile fracture at 
823 to 873 K= 21.1 13.4 36.1 1.4 0.6 24.3 1.9 

Grain boundary at 
823 to 873 K = 11.3 8.4 37.1 5.0 1.9 33 2.5 

*Comparison of ductile and grain boundary fracture areas on same specimen. 
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TABLE 7--Relative concentrations o f  iron, nickel, and chromium on fracture surfaces ~. 

Relative Atomic Concentration, ~ 

Type of Fracture Fe Ni Cr 

Bulk composition 35 
Ductile fracture at 823 to 873 K 30 
Grain boundary fracture at 923 to 973 K b 16 
Grain boundary fracture at 923 to 973 K ~ 

after 40 rain of sputtering 36 

45 20 
52 18 
72 12 

48 16 

"y Fe, Ni, Cr = 100 percent. 
bComparison of grain boundary fracture area on same specimen before and after sputtering. 

The observation of  helium release during fracture of  irradiated specimens 
is significant in terms of  ductility. Since no bubbles were observed at the 
boundaries by TEM, it is reasonable to conclude that the helium is either 
segregated to the boundary  but remaining " in  solut ion" as a partial 
monolayer  or precipitated into bubbles less than 1 to 2 nm in diameter. 

Conclusions 

1. Void swelling was observed in all specimens of  solution-treated and 
aged PE-16 irradiated at temperatures ranging f rom 650 to 823 K and flu- 
ences ranging f rom 1.2 x 102+ n / m  2 to 4.0 x 102+ n / m  2. Swelling was 
less than 0.5 percent in all cases. 

2. No difference in +the fluence dependence of swelling at an irradiation 
temperature of  773 K was observed between specimens with the two 
preirradiation treatments investigated. 

3. The temperature dependence of  swelling appears to be sensitive to 
preirradiation heat treatment for a fluence of approximately 4.0 • 102+ 
n / m  2. 

4. Significant changes occur in the distribution and morphology of y '-  
precipitates during neutron irradiation. Irradiation at 773 K to a fluence of  
4.0 x 1026 n / m  2 causes coarsening of  some existing y '-precipitates as well 
as precipitation of  y '  on irradiation-produced dislocation loops and voids. 

5. There is no significant difference in postirradiation mechanical 
properties of  specimens with the preirradiation heat treatments investigated 
in this study. 

6. Neutron irradiation produces a large increase in yield strength. Duc- 
tility decreases with increasing test temperature.  The low ductilities at 
higher test temperature are associated with a tendency for intergranular 
fracture. 

7. Auger spectroscopy indicates that concentrations of  phosphorous and 
sulfur are higher and concentrations of  iron and chromium lower on sur- 
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faces of grain boundary fracture than on ductile fracture surfaces in the 
same specimen. The concentration of nickel is also higher at grain boundary 
surfaces. 

8. Helium release was observed at the time of fracture in specimens 
tested at 823 to 873 K and 923 to 973 K. 
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Irradiation and Thermal Effects on 
the Tensile Properties of Inconel-718 
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Thermal Effects on the Tensile Properties of lneonel-718" Irradiation Effects on the 
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Testing and Materials, 1976, pp. 156-170. 

ABSTRACT: The effects of neutron irradiation and out-of-flux aging on the tensile 
properties of wrought and weld-deposited Inconel-718 have been investigated following 
fast-reactor irradiation to total fluences ranging from 0.55 x 1022 neutrons (n)/cm 2 
(•400~ (752~ to 6.6 x 1022 n/cm 2 (649~ (1200~ and thermal exposure at 538 
and 649 ~ (1000 and 1200 ~ for durations to 10 000 h. Classical irradiation hardening 
is exhibited by this very strong material following irradiation at low temperature 
(~400~ (752 ~ to relatively low fluence ("-1022 n/cm 2) and also at high temperature 
when very high fluence (6.6 x 1022 n/cm 2) is accumulated. At test temperatures 
>~538~ (1000~ ductility losses arising from helium embrittlement are evident for all 
irradiation conditions and at high fluences are so severe as to restrict the strength to 
lower than expected values. 

Low postirradiation strength, compared to that following out-of-flux aging for 
equivalent durations, suggests that irradiation accelerates the thermal overaging process 
at 538 ~ (1000~ At 649~ (1200~ the results are obscured by embrittlement and 
coincident limitations on strain hardenability. 

KEY WORDS:  radiation, irradiation, thermal stability, helium, thermal reactors, 
tensile properties, nickel alloys, strain hardening 

Inconel-718, a precipi ta t ion hardenable  nickel-base alloy, is a candidate  
mater ial  for a variety of s t ructural  applicat ions in l iquid metal  fast breeder 
reactor (LMFBR) systems. Knowledge  of  the response of  this alloy to 
neu t ron  fluence and  e levated- temperature  exposure is thus required for 
design, design conf i rmat ion ,  operat ions  support ,  and  safety analyses. 

I r rad ia t ion  effects on the shor t - term tensile properties of  wrought  In- 
conel-718 have been investigated fol lowing exposure in the Exper imental  
Breeder Reactor-I I  (EBR-II)  to a variety of  ne u t r on  fluence levels and a 

~Senior engineer, advanced engineer, and manager, Materials Analysis Section, respectively, 
Hartford Engineering Development Laboratory, Westinghouse Hanford Company, Richland, 
Wash. 99352. 
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number of irradiation temperatures ranging from 0.55 • 1022 neutrons (n)/cm 2 
(total) at 404~ (759~ to 6.6 x 1022 n/cm 2 (total) at 649~ (1200~ The 
wrought materials included in this study represent a conventional solution 
anneal and duplex precipitation-heat treatment. In addition, weld-deposited 
(gas tungsten-arc) Inconel-718 specimens were irradiated to total fluences in 
the range from 2.55 to 3.05 x 1022 n/cm 2 at 538~ (1000~ to 3.19 to 3.35 
• 1052 n/cm 2 at 649~ (1200~ 

Irradiation effects on the properties of the wrought material are 
examined by comparison of preirradiation trend values and postirradiation 
measured values. Comparisons are also made between postirradiation 
properties and those representing out-of-reactor thermal exposures at 538 
and 649~ (1000 and 1200~ for periods of 1000, 4000, and 10 000 h. 

Materials and Procedures 

The wrought Inconel-718 used in this study was obtained in the form of 
12.7-mm-thick plate. Miniature buttonhead tension specimens (48 mm 
long, 3.18 mm gage diameter, 28.6 mm gage length, and 6.4 mm but- 
tonhead diameter) were taken from the plate such that the specimen axis 
was parallel to the longitudinal forming direction of the plate. Weld metal 
specimens of identical configuration were obtained from a gas tungsten-arc 
butt weld in the base plate. The plate was solution annealed prior to welding 
and specimens were taken both from longitudinal and transverse orien- 
tations relative to the weld axis. 

All specimens from the wrought material and most of the weld specimens 
were solution annealed at 954~ (1749~ for one half hour and then aged 
at 717 ~ (1323 ~ for 8 h, furnace cooled to 621 ~ (1150 ~ and held until 
the total aging time reached 18 h (AMS 5596C). A limited number of weld 
specimens were retained in the as-welded condition for both pre- and 
postirradiation testing. The chemical compositions of the wrought plate and 
weld filler metal are given in Table 1. 

All irradiated specimens were contained in experiments exposed in EBR- 
II, Row 2, core positions. Irradiation conditions (Table 2) included total 
fluence levels from 0.55 to 1022 n/cm 2 to 6.6 • 1022 n/cm 2 and tem- 
peratures from 395~ (743~ to 649~ (1200~ Exposure durations 
(residence time at full-power reactor operation) were 1121 h for the Iow- 
fluence irradiations (<1022 n/cm2), 3888 h for the intermediate fluences (1.3 
to 2.98 x 1022 n/cm 2) at 593 and 649~ (1100 and 1200~ and 7528 h for 
the balance (Table 2). Specimens irradiated at 391 and 404~ (736 and 
759 ~ were contained in "weeper" capsules which permitted free ingress of 
the reactor primary coolant sodium. Specimens irradiated at the higher tem- 
peratures were contained in closed subcapsules in a static sodium en- 
vironment. Results describing the effects of out-of-reactor thermal aging 
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TABLE l--Chemical composition of Inconel-718 base and 
weld materials (weight percent). 

Plate, Filler Metal, 
Ht52C9EK Ht60C7E 

C 0.07 0.04 
Mn 0.08 0.09 
Fe 18.19 17.97 
S 0.007 0.007 
Si 0.17 0.18 
Cu 0.11 0.10 
Ni 53.44 53.84 
Cr 18.11 18.04 
Al 0.59 0.55 
Ti 1.08 1.01 
P 0.007 0.01 
Co 0.03 0.03 
Mo 3.0 3.0 
B 0.0032 0.0042 
Cb + Ta 5.10 5.12 

TABLE 2--Summary of irradiation conditions for Inconel-718 
wrought and weld specimens. 

Total Irradiation In-Flux 
Material Fluence, Temperature, Residence 

Type n /cm 2 ~ Time, h 

Wrought 0.55 x 1022 404 1121 
Wrought 0.93 x 1022 391 1121 
Wrought 0.86to0.98 x 1022 593 1121 
Wrought 1.78 to 2.44 • 1022 593 3888 
Wrought 2.18to4.63 x 1022 538 7528 
Wrought 3.18 to 5.79 x 1022 620 7528 
Wrought 3.13 to 3.42 x 1022 649 3888 
Wrought 6.49 to 6.66 x 1022 649 7528 
Weld 2.55 to 3.05 x 1022 538 7528 
Weld 3.19 to 3.35 x 1022 649 3888 

were obtained from specimens which also were contained in dosed, sodium- 
filled capsules. 

All tension tests were conducted on hard-beam universal test machines at 
a constant crosshead rate of  8.5 x 10 -4 m m / s  (strain rate = 3.0 x 10-5/s). 
Conventional  engineering stress-strain curves were obtained from auto- 
graphic records of  the applied load and specimen extension. Total 
elongation and reduction-of-area values are based on pre- and post-test 
specimen measurements.  Uniform elongation (elongation at maximum 
load) values were obtained f rom the test records and then adjusted in 
proport ion to the difference between the measured and indicated total 
elongation values. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



WARD ET AL ON INCONEL-718 159 

Results and Discussion 

Wrought Base Metal 

The tensile properties for the wrought and age-hardened Inconel-718 in- 
cluded in the present study are illustrated graphically in Figs. 1 and 2 as func- 
tions of test temperature over the range from room temperature to 760~ 
(1400~ The results of multiple tests at each temperature are shown by 
dashed-line bands to represent the maximum range of the data at any given 

1400 

" x o ~ 8  ----.. 

I \ 

I i I i I i 

TEMPERATURE, ~ 

FIG. l--Preirradiation strength of wrought Inconel- 718. 
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FIG. 2--Preirradiation ductility of wrought Inconel-718. 

temperature in the range. For purposes o f  comparison with postirradiation 
properties, trend lines representing the locus of  mean values based only on 
the scatterbands have also been constructed. 

In general, the overall magnitude of  the properties and the behavioral 
t rends--decreasing strength and ductility with increasing tempera ture- -a re  
consistent with those reported by Brinkman and Korth [1] 5 for the same 
heat of  material and with those reported elsewhere for other Inconel-718 

~The italic numbers in brackets refer to the list of references appended to this paper. 
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[2-5]. The properties also conform to the minimum strength and ductility 
requirements specified by AMS 5596B. The apparent discontinuity in the 
tensile strength curve, in the range from 200 to 300~ (392 to 572~ (Fig. 
1), evidently has not been reported previously and is believed to be 
associated with the onset of strain aging at these temperatures and this 
relatively low strain rate [6, 7]. The time-dependent nature of the strain- 
aging phenomenon is such that the yield strength, which is obtained from 
the very early portion of the stress-strain curve, is not affected. All ductility 
parameters fall sharply as the temperature exceeds •600~ (1112~ (Fig. 
2) coincident with a transition in fracture mode which is transgranular at 
low temperatures and predominantly intergranular at temperatures of 649 
and 760~ (1200 and 1400~ As a point of general interest, tests con- 
ducted at 871 ~ (1600~ produced results which showed that minima oc- 
cur in the total elongation and reduction of area curves at about 700 to 
800~ (1292 to 1472~ values approaching 35 and 70 percent, respec- 
tively, were obtained at 871 ~ (1600~ 

Changes in mechanical properties of austenitic materials from fast- 
reactor irradiation have been a subject of intensive study in recent years 
[8-10]. Classical irradiation damage takes the form of increases in strength, 
loss in strain hardening capacity, and reductions in ductility at temperatures 
generally below about one half the absolute melting point. At high tem- 
peratures, damage may anneal at rates approaching the damage ac- 
cumulation rate, thus reducing the net effect observed in postirradiation 
tests. At test temperatures greater than the homologous temperature 
(Tin/2), however, the phenomenon of helium embrittlement can severely 
limit postirradiation ductility irrespective of the classical hardening state 
[11-131. 

Evaluation of irradiation effects in Inconel-718 requires consideration of 
the thermal stability and the irradiation damage state, both of which depend 
upon the irradiation temperature, fluence, time at temperature, and the test 
temperature. The effects of neutron fluence and test and irradiation tem- 
perature are summarized in Figs. 3 through 5, in which the postirradiation 
measured properties are plotted against the preirradiation trend values 
given by the curves of Figs. 1 and 2. Taken as a whole, the body of yield 
strength data (Fig. 3) appears simply to scatter about the diagonal line 
representing no effect of irradiation; however, some trends are apparent 
upon closer examination. At the lowest fluence and temperature, the data 
do, in fact, scatter rather closely about the line at all test temperatures. 
When the fluence is approximately doubled (0.93 x 1022 n/cm 2) at essen- 
tially the same temperature (391 ~ versus 404 ~ (736 ~ versus 759 ~ the 
yield strengths tend to fall above the line. At a higher irradiation tem- 
peratures (593~ (ll00~ and about the same fluence (0.86 to 0.98 • 1022 
n/cm2), the data invariably fall below the line. Such loss of strength can be 
attributed only to thermal effects since strength increases were noted when 
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FIG.  3--Effects o f  neutron fluence, irradiation temperature, and test temperature on the 
yield strength o f  wrought Inconel- 718. 

this fluence level was accumulated at 391 ~ (736 ~ and the ductility loss is 
not sufficiently severe to restrict the strength. The tendency toward strength 
loss at 593~ (ll00~ is still apparent at 1.78 to 2.44 • 1022 n/cm 2. A 
fluence range of 2.18 to 4.63 • 1022 n/cm 2 at 538~ (1000~ produced 
somewhat mixed results with data falling generally below the line and one 
[tested at 538 ~ (1000 ~ above. Limited results for the fluence range 3.18 
to 5.79 • 1022 n/cm 2 at 620~ (1148~ indicate that the irradiation- 
induced strengthening dominates any tendencies toward strength loss due to 
thermal effects. This is also apparent at 649~ (1200~ where generally 
higher strengths are observed for the fluence range of 6.49 to 6.66 x 1022 
n/cm 2 than for 3.13 to 3.42 x 1022 n/cm 2. 

While the preirradiation strength constitutes the minimum 
postirradiation strength in annealed austenitic stainless steels, Inconel-718 
can undergo losses associated with thermal instability at elevated irradiation 
temperatures. Comparison of Inconel-718 results prior to and following 
irradiation in Fig. 4 shows that strength losses occurred more frequently 
than did strength increases. Significantly higher postirradiation tensile 
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FIG. 4--Effects of  neutron fluence, irradiation temperature, and test temperature on the 
tensile strength of  wrought Inconel-718. 

strengths were observed only in those specimens representing the highest 
fluence levels and test temperatures of 593 ~ (1100~ and lower. At higher 
test temperatures, all results show lower postirradiation tensile strengths. 

The effects of the irradiation and test conditions on the ductility are 
illustrated in Fig. 5, which compares the pre- and postirradiation total 
elongation values. Total elongation was selected for this representation 
because it is a commonly used ductility quantity and because it typifies the 
general trends observed for the uniform elongation and reduction of area. 
Test temperature is clearly the controlling factor in postirradiation ductility. 
Ductility losses associated with irradiation hardening are clearly evident, for 
those conditions which produced increases in yield strength, only when the 
test temperature was below 538 ~ (1000 ~ At test temperatures of  538 ~ 
(1000~ and above, all postirradiation total elongation values fall below 
the preirradiation trend values. Ductility losses above 538~ (1000~ are 
certainly attributable to the combined effects of  irradiation hardening and 
helium embrittlement. The relative contributions of the two effects cannot 
be determined precisely although it is expected that helium embrittlement 
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FIG.  5--Effects o f  neutron fluence, irradiation temperature, and test temperature on the 
total elongation o f  wrought Inconel-718. 

becomes the progressively dominant factor as the deformation temperature 
increases. 

Yield strength increases and ductility losses which were observed 
following low-temperature irradiation when the fluence reached ap- 
proximately 10 "2 n/cm ~ and following high-temperature irradiation to 
much higher fluence levels can be attributed to classical irradiation hard- 
ening. High-temperature ductility losses for all irradiation conditions 
would seem to point strongly toward the operation of the helium em- 
brittlement mechanism. Premature failure due to such embrittlement would 
also impose severe restrictions on the tensile strength by reducing or by vir- 
tually eliminating the ability of the material to strain harden. The extent of 
such limitations is illustrated by several tests at 649 ~ (1200~ for which 
only the maximum stress values are plotted (Fig. 4) since the 0.2 percent off- 
set strain normally used for yield strength determination was not reached. 

Exposure of fully age-hardened Inconel-718 to a fast neutron flux at 
elevated temperatures for extended durations dearly gives rise to the poten- 
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tial for operation of competing property-controlling mechanisms. Proper- 
ties measured after irradiation are the net result of irradiation damage, 
which tends to strengthen, and thermal overaging, which tends to weaken 
the material. In an attempt to separate the effects of irradiation and thermal 
instability, postirradiation results are compared with those obtained from 
specimens aged out-of-flux at 538 and 649 ~ (1000 and 1200 ~ for periods 
of 1000, 4000, and 10 000 h in Fig. 6. The postirradiation data are placed on 
the time-scale according to the duration of residence in the reactor at the 
irradiation temperature (Table 2). The apparent maxima in the strength ver- 
sus time curves suggest well-known age-hardening, overaging process 
typical of precipitation-hardenable alloys. Thus, the lower strengths 
following irradiation, particularly at 538~ (1000~ would seem initially 
to indicate that the overaging process was accelerated by irradiation. The ef- 
fects of thermal exposure alone are generally consistent with results report- 
ed by Barker et al [14] for Inconel-718 specimens tension tested following 
long-term aging under various stresses. They showed that, when tested at 
649 ~ (1200 ~ specimens exposed at 538 ~ (1000 ~ for periods in excess 
of 10 000 h exhibited slight gains in strength with no detectable change in 
reduction of area, and those exposed at 649 ~ (1200 ~ produced maxima 
in both the yield and ultimate strengths at about 1000 h. The evidence for 
irradiation enhancement of the thermal process is strongest at 538~ 
(1000~ since the helium embrittlement mechanism apparently does not 
restrict the strength properties to the extent noted at 649 ~ (1200 ~ Lower 
strength measured in specimens at 649 ~ (1200~ is clearly attributable to 
the severe losses in strain-hardening capacity associated with the em- 
brittlement. 

WeM Materials 

Weld-deposited Inconel-718, when subjected to the same age-hardening 
treatment given the wrought product, exhibits preirradiation yield strengths 
comparable to those measured for the wrought materials, slightly lower ten- 
sile strength and lower ductility (Fig. 7). Better agreement between weld- 
and wrought-material yield strength indicates similarity in behavior during 
the early stages of plastic deformation with the substantive differences 
arising in those parameters measured at larger deformations associated with 
instability and fracture. For example, the greatest difference is noted in the 
reduction of area. As might be expected in weld-metal with relatively coarse 
grains and a generally less homogeneous microstructure, the data show 
significantly more scatter than do the data for the wrought material, again 
primarily in those properties associated with large deformations. No well- 
defined difference in strength appears to exist between specimens taken 
from longitudinal and transverse orientations to the weld axis. There does 
appear, however, a tendency for the transverse specimens to exhibit lower 
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F I G .  7--Preirradiation tensile properties of weld-deposited Inconel- 718. 

uniform and total elongation values and to fracture in the weld rather than 
the base metal. In the as-welded condition, both transverse and longitudinal 
specimens showed very low strength and high ductility. In this case, the 
transverse specimens produced substantially greater uniform and total 
elongations than did the longitudinal specimens as a result of the con- 
tribution from the annealed base metal contained in the gage sections. 

The effects of irradiation on the tensile properties of weld-deposited In- 
conel-718 are summarized in Fig. 8, which indicates the relative magnitude 
and direction of the property changes resulting from the irradiation and test 
conditions. Consistent with the results described in the foregoing for the 
wrought materials, reductions in ductility are observed for all irradiation 
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conditions [2.55 to 3.05 x 102~ n/cm ~ at 538~ (1000~ and 3.19 to 3.35 
• 1022 n/cm ~ at 649~ (1200~ and, for a given fluence and irradiation 
temperature, the severity of the ductility loss is greater in the high test tem- 
perature range. No clear evidence of strength increases attributable either to 
irradiation hardening or aging is observed in the age-hardened metal; 
however, those specimens irradiated in the as-welded condition exhibit very 
strong increases (factors of 2 to 2.5) in yield strength and severe losses in 
ductility despite the high irradiation temperatures. Postirradiation total 
elongation values ranged from 3 to 30 percent of the control value in the as- 
welded material. 

These results for as-welded Inconel-718, which might be considered to be 
in an "annealed" condition, afford an interesting qualitative view of the 
combined effects of irradiation damage, thermal aging, and helium em- 
brittlement. Large irradiation-induced strength increases are commonly ob- 
served-for example, in austenitic stainless steels--but two- and threefold 
increases would generally be associated with lower temperatures at the 
fluence levels represented here. It is thus likely that thermal aging con- 
tributes a significant strength increment at 649~ (1200~ and, if aging is 
accelerated by the neutron flux, at 538~ (1000~ as well. Finally, the 
postirradiation ductility, which can be interpreted as disproportionately low 
based on values measured in the unirradiated age-hardened material of 
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similar strength, is certainly as susceptible to helium embrittlement 
limitations as is that of the wrought alloy form. 

Summary 

The effects of neutron irradiation and out-of-flux thermal aging on the 
tensile properties of age-hardened Inconel-718 (base and weld metal) have 
been examined. Irradiation conditions ranged from 0.55 x 1022 n/cm 2 
(total) at 404~ (759~ to 6.6 x 1022 n/cm 2 (total) at 649~ (1200~ 
Control specimens were aged at 538 and 649~ (1000 and 1200~ for 
periods of 1000, 4000, and 10 000 h. The results of this study are sum- 
marized as follows: 

1. Inconel-718 exhibits increases in strength and losses in ductility, 
associated with classical irradiation hardening, when irradiated to low 
fluences ('ol0 '2 n/cm') at low temperatures ('o400~ (752~ and when 
irradiated to very high fluences (6.6 x 1022 n/cm 2) at high temperatures 
(649~ (1200~ but generally only when tested at 538~ (1000~ or 
lower. At higher test temperatures, the effects on strength are obscured by 
premature failure caused by severe restrictions on the strain-hardening 
capacity, presumably imposed by helium embrittlement. 

2. Comparison of results from irradiated specimens and those aged out- 
of-flux at 538 and 649~ (1000 and 1200~ provides evidence of 
irradiation-enhanced overaging. The evidence is strongest at 538~ 
(1000 ~ since lower strengths at 649 ~ (1200 ~ may well be attributable 
to embrittlement rather than overaging. 

3. Age-hardened weld metal exhibited severe ductility losses at high test 
temperatures following irradiation to ,o3 • 1022 n/cm' at 538 and 649~ 
(1000 and 1200~ however, there was no clear indication of irradiation 
hardening in the strength results. 

4. The most pronounced irradiation effect of this study was observed in 
limited results for specimens irradiated in the as-welded condition. Twofold 
increases in yield strength and reductions in ductility to <10 percent of the 
preirradiation values were observed. 
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ABSTRACT: A program is being conducted to determine the mechanical behavior of 
irradiated Zircaloy-4 fuel rod cladding subjected to anneals under temperature and 
time conditions that simulate various off-.normal and transient reactor operating con- 
ditions. This paper reports the initial phase of the program, which is a study of changes 
in hardness and tensile properties that accompany isothermal and transient anneals. A 
special transient annealing apparatus was built to subject specimens to the desired tem- 
perature/time conditions. Hardness and tensile strength decreased with increase in the 
maximum annealing temperature from 800~ (425~ to 1300~ (705~ Changes 
above 1100 ~ (595 ~ were related to recrystallization and grain growth. 

KEY WORDS: radiation, mechanical properties, cladding, annealing, strength, grain 
growth, recrystallization 

The mechanical properties of irradiated Zircaloy fuel rod cladding have 
been studied using various techniques to determine the mechanical behavior 
under conditions applicable to normal steady-state reactor operating con- 
ditions [1-3]. 2 However, there is also a current need to predict fuel clad- 
ding performance under various postulated off-normal, transient, and ac- 
cident conditions. The data available on the mechanical properties of 
irradiated Zircaloy cladding as functions of such variables as irradiation 
level, texture, temperature, and condition of loading are not sufficient to 
permit predicting cladding performance to the desired level of accuracy. 

To provide the data needed for fuel rod behavior code development, ex- 

IResearcher and research leaders, respectively, Nuclear Materials Technology Section, Bat- 
telle's Columbus Laboratories, Columbus, Ohio 43201. 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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perimental studies are being conducted at a number of sites through the sup- 
port of the Division of Reactor Safety Research/Fuel Behavior Branch of 
the U. S. Nuclear Regulatory Commission. The program at Battelle's 
Columbus Laboratories includes a determination of strength and ductility 
characteristics on irradiated Zircaloy-4 cladding from commercial power 
reactors that will include tension, burst, and expanding mandrel tests [4]. 
The work reported herein includes tensile and hardness evaluations before 
and after both isothermal and transient annealing. Annealing conditions 
were chosen to simulate various postulated off-normal and transient reactor 
heating conditions. 

Experimental Procedures 

Material 

The material used for specimens is Zircaloy-4 cladding obtained from a 
single fuel rod from the Wisconsin Electric Company Point Beach nuclear 
plant. The nuclear steam supply systems for Point Beach Units No. 1 and 
No. 2 are pressurized water reactors. The cladding material is nuclear grade 
Zircaloy-4, cold reduced and stress relieved. Table 1 is a typical analysis of 
Zircaloy-4; an analysis of the actual material used in the present study is not 
available. The initial length of the fuel rod was approximately 151 in., the 
outer diameter was nominally 0.422 in., and the wall thickness was 
nominally 0.024 in. The fluence varied moderately as a function of position 
along the length of the rod. The average cladding fluence was 2.9 x 102' 
n/cm 2 (E > MeV). The corresponding burnup of the UO2 fuel in the rod 
was 15 500 megawatt days per ton. 

The fuel rod was y-scanned before sectioning into specimens in order to 
identify the length of cladding over which fuel burnup, and therefore 
neutron fluence, was relatively uniform. Experimental procedures for y- 
scanning are described elsewhere [5]. The y-profile for the rod was 
relatively flat along a 94-in. length, being within _+ 5 percent of the average 
value except for four local regions. These four regions of the rod were at 
grid positions where the gamma intensity was about 10 percent below that 
of adjacent regions. 

After y-scanning, the fuel rod was punched and the fission gases were 
removed. The rod was then cut into sections for tension, hardness, and 
metallography specimens. The sectioning was performed by cutting with a 
water-cooled, abrasive cutoff wheel. 

The fuel was then removed from the individual specimens. This was ac- 
complished on shorter specimens (metallography and hardness specimens) 
by tapping or pressing out the fuel using an aluminum mandrel. The fuel 
was removed from the 5-in.-long tension specimens by using a specially 
designed water-inundated diamond core drilling apparatus. 
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TABLE l--Chemical composition of reactor 
grade Zircaloy-4. 

Composition, 
Element weight, 070 

Tin 1.20 to 1.70 
Iron 0.18 to 0.24 
Chromium 0.07 to 0.13 
Nickel 
Iron + chromium + nickel 0.28 to0.37 

Maximum Impurities, 
weight, 070 

Aluminum 0.0075 
Boron 0.00005 
Cadmium 0.00005 
Carbon 0.027 
Chromium 
Cobalt 0.(~i0 
Copper 0.0050 
Hafnium 0.020 
Iron 
Hydrogen 0.~)25 
Oxygen 
Manganese 0 .~50  
Nickel 0.0070 
Nitrogen 0.0080 
Silicon 0.0120 
Titanium 0.0050 
Tungsten 0.010 
Uranium (total) 0.00035 

Annealing 

Specimens were annealed under both isothermal and transient heating 
conditions for subsequent hardness and tensile property evaluations. The 
experimental heating apparatus designed and constructed to perform these 
annealing sequences is shown schematically in Fig. 1. The apparatus, in- 
corporates an inner heating element (which fits inside specimens) for rapid 
heating, a resistance furnace to provide a constant-temperature zone, and a 
quench manifold for cooling the specimen. The heating system is enclosed 
in a bell jar, and the annealing treatments were conducted under a vacuum 
of 10 -2 torr or less. 

For isothermal annealing, the specimens were mounted in the specimen 
holder and a chromel-alumel thermocouple was attached. With the inner 
he~tting element and resistance furnace at predetermined temperatures, the 
specimen was lowered over the inner heating element until the specimen 
temperature reached the annealing temperature. The specimen was then 
raised into the constant-temperature zone, held at temperature, and finally 
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FIG. l--Schematic of the annealing apparatus. 

withdrawn from the furnace and quenched with helium to complete the 
isothermal annealing sequence. For transient annealing, the foregoing 
procedure was followed with the inner heating element and resistance fur- 
nace set at predetermined temperatures to heat the specimen at a linear rate 
to the maximum annealing temperature. The specimen was then drawn into 
the quench manifold and cooled with helium. Typical isothermal and tran- 
sient annealing curves are shown in Figs. 2 and 3. 

Hardness Tests 

The hardness specimens were prepared from Vz-in.-long rings. The rings 
were cut longitudinally using a jewelers saw, producing half-ring sections. A 
number of  half-ring sections were mounted in Bakelite metallographic 
mounts for hardness measurements in the as-irradiated condition, using a 
Tukon microhardness tester with a diamond indenter and 1-kg load. 

The half-rings used for isothermal and transient annealing were cleaned 
by grinding with a small silicon carbide wheel to remove the oxide from 
both the outside and inside surfaces. A 5-min etch at room temperature with 
50 percent HNO3 and 50 percent H20 was applied to the specimen to fur- 
ther clean the surface. A chromel-alumel thermocouple was spot welded to 
the specimen which then was mounted on the annealing-apparatus specimen 
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FIG. 3--Typical transient annealing sequence. Specimen was heated at a rate o f  25~ 
( - 4 ~ to a maximum temperature o f  1100 ~ (593 ~ 

holder. At this point the specimen was ready for either an isothermal or 
transient anneal as described in the preceding section. 

After  armealing, the specimen was mounted in a metallographic mount  
such that a circular cross section was exposed. It was ground and polished, 
and then tested using a Tukon microhardness tester with a d iamond 
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pyramid indenter and a 1-kg load. Tests were made with the indenter axis 
oriented both parallel and perpendicular to the tube radius. Five indents 
were made at each orientation. 

Tension Tests 

The tension specimens were 5-in. lengths of cladding from which the fuel 
was removed. Specimens were first measured and then fitted with steel plugs 
[made to the ASTM Tension Testing of Metallic Materials (E 8-69) 
specifications] to prevent tubing collapse within the specimen grips. A 
knife-edge extensometer fitted with a clip gage was used to measure the 
strain over a 2-in. gage length. The specimens were tested in a 20 000-1b ten- 
sion test machine. All tests were conducted at 700 ~ (370 ~ The crosshead 
speed was 0.01 in./min through the yield point, and then 0.05 in./min for 
the remainder of the test. 

Specimens to be annealed were cleaned in a HNO3 solution for 5 min and 
in a HC1 solution for 5 min to remove surface deposits (crud) and fuel. The 
specimens were next ultrasonically cleaned in a soap solution for 10 min to 
remove any remaining loose contamination, rinsed in distilled water, and 
then rinsed in alcohol. The specimens were then annealed under both 
isothermal and transient heating conditions as described in the preceding 
section on annealing. Both annealed and as-irradiated specimens were ten- 
sion tested using the procedures described in the foregoing. 

Experimental Results and Discussion 

Hardness 

Knoop hardness (HK) data were obtained at room temperature for both 
isothermally and transient-annealed specimens. Hardness data were ob- 
tained by making hardness indents both parallel and perpendicular to the 
tube radius. 

Figure 4 is a plot of room temperature hardness as a function of an- 
nealing time at various isothermal annealing temperatures, based on hard- 
ness indents that were made perpendicular to the tubing radius. Data similar 
to that shown in Fig. 4 were obtained for hardness indents parallel to the 
tube radius. The figure shows that the hardness is not a function of an- 
nealing time for the time ranges shown. 

There is no effect of annealing time in the data shown, the shortest an- 
nealing time at each temperature being sufficient to anneal out the defects 
responsible for the as-irradiated hardness. The horizontal lines through the 
data represent arithmetic averages of the hardness values obtained for the 
various times at each annealing temperature. The as-irradiated hardness 
values are shown in the upper left-hand corner of Fig. 4, and average ap- 
proximately 265 HK. The 700~ (370~ anneal produces no significant 
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change in hardness, but the hardness progressively drops as the annealing 
temperature is raised from 800 ~ (425 ~ to 1150 ~ (620 ~ reaching an 
average value of  approximately 180 HK. There is no further drop in hard- 
ness when the annealing temperature is increased from l150~ (620~ to 
1300 ~ (705 ~ 

Figure 5 is a plot of  room temperature hardness as a function of  the 
heating rate and maximum temperature of  a transient anneal. One figure is 
for hardness indents parallel to the tube radius, and the other is for hard- 
ness indents perpendicular to the tube radius. The heating rate and 
maximum temperature both have a significant effect on the resultant hard- 
ness. For a given heating rate, the hardness decrease becomes greater as the 
maximum temperature of  the transient anneal increases. The hardness 
decrease also becomes greater as the rate of  heating decreases. 

These results indicate an effect of  time as well as of  temperature on the 
annealing of  irradiation-damage induced hardening. Note that the greatest 
change in hardness behavior appears to occur between the heating rate of 1 
and 10~ (0.55 and 5.5 ~ 

Tension Tests 

Tension tests were run at 700~ (370~ on three as-irradiated and seven 
isothermally annealed specimens. Two additional 700~ (370~ tension 
tests were conducted on transient-annealed specimens. Figure 6 is a plot of  

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  S u n  D e c  2 7  1 3 : 1 1 : 1 3  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .
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the 700 ~ (370 ~ yield strength and ultimate tensile strength as a function 
of annealing time for various isothermal annealing temperatures. Figure 7 is 
a plot of the 700~ (370~ uniform elongation and total elongation as a 
function of time for various isothermal annealing temperatures. The as- 
irradiated values of the tensile properties are shown at an annealing time of 
0 min. 

Figure 6 shows that a 60-min anneal at 800 ~ (425 ~ results in no change 
of the yield strength (YS) or ultimate tensile strength (UTS). A 60-min an- 
neal at 850~ (455 ~ causes a slight drop in YS and UTS, indicating 
moderate annealing of irradiation damage. A somewhat greater effect on 
strength is produced by annealing at 900 ~ (480 ~ However, Fig. 7 shows 
that the uniform and total elongations show no corresponding increase in 
ductility. As the annealing temperature is increased above 900~ (480~ 
substantial decreases in YS and UTS occur. A 30-min anneal at 1300~ 
(705 ~ results in essentially the same YS and UTS as a 30-min anneal at 
l l00~ (595~ At ll00~ (595~ and 1300~ (705~ decreases in 
strength are accompanied by increases in ductility. 

Transient annealing tests were run at the rate of 1 ~ (0.55 ~ to 
1100 ~ (595 ~ and 0.2 ~ (0.11 ~ to 1000 ~ (540 ~ Tension tests 
conducted at 700 ~ (370 ~ on these specimens show significant decreases 
in YS and UTS, although ductility as determined by uniform elongation is 
essentially unchanged from the as-irradiated value. 

Figure 6 shows the same trends in strength changes as shown in Fig. 4 for 
hardness changes in response to annealing. Moderate and gradual changes 
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elongation of  irradiated and annealed Zir- 
caloy cladding tested at 700~ (370~ 

in hardness and strength occur as the temperature is increased above 800 ~ 
(425~ However, these changes tend to level out in the general tem- 
perature range of 1100~ (585 ~ or 1150~ (620~ with only a slight ad- 
ditional change in strength and hardness as the temperature is increased fur- 
ther. The significant observation is that tensile ductility shows evidence of 
recovery only when the temperature of 900~ (480~ is exceeded. This 
resistance of ductility recovery also is exhibited by the tension test 
specimens subjected to transient rather than to isothermal anneals. 

Specimens were examined metallographically to determine the relation- 
ship of microstructure to observed changes in hardness and tensile proper- 
ties. The as-irradiated Zircaloy microstructure is characterized by the 
original typical cold-worked structure with grains elongated parallel to the 
tubing axis. Annealing at temperatures up to 1000~ (540~ for times as 
long as 30 min does not appreciably alter the cold-worked microstructure. 
Consequently, annealing of irradiation-produced crystal lattice defects is 
responsible for changes in properties at temperatures below 1000~ 
(540~ However, recrystallization occurs after annealing at l150~ 
(620~ for 10 min, as evidenced by a fine-grained equiaxed structure. In- 
creasing the annealing temperature to 1300~ (705 ~ produces a structure 
with well-defined equiaxed grains that exhibit some growth as compared 
with those developed after the 1150~ (620~ anneal. Thus recrystal- 
lization and grain growth are responsible for the hardness and  tensile 
strength behavior at the higher temperature. 
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ABSTRACT: Material property measurements from test reactor irradiations cannot 
always be applied directly to design reactor irradiation conditions because of differ- 
ences in neutron spectra. A semi-empirical damage function can be derived from the 
test reactor data for a particular property to describe the damage effectiveness of neu- 
trons as a function of their energies. Such functions have been derived for strength 
and ductility parameters of 20 percent cold-worked Type 316 stainless steel for irradi- 
ation temperatures of 393, 493, and 593~ (740, 920, and II00~ Both fast and 
thermal reactor data were used in the analysis. Quantitative conclusions from this 
analysis were limited by the lack of data; however, damage functions for tensile 
properties of 20 percent cold-worked Type 316 stainless steel irradiated at 393 and 
493 0(2 (740 and 920~ appear to be consistent with the displacement cross section for 
stainless steel. At 593~ (1100~ the ductility damage functions show substantial 
deviation from the displacement cross shape when both fast and thermal reactors are 
included in the analysis. The latter damage functions were found to be consistent with 
the correlation of ductility with the square root of the product of displacements and 
helium concentration. Examples of application to fast reactors and fusion reactors 
are given. 

KEY WORDS: radiation, radiation effects, cold working, stainless steels, displaced 
atoms, helium, tensile properties, swelling 

When designing reactor components for service in spectra for which no 
relevant property change data exist, a technique is needed to utilize exist- 
ing property change data obtained in various test reactor spectra. Damage 

J Advanced scientist, Irradiation Analysis Section, Hanford Engineering Development 
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functions can be derived to correlate these data on the basis of  spectral 
differences. The damage functions, in the form of  energy-dependent cross 
sections, can then be applied to neutron spectra such as those correspond- 
ing to a power reactor pressure vessel, in-vessel structural components,  or 
fuel cladding and ducts to estimate damaging fluences. 

The fuel cladding and ducts o f  the fast test reactor (FTR) and" the 
Clinch River breeder reactor (CRBR) will be 20 percent cold-worked Type 
316 stainless steel. Presently available test spectra f rom Experimental 
Breeder Reactor-II  (EBR-II)  and high-flux isotope reactor (HFIR)  do not 
correspond precisely to those expected in FTR or CRBR; hence, a small 
spectral effect must be accounted for when applying the test reactor data. 
Some preliminary designs of  fusion reactors have employed 20 percent 
cold-worked Type 316 stainless steel as a first-wall material  [1]. 2 This ap- 
plication will require a substantial spectral extrapolation f rom present test 
reactor data. 

The pr imary motivat ion for using the cold-worked material is to reduce 
swelling in the cladding since this limits the economical life of  the fuel. A 
knowledge of tensile properties, however, is important  for reactor oper- 
ating safety and handling of  irradiated fuel subassemblies during reactor 
servicing. 

The first at tempt has been made to develop energy-dependent damage 
functions for neutron radiation induced changes in tensile strength and 
ductility of  20 percent cold-worked Type 316 stainless steel. The proper- 
ties, property levels, and irradiation temperatures employed in the analy- 
ses are summarized in Table 1. The measured proper ty  levels were cor- 
rected to account for the difference in test temperature and irradiation 

TABLE 1--Irradiation temperature, property, and property level for damage function 
analyses of 20 percent cold-worked Type 316 stainless steel. 

Property 

Ultimate 
Irradiation Yield Tensile Uniform Total 

Temperature Strength, Strength,  Elongation, Elongation 
Range, Tl ksi ksi % % 

740 • 40~ (393 • 22~ 100 
920 • 60~ (493 • 33 ~ 90 

1100 _+ 30~ • 17~ ... 

110 5, 2 10, 5 
100 5 10, 5, 2 
...  5, 2, 1 10, 5, 2 

temperatures when differences existed. The lack of  data,  coupled with the 
effects o f  aging, caused large uncertainties in some damage functions. No 
analyses were made for the tensile strength at 593~ ( I I00~ because 
there was no definite irradiation effect shown by the data. Damage func- 

2 The italic numbers in brackets refer to the list of references appended to this paper. 
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tions for ductility were limited to those property levels for which the data 
could be interpolated or extrapolated on a reasonable basis. 

Method of Analysis 

A damage function, G(E), is derived by solving iteratively the set of  
integral equations 

P y0 ~176 Mi - (~-7)~ G(E)d?i(E)dE, i = 1, 2, 3 . . . . .  N (1) 

where P is the specific property level of  interest resulting from an irradi- 
ation to a total fluence (~0, in the ith neutron test spectrum ~i(E) (nor- 
malized to unit flux). There is one equation for each test spectrum. The 
solution of  Eq 1 begins with an assumed energy dependence G ~ based 
on a consideration of  the prevailing damage mechanisms. The most ap- 
propriate G~ for irradiation temperature less than about 540~ 
(1000~ is a displacement cross section. The displacement cross section 
used was calculated by Doran [13]. Above about 540~ (1000~ helium 
apparently plays an important role in the loss of  ductility; thus the most 
appropriate G ~ would be a helium cross section alone or in combina- 
tion with a displacement cross section to reflect a synergistic damage 
mechanism. G ~ used for all damage functions in this analysis was a 
displacement cross section because the application of  these damage func- 
tions will primarily be in liquid metal fast breeder reactor (LMFBR) en- 
vironments where displacements are the dominate mechanism. The result of 
adjusting G ~ to give a best fit to the experimental data is a G(E) that 
applies specifically to the particular property level P.  The damage func- 
tion G(E) may be weakly or strongly dependent on G ~ depending on 
whether data were obtained in dissimilar or similar test reactor spectra, 
respectively. 

Data Compilation 

Both Hanford  Engineering Development Laboratory (HEDL) [2,3] and 
Oak Ridge National Laboratory (ORNL) [4,5] tensile data were considered 
in this analysis, but they were treated separately because of  several differ- 
ences in the specimens studied by the two laboratories. The specimens came 
from different heats of steel, were in different forms (tube at HEDL versus 
round stock at ORNL), exhibited different tensile properties in the unir- 
radiated condition. Specifically, the ductility of  ORNL material was lower 
than that of  HEDL material while the strength was considerably higher. 

The neutron dosimetry and subsequent fluence and spectrum determi- 
nations for specimens irradiated in EBR-II were based upon the Run 50H 
dosimetry test flux map [6]. The fluences and spectrum for ORNL irradi- 
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ations in HFIR were based on the dosimetry reported in Refs 5 and 7. 
The same spectrum was used for all HFIR specimens since they were all 
irradiated in the core region where the spectrum is not expected to vary 
significantly. 

The exposures and material properties used in the analysis are summa- 
rized in Ref 8. 

Data Analysis 

The focus of the preliminary data analysis was the determination of the 
fluence ~it (and thus M~ = P/~ t )  required to achieve the design property 
level in each test spectrum. Since the experimental data were generally at 
property levels different from P, it was necessary to establish the fluence 
dependence of the property change. In doing so, differences in irradiation 
and test temperatures and the effect of aging had to be considered. 

The HEDL data were taken at various test temperatures for each irra- 
diation temperature. Only data for which the test and irradiation tempera- 
tures were nearly the same were selected for analysis. The balance of the 
data were used to account for the remaining difference between irradi- 
ation and test temperatures. In nearly all cases the corrections were ~ 10 
percent and were less than the expected experimental errors. ORNL data 
for different test temperatures were not available and no temperature cor- 
rections were assumed; however, the corrections would be small (<10 
percent) and not expected to change the results appreciably. 

Aging data on 20 percent cold-worked Type 316, obtained at both 
ORNL [4] and HEDL, show significant effects on tensile properties. As a 
result of aging, some irradiated material data showed lower strengths and 
higher ductilities than the unaged, unirradiated material properties. For 
this reason, only data which deviated from the aging data in the direction 
of expected irradiation damage were used in the analysis. For example, 
the strength data for irradiated material at 593~ (II00~ are indistin- 
guishable from those for aged material, precluding further analysis. Some 
effect of aging on yield strength is generally apparent at 493 ~ (920 ~ 
but is absent at 393 ~ (740 ~ Ductility changes appear to be dominated 
by aging at low displacements per atom (dpa) values at all three tempera- 
tures. 

The number of data points were too limited to define the fluence de- 
pendence for each property change in each test spectrum. Hence the data 
were plotted as a function of dpa [13], the dpa value associated with the 
property level P was determined by interpolation, and these values were 
converted to the corresponding fluence in each spectrum. Figures 1 and 2 
show plots for total elongation (TE) data at 393 and 593 ~ (740 and 
I100~ results for other temperatures and properties are presented in 
Ref 8. 
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FIG. 1--Total elongation o f  20% cold-worked Type 316 stainless steel irradiated at 393~ 
(740~ versus displacements per atom. 

The TE data (Fig. 1) at 393~ (740~ are affected by aging at low 
doses. The aging curve in Fig. 1 is appropriate for the spectrum that cor- 
responds to the point at 1.4 dpa; this point was not used in the analysis. 
The ORNL data from HFIR, at much higher dpa (and helium content) 
than the HEDL data, are not inconsistent with the trend of the HEDL 
EBR-II data. The general belief is that a higher temperature is needed for 
helium to cause embrittlement. Shorter irradiations which yield higher 
ductility would be necessary to show the effect of helium on the rate of 
loss in ductility in HFIR. 

At 593 ~ (ll00~ aging undoubtedly affects the ductility for EBR-II 
irradiations, but the exposures were sufficient to show decreased ductility 
in all cases. ORNL and HEDL data were analyzed separately. The former 
include HFIR data which show a pronounced decrease in ductility at very 
low displacement doses (Fig. 2), presumably due to the high helium gener- 
ation rate. The dpa dose dependence of the HEDL data was used to extra- 
polate the single ORNL EBR-II point to the reference property levels. 

Results 

A total of 18 damage functions was derived from the HEDL (EBR-II) 
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FIG. 2--Total elongation o f  20 percent cold-worked Type 316 stainless steel irradiated at 
593 ~ (1100 ~ versus displacements per atom. 

tensile data (see Table 1). In addition, two TE damage functions at 593 ~ 
(1100~ were derived using ORNL (EBR-II plus HFIR) data. 

Plots of damage functions for 2 percent TE at 593~ (ll00~ using 
HEDL and ORNL data are shown in Figs. 3 and 4, respectively. The bars 
span the energy range in which 90 percent of the damage occurred in each 
test spectrum used in the unfolding. The difference in the two damage 
functions presumably illustrates the effect of increased helium production 
in the HFIR specimens. 

The damage function in Fig. 3, derived without the use of thermal reac- 
tor data, has the same energy dependence as the displacement cross sec- 
tion used as input to the unfolding procedure. The damage functions 
derived from EBR-II data at other temperatures have similar shapes. This 
result was inevitable because there are too few data to suggest that a cor- 
relation parameter other than dpa should be used. 

Further investigation of the ORNL data at 593 ~ (1100~ showed that 
the EBR-II and HFIR data could be correlated with the square root of the 
product of the displacements and helium content as illustrated in Fig. 5. 
The HFIR helium concentrations used to determine the exposure param- 
eters in Fig. 5 are up to a factor of two higher than reported by Bloom 
and Wiffen [5]. The values used here were determined by solving the rate 
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steel irradiated at 593 ~ (1100~ (using HEDL data only). 
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F I G .  5--Total elongation in 20 percent cold-worked Type 316 stainless steel irradiated at 
593 ~ (1100 ~ versus square root o f  product o f  displacements and helium concentration. 

equations for the two-stage nickel reaction, using cross-sectional data 
from Ref 9 and normalizing the resulting curve to the single measurement 
by Wiffen and Bloom [10]. The resulting predictions are not inconsistent 
with those of McElroy and Farrar [11], and they account for burn-in/ 
burnout of reaction products. In addition, it was observed that the HEDL 
data lie above the ORNL data ~ol.5 percent TE at all fluences. This is 
about the same as the difference between the unirradiated values reported 
by the two laboratories (see Fig. 5). This may be fortuitous since it does 
not appear to be the case at the other irradiation temperatures. 

An equation of the form 

P = Po - P t ( l  - e -~~174 (2) 

was fit to the data in Fig. 5 by adjusting the parameters P0, P~, and/3. 
G+t is the square root of the product of displacements (D~t) and helium 
concentrations (/~e t). 

In order to test the correlation over a wide variety of spectra, the flu- 
ence required to achieve 2 percent TE was calculated for a number of 
spectra using helium and displacement cross sections. The spectra in- 
cluded heavy and light water reactor spectra, fast test reactor (FTR) vessel 
wall, grid plate, and core center spectra, four EBR-II spectra, and Los 
Alamos Mason Production Facility (LAMPF) spectra with berylium and 
copper beam stops. These calculated fluences were then used to unfold a 
damage function for 2 percent TE. The results, plotted as points in Fig. 4, 
show surprisingly good agreement for the energy regions <10 -7 MeV and 
>10 -3 MeV with the damage function unfolded using the ORNL data 
alone. Thus, the semi-empirical damage function shape for TE at 593 ~ 
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( l l00~  is generally consistent with the correlation of  data with the 
square root o f  the product  of  the displacements and helium content. 

Uncertainty in the damage function shape and magnitude arises gener- 
ally f rom two sources: (1) nonuniqueness of  the solution, and (2) data 
errors. The damage functions derived in this work are nonunique because 
so few data (that is, different spectra) were available for each analysis. 
The results are thus highly dependent on G~ The nonuiqueness error 
must  be minimized by using a physically realistic input such as the dis- 
placement cross section. It would be desirable to determine a G ~  by 
theoretical modeling which would reflect the synergistic helium displace- 
ment interaction evident in the 593~ (ll00~ ductility damage functions. 

The data errors can be further characterized as spectrum shape errors 
and integral data errors. Both these sources of  uncertainty can be studied 
by a Monte Carlo procedure which has been adequately described else- 
where [12]. Because of  present data  limitations, no error assessment was 
made.  

Application 

Application of  a damage function to a particular design spectrum is 
accomplished by using Eq 1. The property level divided by the integral o f  
the damage function over the design spectrum gives the fluence in the 
design spectrum required to achieve the property level for which the 
damage function was defined. 

Table 2 gives examples of  predicted fluence limits to achieve the specific 
TE value for CRBR and a fusion reactor spectrum. The specific spectra 

TABLE 2--Fluence limit predictions for total elongation. 

Nominal Fluence, 
Spectrum ff?(MeV) Total Elongation, % n/cm 2 

CRBR upper blanket 0.36 (5%, 593 ~ 3.5 • 1022. 
CRBR core 0.51 (5%, 493~ 5.5 • 1022= 
CTR first wall 4.2 (2%, 593~ 1.9 • 10 22" 

4.2 (2o/0,593~ 2.7 • t02~b 

* Damage function using EBR-II (HEDL) data only. 
b Damage function using EBR-II and HFIR (ORNL) data only. 

are CRBR upper blanket [593 ~ ( l l00~ core center [493 ~ (920~ 
and fusion reactor first wall [1] (593~ ( l l00~ Damage functions 
derived with and without thermal reactor data were applied to the last 
case. The uncertainty in the CRBR predictions should be comparable  to 
the errors in the data used to derive the damage function (10 to 30 per- 
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cent, _+ lo) since the differences between design and test spectra are small. 
The fusion reaction predictions are subject to substantial error because of 
the large spectral extrapolation required. It is noteworthy that in HFIR 
and EBR-II the helium and displacements are produced below 5 to 10 
MeV, whereas in a fusion reactor first-wall spectrum they are produced 
above 5 to 10 MeV. The difference in the two predictions is due to the 
differences in the shapes of the two damage functions used (see Figs. 3 and 
4). In HFIR and EBR-II, both helium and displacements are produced by 
neutrons of energy less than 10 MeV. Therefore, the damage function 
determined from EBR-II and HFIR data is poorly defined above l0 MeV. 
The application of this damage function to a fusion reactor first-wall 
spectrum, in which half the displacements and all the helium are produced 
above 10 MeV, hinges on the validity of the helium-displacement corre- 
lation shown in Fig. 5. It was already demonstrated that the damage 
function and the correlation are consistent at high energies. 

In other words, in order to apply HFIR data to the first-wall spectrum, 
it is necessary to assume that the effect of helium on ductility depends 
only on the total quantity of helium produced and is independent of the 
neutron (and hence primary knock-on atom) energy. This assumption 
leads to the low fluence limit in Table 2, indicating that a UWMAK-I first 
wall of 20 percent cold-worked Type 316 stainless steel would experience a 
ductility decrease to a 2 percent TE in only a few months if operated at 
about 600~ (1100~ To make predictions at lower temperatures, data 
are needed at lower fluences (hence lower helium concentrations) in order 
to determine the onset of a strong helium effect. 

Summary and Conclusions 

Quantitative definition of damage functions was severely limited by the 
lack of data on 20 percent cold-worked Type 316 stainless steel tensile 
properties. The absence of spectral variation resulted in damage function 
solutions that were dependent on the theoretical estimate of the damage 
cross section used as input. This nonuniqueness of solution also affects 
the solution error magnification; thus, the uncertainty in a fluence limit 
prediction requiring large spectral extrapolation could be misleading. For 
this reason, no error analysis was done. 

Due to the scarcity of data for irradiation temperatures less than about 
540~ (1000~ the damage functions are simply the displacement cross 
section normalized to the data. In this temperature range, a displacement 
cross section is a realistic damage function and the available data are not 
inconsistent with it. Additional data with both wider fluence and spectral 
variations are necessary to corroborate or improve these results. 

The energy dependence of ductility for irradiation temperatures above 
about 540 ~ (1000 ~ was found to be substantially different than that of the 
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displacement cross section. This difference is presumably due to the syner- 
gistic effect of the helium-displacement interaction. Further analysis re- 
vealed that the EBR-II and HFIR ductility data could be correlated with 
the square root of  the product of  the helium concentration and dpa. Al- 
though the ductility damage function is not unique, it was shown to be 
consistent with that expected from the helium-dpa correlation. Additional 
data from HFIR and EBR-II would be desirable to test this correlation. 
Application of this damage function to a fusion reactor first-wall spec- 
trum suggests that a few months (1 MW/m 2) at about 600~ (ll00~ 
would be sufficient to reduce the ductility of 20 percent cold-worked Type 
316 to 2 percent total elongation. 
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Swelling Simulation Studies of Type 
316 Stainless Steel 

REFERENCE: Ellis, J, A., Jr., Appleby, W. K., and Lauritzen, T., "Swelling 
Simulation Studies of Type 316 Stainless Steel," Irradiation Effects on the Microstruc- 
ture and Properties o f  Metals, A S T M  STP 611, American Society for Testing and 
Materials, 1976, pp. 195-207. 

ABSTRACT: The effects of some compositional and processing variations on the 
irradiation-induced swelling of 20 percent cold-worked Type 316 stainless steel have 
been investigated. Bombardment by 5-MeV nickel ions was used to simulate the fast 
neutron irradiation which occurs in breeder reactor core components. Swelling in cold- 
worked Type 316 was found to be lowered by additions of silicon and molybdenum. 
Swelling was also reduced by increasing the solution-annealing temperature prior to the 
final cold-working operation. 

KEY WORDS: radiation, irradiation, neutron irradiation, stainless steels, swelling, 
voids 

This study was undertaken to investigate irradiation-induced swelling in 
the reference fast-flux test facility (FFTF) and Clinch River breeder reactor 
prototype (CRBRP) core structural material, 20 percent cold-worked Type 
316 stainless steel, using a 5-MeV nickel ion swelling simulation technique. 
Bombardment of specimens of reactor structural materials with highly 
energetic heavy ions produces lattice atom displacements equivalent to 
those produced by neutron irradiation, but in a much shorter time period. 
Thus a given material can sustain equivalent damage displacement in a few 
hours out-of-reactor as opposed to several years in-reactor. The ion bom- 
bardment technique was first applied in this manner by workers at Harwell 
[1,2]. 2 A technique subsequently developed at General Electric [3] using 5- 
MeV nickel ions has been employed in the present work. The principal ob- 
jectives of this work were to define compositional and processing 
modifications for cold-worked Type 316 stainless steel that could reduce the 

t Associate engineer, manager, and senior engineer, respectively, Fast Breeder Reactor 
Department, Structural Materials Unit, General Electric Company, Sunnyvale, Calif. 94086. 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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196 IRRADIATION EFFECTS ON METALS 

material's tendency to swell. A secondary objective was to provide in- 
formation concerning the performance of first FFTF cores by defining the 
variability of swelling in the various Type 316 heats to be used in FFTF. 

Experimental 

The experimental techniques employed in this work have been described 
in detail previously [3]. The materials used are in the form of a strip 0.15 
mm thick. Unless otherwise stated in the text, the Type 316 specimens are 20 
percent cold-rolled to the final 0.15-mm dimension and then aged at 593 ~ 
(ll00~ for 200 h to partially produce the aging occurring in-reactor. 
These strip specimens are implanted with 15 atomic parts per million (ap 
pm) helium using 24.5-MeV alpha particles from a cyclotron. Disks, 3 mm 
in diameter, are then cut from the strip and bombarded with 5-MeV nickel 
ions using a partial mask to protect parts of the specimen surface from the 
beam. Measurements of the resultant swelling can then be made in two 
ways. First, measurement of the "step height" from unexposed to exposed 
surface gives a relative measure of the swelling in each specimen. These step 
heights are typically obtained by averaging up to 24 measurements on each 
specimen. Second, the specimens are examined by transmission electron 
microscopy (TEM). The bombarded surface is given a calibrated polish to 
the calculated peak damage region at about 9000 ,A, then the specimen is 
back-thinned so that the peak damage region can be examined in trans- 
mission. Swelling is estimated from void size measurements together with 
foil thickness measurements from stereo pair analysis. The uncertainty in 
polishing to the required depth is estimated to be _+ 500 .A. 

Results and Discussion 

Effects of Minor Compositional Variations 

Bates and co-workers [4] at the Hanford Engineering Development 
Laboratory (HEDL) have studied an extensive series of Type 316 alloys, 
each of which represents a compositional modification of the standard Type 
316 composition. Results after irradiation in the Experimental Breeder 
Reactor-II (EBR-II) to 2 to 4 x 1022 neutrons(n)/cm 2 (E > 0.1 MeV) in- 
dicated that void swelling is suppressed by silicon, phosphorus, manganese, 
molybdenum, cobalt, and carbon. 

Six alloys from this compositional variations test, two Oak Ridge 
National Laboratory (ORNL) Type 316 variants, and two separately 
procured heats have been used to provide a first assessment of the effects of 
variations in minor element composition on the swelling of 20 percent cold- 
worked Type 316 stainless steel at displacement doses which are the 
equivalent of liquid metal fast breeder reactor (LMFBR) target fluences. 
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The alloys have fixed composition of the principal alloying constituents and 
variable composition of the minor alloying elements carbon, nitrogen, 
silicon, and molybdenum. Table 1 gives the compositions of these alloys 
and shows the minor elements varied in this experiment. Alloys HEDL-3 
and heat 820467 were included as control specimens since they conform to 
the chemical composition of a commercial Type 316 steel. 

Apart from the ORNL alloys which were solution annealed only, all 
alloys were bombarded in the 20 percent cold-worked condition. Step- 
height measurements for these alloys following bombardment at 625 ~ 
(1157 ~ to 140 displacements per atom (dpa) (Ed = 33 eV) are also given in 
Table 1. 

Using alloys HEDL-3 and 820467 as the base composition, comparisons 
between the other alloys can be made. The test matrix allows the effects of 
silicon and molybdenum to be examined separately. Figure 1 shows 
swellings plotted separately as a function of silicon and molybdenum con- 
tent for those alloys in which the contents of other elements were essentially 
constant. It is seen that the swelling decreases dramatically as the molyb- 
denum content is increased from 0.1 to 4.9 percent. Similarly the 1.4 
weight-percent silicon alloy shows much reduced swelling compared to 
alloys containing the nominal silicon content. 

The effect of other elements could not be uniquely separated because of 
the limitations of the test matrix. However, comparison of alloys HEDL-4 
(530 ,~,) and HEDL-45 (1710 A) suggests that carbon may be more effective 
than nitrogen in suppressing swelling in that the increased nitrogen content 
in HEDL-45 has not been as effective as the increased carbon in HEDL-4. 

Effects of Titanium Modifications 

A titanium-modified Type 316 heat under investigation by ORNL was in- 
cluded in this program for comparison with the compositional variables 
matrix and other 20 percent cold-worked Type 316 irradiated in the 
program. 

Four specimens of 20 percent cold-worked titanium-modified Type 316 
were bombarded to ~100 dpa (Ea = 33 eV) at 575, 625, 675, and 725 ~ 
(1067, 1157, 1247, and 1337~ Results from the TEM examination of 
these specimens are given in Table 2 together with the alloy composition. 

Figure 2 shows a comparison of these results with those previously ob- 
tained for Type 316 with varying extents of cold work [5]. It is seen that the 
maximum swelling is approximately as great as that previously found in the 
higher-swelling 20 percent cold-worked Type 316 heat No. 820467. Thus, 
the 0.23 percent titanium has not lowered the swelling of this material as an- 
ticipated from results obtained from minor alloying element additions to a 
pure ternary alloy [6]. However, attention is drawn to the processing con- 
ditions. The major difference in the swelling of heats 820467 and 81621 in 
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1.6 3.2 4.8 - -  ' , ~ %  Mo 
04  08 1 2 - -  wt% Si 

FIG. 1 --Effects o f  some minor elements on cold-worked Type 316 swelling. 

TAB LE 2 - -5  Me V NF* results fo r  titanium-modified 20 percent cold- worked Type 316. 

Average 
Void 

Tempera- Dose, Step AV/V, % Diameter, Number  
Specimen ture, ~ dpa Height,  A (TEM) A Density, cm 3 

VII1C7 575 104 n o m a s k  4.4 _+ 1.5 415 9.9 • 1014 
VIII C8 625 96 740 9.8 _+ 6 558 8 x 10 ~( 
VIII D7 675 106 540 9.6 + 4 792 2.5 • 10 ~4 
VIII E7 725 106 <200 5.7 + 4.7 926 8.7 x 1013 

All bombardment times = 1.5 h 

Chemical Composi t ion (weight%) 

Heat R-1 C Cr Ni Mo Ti Mn Si B 
0.06 17.0 12.0 2.4 0.23 0.5 0.4 0.0007 

Processing 

Solution-anneal at 1050~ (1922 ~ for 30 rain, air-cool, 20 percent cold work by rolling, plus 
a service-simulation age of  593 ~ (1100 ~ for 200 h. 

Fig. 2 is ascribed to their differing annealing temperatures (IO10~ versus 
1149~ (1850~ versus 2100~ and it is noted that the titanium-modified 
Type 316 was solution annealed at a low temperature (1050~ (1922~ It 
is most probable that minor elements such as titanium, silicon, carbon, and 
nitrogen are only beneficial in reducing swelling if they are in solid solution. 
Thus the importance of  annealing temperature arises because, if the tern- 
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FIG. 2--Teraperature dependence of swelling in Type 316 stainless steel after 105 dpa (Ref 
5). 

perature is too low, only a portion of  these elements will be in solution. The 
remainder will appear as carbide and nitride particles, which probably have 
a deleterious effect on swelling by acting as void nucleation sites as, for 
example, observed in Ref. 7. 

It can be expected that these various alloying elements will have very dif- 
ferent effects on swelling. The effects of  silicon and molybdenum appear to 
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be acute while any effect of titanium appears in this case to be swamped by 
effects of processing. Results from reactor irradiations of Type 321 (essen- 
tially titanium-modified Type 304) have shown that while titanium can ap- 
parently delay the onset of swelling, the eventual swelling rate can be as high 
as or higher than Type 304. However, the results for molybdenum suggest 
more than merely an effect on incubation fluence, since at 140 dpa (~2 • 
1023 n/cm 2) up to a factor of 10 difference in swelling is still apparent. Ob- 
viously some of these effects of compositional variations are subtle and 
require further study for full elucidation. 

Effects of Annealing Temperature 

Results from previous work [5] showed that the swelling in 20 percent 
cold-worked Type 316 stainless steel from heat No. 81621 was less than a 
like material from heat No. 820467. Figure 3 shows the results of these data. 
,The major difference in the two heats of materials reported in Fig. 3 is the 
annealing temperature prior to the final 20 percent cold work: heat 
820467--1010~ (1850~ heat 81621--1177~ (2151 ~ Heat 81621 was 
reprocessed according to the procedures used for 820467 and bombarded to 

> 

(3 
Z B 

50 

40 

30 

20 

I I I i I I I 

I ANNEAL 
TEMPERATURE f J 

D HEAT 81621 1177~ J I 
O HEAT 820467 1010~ J I 

BOMBARDMENT TEMPERATURE 625~ 

40 80 120 160 200 240 280 
DOSE, dpa (~77 dpa = 1 x 1023 n/cm 2, E > 0.1 MeV) 

FIG. 3--Heat-to-heat variation in swelling o f  20 percent cold-worked Type 316 stainless 
steel 

approximately 77 and 150 dpa at 625~ (1157~ (Ed = 33 eV). Figure 4 
shows a comparison between the data from the reprocessed heat No. 81621 
and the data in Fig. 3. It is seen from Fig. 4 that annealing temperature can 
be an important processing parameter. 
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Heat-to-Heat Variations 

The purpose of this study was to investigate swelling variations between 
different heats of 20 percent cold-worked Type 316 stainless steel. Tubing 
specimens were received from HEDL from seven different lots of 20 percent 
cold-worked Type 316 tubing representing six different heats of vacuum- 
melted steel to be used in the first core loading of FFTF. The compositions 
of these lots are given in Table 3. Twenty percent cold-worked 316 tubing 
from an air-melted heat irradiated in the L-16 materials irradiation test in 
Subassembly X-098 of EBR-II was added to the test matrix for comparison. 
All lots were processed to the same U.S. Reactor Development and Tech- 
nology standard. 

Table 3 summarizes the bombardment conditions, composition, and step- 
height results for each specimen. The step-height results in Table 3 show 
clearly a variation in swelling between the different heats of material. Two 
of the lots (N and 24) are from the same heat and provide duplicate data 
points which indeed show almost equal swellings. 

It was surprising to discover that the specimen exhibiting the highest 
swelling was from the air-melted heat irradiated in the GE L-16 test in 
Subassembly X-098. This heat has presently been examined after reactor 
irradiation to fluences of ~4 (*30 dpa) and 8.5 1022 n/cm 2 (65 dpa), E > 0.1 
MeV and has shown only moderate swelling [8]. The peak volume increase 
in the 20 percent cold-worked material was ~2 percent at 600 ~ (1112 ~ 
It is now discovered that at 140 dpa (Ea = 33 eV) the air-melted heat No. 
M2783 is showing more than twice the swelling of some of the vacuum- 
melted heats. Whether this is a result of a shorter incubation period or 
higher swelling rate remains to be determined. 

It is of interest to note that if one attempts to link the observed swelling 
behavior in these heats to compositional effects one could conclude that in- 
creases in the total phosphorus + nitrogen + sulphur content can cause in- 
creased swelling. The only discernible difference in these heats (apart from 
uncertainties in processing) is the nitrogen, phosphorus, and sulfur con- 
tents. Major alloying element contents are consistent. Figure 5 shows the 
step-height measurements of swelling plotted as a function of combined 
nitrogen + phosphorus + sulfur. 

It has been suggested that all cold-worked Type 316 heats will exhibit the 
same swelling rate after incubation. Thus a second objective in the 
evaluation of swelling in FFTF tubing is to determine whether there are dif- 
ferences in the steady-state swelling rates of the various heats. Lots N, DD, 
and S were each bombarded to 35 and 70 dpa to investigate this point. 
Specimen HEDL-30 was also included. This is a low-molybdenum Type 316 
which exhibited high swelling in the effects of minor compositional 
variations experiments. It was of interest to learn whether its higher swelling 
was due to a shorter incubation period, higher swelling rate, or both. 
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NUMBERS DENOTE SPECIMEN NUMBER (TABLE 3) 
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F I G .  5--combined effects of  phosphorus, nitrogen, and sulfur weight percentages on 
swelling. 

Swelling was measured in the 35 and 70-dpa specimens by TEM, because 
step heights were too small to resolve, and then compared with the step 
height data from the specimens bombarded to 140 dpa. The dose depen- 
dence of swelling in the four lots is shown in Fig. 6. Comparison of the 
steady-state swelling rate is valid only if the intermediate-dose (60 to 70 dpa) 
data points are beyond the void incubation period. Specimens HEDL-30, 
N, and DD show sufficient swelling for this to be the case and it is found 
that their steady-state swelling rates vary by a factor of two. It is ad- 
ditionally observed that the low-molybdenum specimen HEDL-30 ap- 
parently shows higher swelling as a result of both a shorter void incubation 
period and a higher steady-state swelling rate. The complete data including 
void size and number density data are given in Table 4. 
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T A B L E  4--Dose dependence of  swelling in various lots o f  20 percent cold-worked 
Type 316--data summary. 

Void  D i a m e t e r ,  A A v e r a g e  A v e r a g e  
Dose ,  d p a  Void  Swel l ing ,  

L o t  (Ed = 33 eV) Min  A v g  M a x  Dens i ty ,  c m  -3 % A V/Vo 

H E D L - 3 0  29 154 322 580 3.9 x 1014 0 .88  
H E D L - 3 0  60 176 515 1060 3 .7  • 10 ~' 3 .38 
H E D L - 3 0  144 . . . . . . . . . . . .  32.8 = 

N 36 120 285 547 5 .9  • 10 a3 0 .17  
N 72 122 437  733 2 .3  • 10 t* 1.55 
N 144 . . . . . . . . . . . .  15.0 = 

D D  33 63 159 314 1.4 X 10 ~' 0 .05 
D D  66 74 291 577 3 .7  • 1034 0 .68  
D D  144 . . . . . . . . . . . .  13.7 = 

S 23 99 238 349 1.6 • 10 j4 0 .12  
S 59 87 272  475 1.7 X 10 I" 0 .25  
S 144 . . . . . . . . . . . .  25 .7  = 

= F r o m  s tep-he igh t  m e a s u r e m e n t .  
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Conclusions 

Certain minor alloying elements, particularly silicon and molybdenum, 
were found to reduce the extent of swelling in 20 percent cold-worked Type 
316 when irradiated with 5-MeV nickel ions to 140 dpa (Ed = 33 eV). It was 
additionally found that lower swelling can result from a higher solution- 
annealing temperature prior to the final cold-working operation. This result 
suggests that minor alloying elements are effective in reducing swelling only 
when in solid solution. The smaller swelling observed in certain cold- 
worked Type 316 heats was found to be a consequence of both a longer in- 
cubation time for void formation and a lower eventual swelling rate. 

This work has shown that some of the dependencies of swelling on alloy 
composition observed in pure alloy systems [6] are also found for Type 316 
series stainless steel. This offers the possibility that acceptably low swelling 
can be achieved in stainless steel for LMFBR core components through 
suitable control of alloy composition and processing conditions. 
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Development and Evaluation of a 
Stress-Free Swelling Correlation for 
20 Percent Cold-Worked Type 316 
Stainless Steel 
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ABSTRACT: Sufficient data have been accumulated on the swelling behavior of 20 
percent cold-worked Type 316 stainless steel to make predictions of the anticipated 
swelling in the fast test reactor (FTR). A predictive stress-free swelling correlation has 
been developed employing a limited data base developed in the Experimental Breeder 
Reactor-II (EBR-II). Insight gained from electron and ion simulation experiments 
aided in the correlation development. Application of this correlation to environments 
other than fast reactor core regions requires consideration of the differences in neu- 
tron spectrum and displacement rate in such environments. 

KEY WORDS: radiation, irradiation, swelling, stainless steels, evaluation, nuclear 
reactors, voids 

The prediction of radiation-induced property changes in structural 
materials exposed to high neutron fluence is a major requirement for 
design and evaluation of fast breeder reactors. Although reactor com- 
ponents will not be operated to fluences beyond the available data base, 
predictive correlations are necessary to assess the impact of variations in 
operating parameters such as the coolant inlet temperature. They also aid 
in design optimization studies and the assignment of lifetimes for experi- 
mental subassemblies and replaceable core components. The development 
of predictive correlations necessitates a continuous review and improve- 
ment process as new data are developed in the Experimental Breeder Re- 
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actor-II (EBR-II). For fast test reactor (FTR) applications, the data base 
is now large enough to make predictions of  the swelling behavior of the 
major structural material, 20 percent cold-worked Type 316 stainless steel. 

The swelling data base developed in EBR-II comprises three categories: 
unstressed prototypic 2 steel at low fluence, unstressed steel which is non- 
prototypic but nominally similar and exposed to moderate fluences, and 
stressed prototypic fuel pin cladding exposed to fluence levels close to 
the FTR goal fluence. This data base is not large enough, however, to 
define both the empirical form of the swelling equation and the major 
parametric dependencies simultaneously and uniquely, which are known 
to include the irradiation temperature, total neutron fluence and spec- 
trum, and the stress state. It had been possible, however, to combine the 
available data with knowledge gained from charged particle simulation 
studies and produce a predictive correlation for stress-free swelling. The 
development of the correlation evolved in two stages, the first of which 
culminated in late 1973 and which was very dependent on the results of  
simulation experiments. The second stage included subsequent data and 
insight available at the end of 1974 and was influenced both by simulation 
studies and new neutron data. 

1973 Swelling Position 

Laidler [1] 3 demonstrated that the swelling behavior observed in elec- 
tron irradiations of prototypic (N-lot) fuel cladding was linear with dis- 
placement dose after an incubation period. Noticing that the low-fluence 
prototypic neutron data showed no observable swelling, Laidler employed 
moderate-fluence [<7 x 1022 neutrons (n)/cm 2 (E > 0.1 MeV)] unpro- 
totypic data which also showed little or no swelling as a lower estimate of 
the duration of the incubation period. A swelling position was developed 
which combined the incubation behavior observed in neutron irradiations 
with swelling rate profiles observed in electron irradiation experiments. 
Theoretical estimates of the atomic displacement cross sections were em- 
ployed along with estimates of the rate-dependent temperature shift of 
the swelling regime. The form of the swelling equation is illustrated in 
Fig. 1 and given in the following, where the neutron fluence is in units of  
1022 n/cm 2 (E > 0.1 MeV) 

swelling=AV [ 1 I'l +exp[=(r-+t)]t~l 
V---~ = R  I t +  ~-ln 1 7 ~ r )  ").1 

2prototypic steels are defined as Type 316 stainless steels prepared in accordance with 
RDT Standard M7-3, which defines the requirements for FTR and Clinch River breeder 
reactor (CRBR) applications. 

3The italic numbers in brackets refer to the list of references appended to this paper. 
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FIG. l--Model and mathematical form of  empirical swelling equation presently used in 
core design for 20 percent cold-worked Type 316 stainless steel components. 

The parameters R, a, and T model the steady-state swelling rate, the 
degree of  curvature in the transition region, and the zero-swelling inter- 
cept o f  the steady-state swelling regime, respectively. All three of  these 
parameters are dependent on temperature. When the swelling A V/Vo is 
expressed as a percentage 

R ( T )  = exp(-88 .5499 + 0 . 5 3 1 0 7 2 T -  1.24156 x 10-ST 2 

+ 1.37215 x 10-6T 3 - 6.140 x 10- '~ 4) 

T(T) = exp(-16 .7382 + 0 . 1 3 0 5 3 2 T -  3.81081 x 10-4T 2 

+ 5.51979 x 10-7T 3 - 3.26491 x 10- '~ 4) 

t~(T) -- - 1 . 1 2  + 6.89 x 10-3T 

where T is the centigrade temperature. Tabulations of  these parameters 
are given in Table 1. Note again that the incubation parameter T(T) in 
general represents a lower limit, since the data field used at that time did 
not exhibit swelling at all temperatures. In addition, the data were so 
sparse that 50~ (90~ temperature increments were required in this analy- 
sis to accumulate sufficient data points in each determination of  the incuba- 
tion parameter. The confidence limits for the 1973 position were estab- 
lished by consideration of  the uncertainties in electron and neutron dis- 
placement equivalencies, and ranged f rom 133 to 78 percent of  the nom- 
inal prediction. The lower limit set by Laidler was reduced subsequently 
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TABLE l--Previous design swelling correlation temperature-dependent 
parameters for 20 percent cold-worked Type 316 stainless steel 

Temperature, 
~ R �9 a 

350 0.0058 2.81 1.29 
375 0.0023 3.57 1.47 
400 0.0691 4.35 1.64 
425 0.165 5.08 1.81 
450 0.352 5.72 1.98 
475 0.539 6.17 2.16 
500 0.771 6.35 2.33 
525 0.968 6.21 2.50 
550 1.077 5.68 2.67 
575 1.068 4.80 2.84 
600 0.943 3.69 3.02 
625 0.737 2.53 3.19 
650 0.502 1.50 3.36 
675 0.294 0.76 3.53 
700 0.144 0.31 3.71 
725 0.0574 0.10 3.88 
750 0.0179 0.026 4.05 

to 50 percent, based on a consensus reached by peer review groups on 
possible alternative interpretations of the neutron data. 

Recent Insights and Additional Data 

Since the development of this correlation, the relevant unstressed data 
field has been expanded to include the data given in Table 2. All of these 
data are from air-melted heats, which have less stringent specifications on 
minor element composition and processing than do the vacuum-melted 
FTR first-core and vendor qualification cladding heats. The addition of 
small amounts of impurities has been shown to retard neutron-induced 
swelling in pure metals such as copper, nickel, and aluminum. The swelling 
of 300 series stainless steels has been found to be sensitive to the levels of  
minor elements such as carbon, titanium, silicon, zirconium, and colum- 
bium. An extensive review of the effects of composition and other vari- 
ables on swelling is contained in Ref 3. Removal of almost all impurities 
has led to greatly enhanced swelling in neutron-irradiated solution-annealed 
Type 316 stainless steel [2]. Subsequent ion bombardment studies [3] 
indicated that the primary effect of removing the impurities was to de- 
crease the incubation period substantially, as shown in Fig. 2. 

The expanded data field is still too small to allow the simultaneous 
determination of the form of the swelling equation and the nature of the 
major parametric dependencies, which are known to include the irradia- 
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212 IRRADIATION EFFECTS ON METALS 

TABLE 2--Compilation of  recent swelling data for 20 percent 
cold-worked Type 316 stainless steel. 

Irradiation Fluence, 
Experiment Reference Tempera- 1022 n/cm 2 A V/Vo, 

Material Designation No. ture, ~ (E > 0.1 MeV) 070 

20% cold-worked Type X-098 19 
316 Drawn tubing (General Electric) 
Heat #M2783 

27% cold-worked Type X- 157 
316 Swaged rod (B-92) 
Program heat (Westinghouse Hart- 

ford) 

20 

20% cold-worked Type X- 100 21 
316 Rolled sheet (Atomics Interna- 
Heat #34357 tional) 

2000 cold-worked Type X- 100 22 
316 DO heat (Oak Ridge National 

Lab) 

454 8.6 O. 13 
454 8.4 0.05 
535 8.9 0.42 
535 8.6 0.26 
609 8.8 2.30 
609 8.6 1.60 
689 9.4 0.01 
689 9.2 - 0.10 

390 5.6 0.31 
430 7.6 0.83 
460 6.6 0.42 
625 9.5 1.42 
685 9.9 0.46 
750 10.1 - 0.03 
810 10.1 -0.02 

500 8.0 -0.1 
600 8.0 3.3 

500 6.6 -0.10 
600 6.6 0.40 

tion temperature, total neutron fluence and spectrum, and the stress state. 
In this data set the latter parameter should not be operating, however. 

Rather than attempt to recorrelate the data, it was decided to analyze 
the data in Table 2 for consistency with predictions of the previous cor- 
relation. Figure 3 is a graphical compilation of the recent cold-worked 
data tabulated in Table 2. The largest uncertainties are not associated 
with the magnitude of the swelling but with the assignment of fluence 
and temperature. Since these data were derived in uninstrumented experi- 
ments, the temperature is the most difficult parameter to estimate in- 
reactor. 

In performing a consistency analysis on these data, it was found that 
there is a very large variation between the magnitude and the predicted 
value for each data point. Recent insights gained from simulation experi- 
ments have led to a realization that the apparent variations, while large at 
relatively low fluence, do not necessarily imply equally large variations 
at higher fluences. 

First of all, the linear-after-incubation swelling model was confirmed 
in full-range ion bombardment studies on 20 percent cold-worked Type 
316 [4] and electron irradiation studies [5| on the various heats of pro- 
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FIG. 2--Swelling observed in ion bombardment o f  commercial Type 316 and high-purity 
(reduced carbon, nitrogen, and silicon) stainless steels. This figure was reproduced direclty 
from Johnston et al [3]. 

totypic and qualification steels employed in the FTR development pro- 
gram. The electron irradiation studies also showed that although the 
steady-state swelling rates for all heats are similar, there is a large vari- 
ability in the local incubation period, as shown in Figs. 4 and 5. This is 
a consequence of the small volume sampled in a high-voltage electron 
microscope (HVEM) irradiation experiment [6], since the incubation pa- 
rameter in a given material depends strongly on local composition and 
microstructure. In broad-beam irradiation techniques such as 5 MeV Ni § 
ion irradiations, the variability is much easier to observe, although the 
local variability is often seen in the small areas irradiated with electrons. 
Similar local variations in swelling are routinely observed in neutron- 
irradiated cold-worked stainless steels in the United States and abroad. 
Figure 6 shows that the bulk-integrated swelling behavior measured in 
ion bombardment experiments for various nominally similar heats can 
be quite variable [7]. The range for the various first-core heats of steel is 
quite small, however, reflecting the stringent specifications placed on the 
composition and processing of reactor-grade materials. 

Based on these observations, it appears that in both electron and neutron 
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FIG. 4--Results of HVEM irradiation at two temperatures of various lots of prototypic 
20 percent cold-worked Type 316 stainless steel fuel cladding [5J, 

irradiations there will be some bulk-integrated incubation parameter for 
each material 

f x,- ( T, composition, structure) dV 
~, (r )  = f a y  

where 

dV = individual volume element, 
T = temperature, and 
i = material identity. 

If a normal distribution of 1(T) values throughout the material is assumed, 
then the probability of any volume having a given x(T) is 
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FIG. 6--Tube lot-to-lot variations in total swelling observed in ion bombardment o f  various 
cold-worked steels o f  interest to the FTR development program [23]. The bars connect tube 
lots which were derived from the same heat. Lots X, DD, CN-13, and CN-17 are designated 
as first-core steels�9 

P,( 'r)  _ ~ 1  exp (.[T --20, ~u 

As shown in Fig. 7, two different heats might have macroscopic or bulk- 
averaged values of u which are different, even though there may be over- 
lap in the microscopic -r-values. At low fluences the influence of the incuba- 
tion period will lead to large relative differences. At higher fluences, only 
a small absolute difference will be maintained. 

D e v e l o p m e n t  o f  an  U p d a t e d  C o r r e l a t i o n  ( 1 9 7 5  P o s i t i o n )  

If it is assumed that the compositional and rnicrostructural dependence 
is contained only in the incubation parameter T, the complexity of the 
problem can be reduced by visualizing the data in T-space rather than 
swelling space. This has the benefit of automatically normalizing all data, 
removing the dimension of fluence. 

The following approach was used in this analysis: 
1. R (73 and a( 73 were preserved from the previous correlation. 
2. The new data points were correlated by finding r*-values necessary 

to reproduce the observed swelling at that temperature and fluence. 
3. These z*-values were then analyzed for trends. 
Figure 8 shows the new data plotted in r-space, as well as the data used 

by Laidler in developing the previous T( 73 correlation. With the exception 
of the X-157 data points below 500~ (932~ all data lie above the cur- 
rent correlation, which was expected to be a lower bound. With an addi- 
tional exception of the lowest data point at 600~ (ll12~ all points lie 
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218 IRRADIATION EFFECTS ON METALS 

HICROSCOPIC BEHAVIOR 

HEAT #2 

7~ 72 

HEUTROtl FLUE~CE 

dACROSCOPIC BEHAVIOR 

J , , '  

FIG. 7--Schematic representation o f  statistical distribution o f  incubation parameters, T, 
and the effect o f  this distribution on the observed bulk swelling. 

in a relatively tight band which is best defined by the X-098 data, the only 
data set that spans the full temperature range. This reduction technique 
has reconciled apparently large differences in the X-098 and X-100 swelling 
data. The large difference in observed swelling in these two materials is 
due to the fact that the X-100 experiment was irradiated to a fluence of  
the order of  the incubation period, while the X-098 experiment was irra- 
diated to higher levels. 

A modified incubation parameter curve, labeled Troop, was placed through 
the upper-bound data and has the following form 

Tmod(T) = 2.57262 X 102 -- 2.39381T + 8.16677 X 10-3T 2 

- 1.18508 x 10-ST 3 + 6.21367 x 10-9T 4 

The form of  this curve requires some comment since a nearly straight 
line placed around T = 8.0 for all temperatures would probably fit as 
well. Recent data confirm a trend noted by Brager [8] that there is a peak 
in the incubation period of  20 percent cold-worked Type 316 around 
500~ (932~ and that above 600~ (1112~ it again becomes difficult 
to nucleate voids. As shown in Fig. 9, the shape of  the z-curve is con- 
sistent with the experimental observations, whereas a constant T is not. 

The B-92 data below 500~ (932~ are completely inconsistent with 
this curve and require negative values for T below 400~ (752~ This 
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F I G .  8--Swelling data o f  Table 2 reduced to z-space. 

material has a higher level o f  cold work (27 percent), however,  and there 
is considerable uncertainty in the estimated irradiation temperatures. The 
agreement at higher temperatures may be due to the irradiation-induced 
recovery o f  20 and 27 percent cold work to the same dislocation density. 
Note  that the [Tmod(T) -- 2.0] curve is in rough agreement with the lowest 
data point at 600~ (1112~ and the earlier data o f  Laidler, and forms a 
lower-bound estimate o f  T(T). Reconcil iation o f  the low temperature B-92 
data would require [Tmod(T) - 4.0]. 

The new nominal  design equation is chosen so that the middle o f  the 
r-band is used. Therefore, the incubation parameter is now (Tmod -- 1.0) 
o r  

T(T) -- 2.56262 X 102 - -  2.39381T + 8.16677 • 10-3T 2 

- 1.18508 x 10-ST 3 + 6.21367 x 10-gT 4 
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220 IRRADIATION EFFECTS ON METALS 

FIG. 9--Data o f  Brager [20] show that using void densities greater than 1012 crn-3 (open 
triangles) as a nucleation criterion, cold-worked Type 316 stainless steel has an incubation 
period that is strongly temperature-dependent. Note the peak in nucleation resistance around 
500~ (932 ~ 

The R and a parameters remain unchanged from the previous position. 
Note that the coefficients in these equations should not be truncated in 
application. At all temperatures the coefficients are generated by small 
differences between nearly equal terms, and substantial deviations from 
the values intended can be obtained with truncated coefficients, particularly 
above 600~ (1112~ 

Recent Fuel Pin Data 

This new nominal equation was compared [9,10] with recent swelling 
data generated from density measurements on the cladding of fuel pin 
PNL-11-9R. The details of temperature, fluence, and stress history are 
given in the referenced papers. This pin utilized fully prototypic cladding 
and was part of the PNL-11 (X-194) subassembly, containing 37 mixed- 
oxide fuel pins and irradiated to a peak neutl'on fluence of 1.0 • 1022 
n/cm 2 (E > 0.1 MeV). Although the swelling data from this cladding 
cannot be considered stress-free data, the stress level was relatively low, 
with the calculated stress contribution due to stress-affected swelling being 
less than 10 percent of the total. This fuel pin had a low smear density 
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and was not expected to experience fuel-clad contact and subsequent 
stress interaction. Note the rather good agreement shown in Fig. 10, which 
tends to confirm the general applicability of the equation. 

Confidence Limits and Predictions 

With such a limited data field, the assignment of confidence limits is 
quite difficult. Since the swelling equation appears to describe the swelling 
of prototypic tubing quite well, arguments directed toward uncertainties 
involved in extrapolation from simultation studies can be discounted. 
Limits of 125 and 75 percent of the nominal prediction were chosen, 
based on a consensus reached by members of an advisory peer group on 
current best estimates of the uncertainties in the peak swelling rate R. At 
fluences near or below the incubation level, however, the variability in the 
incubation period can lead to percentage variations which are much larger. 
If the confidence limits were to be set by the upper and lower bounds of 
the r-band shown in Fig. 8, then the percentage variation is much larger 
at lower fluences and diminishes to unrealistically small values at high 
fluences. Therefore, it is recommended that the + 25 percent confidence 
limits not be applied below 0.5 percent swelling. Another reason for not 
using these confidence limits below 0.5 percent swelling is that the total 
density change below this level is often dominated by independent com- 
panion processes--precipitate-related thermal densification and recovery 
of cold work--which yield strains on the order of 0.1 to 0.2 percent for 
FTR steels [11]. The contribution due to these processes is shown in Fig. 
10. 

The original correlation predicted that the maximum swelling of FTR 
fuel cladding would be 8 and 21 percent at the goal fluences of 1.2 x 1023 
and 2.5 x 1023 n/cm 2 (E > 0.1 MeV), which are approximate target goals 
for FTR and proposed commercial breeders, respectively. The new cor- 
relation proposed here predicts 6.2 and 20 percent, reflecting relatively 
minor changes in the predicted swelling levels. At lower fluences the rela- 
tive difference between the two swelling predictions becomes progressively 
larger. If the peak flux region does not coincide with the location of the 
peak swelling rate, the levels of swelling will be even smaller. 

Application of Swelling Correlations to Other Reactor Environments 

These correlations were developed on the basis of the conventional 
concept of  a threshold fluence, in which only the portion of the fluence 
above 0.1 MeV is considered to contribute to radiation-induced property 
changes. In effect, the damage potential of the spectrum is approximated 
by weighting the total fluence, ~t, by F(0.1), the fraction of the flux above 
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0.1 MeV. As documented elsewhere [12], the use of F(0.1) as a spectrum 
weighting factor is not physically defensible, but it functions fairly well 
nonetheless as an approximate spectral weighting factor in the core regions 
of fast reactors. In reflector regions and beyond, however, F(0.1) does 
not adequately approximate the decreasing displacement potential of the 
local neutron spectrum. The net effect is to overpredict the amount of 
swelling expected outside of the core. The reduced atomic displacement 
potential of the fluence can be included in the swelling correlation by 
dividing the input fluence by the factor K, where 

[ ], 
K =  ~ L od--~3 \ 0 . 8 7 /  o'a 

EBR-II 

= 511 . ~  
F(0.1) 

Od 

The validity of this procedure is documented in Ref 12, which employs 
the spectrum-averaged atomic displacement cross section Oa (barns), cal- 
culated according to the standard procedure [13]. In the FTR core center 
the spectrum is softer than in the EBR-II core center, with ~d = 280 barns 
and F(0.1) = 0.62, which leads to KFrR = 1.13. Although this implies 
that the FTR flux is 12 percent less effective than the EBR-II flux in 
creating damage, this consideration has not been included in swelling 
predictions for FTR, since the error is small compared with the other 
uncertainties involved. In out-of-core fast reactor environments, however, 
this consideration can lead to much larger changes in the predicted swelling. 

In the application of any swelling equation developed for the liquid 
metal fast breeder reactor (LMFBR) to fusion or thermal reactor environ- 
ments, there are additional considerations which must be included. First 
of all, the spectra in these reactors are quite different from those of fast 
reactors, containing contributions from 14 MeV neutrons in a fusion 
reactor spectrum, and involving both a more energetic fast spectrum as 
well as a thermal neutron distribution in a thermal reactor. While the 
factor K can be used to account for displacement effects in these environ- 
ments, it cannot completely compensate for accompanying changes in 
displacement rates and helium production, both of which are known to 
influence the swelling behavior of stainless steels. 

The swelling phenomenon is known to span a temperature regime which 
shifts with displacement rate. For a given displacement rate r = ~ ,  the 
swelling regime ranges from Ts(~t) to Ti(~) ,  peaking at an intermediate 
temperature Tj,(O~). As the displacement rate increases or decreases to 
�9 2, there is an increase or decrease in all three characteristic temperatures. 

Theory [14] predicts a temperature shift based on the upper end of the 
swelling regime such that 
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K 
ATe(C,,, ,),,) = AT~ = T ?  f 1 1 02 KT~ (~2' In ~---~ 

1 + - g 7  In 

where 

T~ = irradiation temperature in degrees Kelvin at ~ ,  
K = Boltzman's constant, and 
Ev = self-diffusion energy. 

As a first approximation, the temperature shift is assumed to operate 
equally at all temperatures in the swelling regime. 

For small enough changes in 

ATp = J ln((I)2/~,) 

The best current estimates [15,16] of the magnitude of this shift at fast 
reactor displacement rates is 25 ~ (45 ~ per flux decade (J = 10.9), and 
38~ (68~ per flux decade at typical charged particle displacement 
rates. Therefore, for reactor applications at fluxes substantially different 
from EBR-II, the temperature T in the swelling equation can be replaced 
by T' where 

E ] T ' =  T + 10.9 In [_(445)(3.1 x 10 '5 ) 

where 

T'  = effective temperature and 
T = actual irradiation temperature. 

For the FTR core center region, (T '  - T) is less than 10~ (18~ 
Note again that ~ is the total flux and 8a the average displacement cross 

section for the entire spectrum. This distinction is very important for 
thermal and fusion reactors. 

While some adjustment can be made for the effect of displacement 
rate, the effect of the increased helium concentrations generally obtained 
in other reactors [17] is not so easily modeled. Wiffen and Bloom [18] 
have investigated the swelling of Type 316 stainless steel in the high-flux 
isotope reactor (HFIR) and found that the swelling level was influenced 
strongly by the much higher helium levels produced in this reactor, sug- 
gesting that helium production may dominate the swelling behavior in 
such conditions. 

It is suggested that prior to application of this correlation to a new 
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environment, the spectrum-averaged helium production cross section 
should be compared with the EBR-II value of ~0.2 millibarns. If the 
cross section exceeds the EBR-II value by more than a factor of five, the 
predictions of this correlation should be interpreted only as a lower esti- 
mate of the swelling. 

Conclusions 

With insight gained from analysis of simulation and charged-particle 
irradiation data, a correlation has been developed that successfully pre- 
dicts the magnitude of void swelling in 20 percent cold-worked Type 316 
stainless steel at fluences near that of the FTR goal. Upon extrapolation 
to the long-term fast breeder goal fluence of about 2.5 x 1023 n/cm 2 
(E > 0.1 MeV), the swelling is expected to be about 20 percent. With 
some caution, this correlation can be employed as an estimate of swelling 
in other reactor environments. The modifications required in such applica- 
tions arise due to spectral and flux level considerations. 
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ABTRACT: Ferritic alloys have some promise for duct and cladding applications for 
liquid metal fast breeder reactors (LMFBR) because of their favorable neutron ab- 
sorption cross sections. Two alloys of the 10 to 12 percent chromium class, EM-12 
and HT-9, have been selected for study in the National Alloy Development Program. 
Bombardment with 2.8 MeV 56Fe+ ions and transmission electron microscopy (TEM) 
observations were used to determine the temperature dependence of swelling at 150 
displacements per atom (dpa) and the swelling rate at the peak swelling temperature 
up to 250 dpa. Both alloys were found to be more swelling resistant than Type 316 
stainless steel, with EM-12 having a swelling rate of 0.011 percent/dpa at the peak 
swelling temperature of 550~ (1022~ while HT-9 had a swelling rate of 0.017 per- 
cent/dpa at the peak swelling temperature of 500~ (932~ An unusual feature of 
swelling in these materials was the formation of very large voids on precipitates along 
the grain boundaries. 

KEY WORDS: radiation, swelling, ferritic stainless steels, radiation effects, trans- 
mission electron microscopy, ion bombardment, voids 

The discovery of  swelling in 1967 presented a new challenge to the 
nuclear metallurgy community. Not only was this a new and unexpected 
phenomenon,  but it also had engineering and economic implications. It 
was soon found that swelling resistance was influenced by composition 

I Research metallurgists, Thermostructural Materials Branch, Engineering Materials Di- 
vision, Naval Research Laboratory, Washington, D.C. 20375. 

2 Physicists, Materials Modification and Analysis Branch, Radiation Technology Division, 
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and metallurgical state. It also became apparent that the doubling time 
was influenced by neutron absorption cross section; therefore, economics 
became a factor in material selection. New design criteria and a different 
set of trade-offs developed for cladding and duct applications in the 
liquid metal fast breeder reactor (LMFBR), and conventional alloy design 
wisdom had to be modified. To meet this need, the National Alloy Devel- 
opment Program was initiated in 1974 under sponsorship of the Energy 
Research and Development Administration (ERDA); the research reported 
here is a part of that effort. 

Ferritic alloys are of potential interest for duct and cladding applica- 
tions in LMFBR because of their lower neutron absorption cross section 
and because a few scattered observations suggested that they might be 
swelling resistant [1-4]. 3 The major deficiency of ferritic alloys is their 
poor creep strength above 600~ (1112~ which results from overaging 
and transformation of the metastable precipitate phases that provide the 
strengthening mechanism. The class of commercial ferritic alloys with the 
best high-temperature strength was considered to be the 10 to 12 percent 
chromium alloys with additions of molybdenum, columbium, tungsten, or 
tantalum to provide solid-solution hardening and more stable alloy car- 
bides at high temperatures. Two commercial alloys from this class were 
selected for study in the National Alloy Development Program, EM-12 
and HT-9. 

No neutron irradiation data were available on either of these materials, 
so ion bombardment with 2.8 MeV 56Fe+ ions was utilized to rapidly 
assess the temperature dependence of swelling in them and their swelling 
rate at the peak swelling temperature. The results of those ion-bombard- 
ment experiments are described in this paper. 

Experimental Methods 

The two alloys selected for this study, EM-12 and HT-9, were procured 
from vendors by Hanford Engineering Development Laboratory (HEDL) 
and specimens in the form of 3-mm-diameter rods in the heat-treated 
conditions were supplied for these experiments. Chemical compositions 
for the heats of these alloys are given in Table 1. 

These combinations of composition and heat treatment produce micro- 
structures that are primarily overaged tempered martensite. Coarse precip- 
itates, which are probably M23C6 or M6C [5], formed along many of the 
grain boundaries. The tempering temperature selected for the experiments 
was higher than commonly employed in commercial practice for similar 
super chrome steels, although it was within the range recommended by 
Sandvik for high-temperature service for HT-9. Tempering at 780~ 

3 The italic numbers in brackets refer to the list of references appended to this paper. 
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TABLE l--Chemical analysis of ferritic alloys. 

Cb + 
C Mn Fe Cu Ni Cr Mo Si Ta Co 

EM-12 0.059 1.08 86.5 0.055 0 .15  10.50 2.05 0.18 0.36 0.033 
HT-9 0.19 0.61 85.0 0.045 0 .44  12.05 0 .92  0 . 5 0  0 . 3 0  0.026 

Heat Treatments 

EM-12--solution anneal at 1050~ (1925~ for 30 rain/air cool; temper at 755~ 
(1390~ for 1Vz h/air cool 

HT-9--solution anneal at 1050~ (1925~ for 30 min/air cool; temper at 780~ 
(1436~ for 2�89 h/air cool 

(1436~ should provide stability of  the microstructure at the irradiation 
temperature,  but at the sacrifice of  strength. Also, as will be seen later, 
the coarse precipitate morphology adversely influences void nucleation. 
The carbon content of  the heat of  EM-12 used was on the low side of  the 
commercial  range, and this resulted in the presence of  large grains of  
delta ferrite in the structure. 

Specimens were prepared for ion bombardment  f rom the rod material 
received f rom H E D L  by slicing o f f  wafers approximately 0.015 in. thick, 
using a silicon-carbide abrasive wheel. The slices were then ground flat 
and parallel and reduced to approximately 0.005 in. on 600-grit abrasive 
paper.  Specimens were mechanically polished with 0.3-/am alumina and 
then electropolished for 30 s in a solution of  15-ml perchloric acid, 250-ml 
methyl alcohol, and 150-ml butyl alcohol at - 6 5  ~ ( - 8 5  ~ at a poten- 
tial o f  45 V. 

The specimens were then implanted with helium in the Naval  Research 
Labora tory  (NRL) cyclotron with a 30-MeV a-particle beam. An alumi- 
num sheet was used to reduce the energy of  the a-particles so they would 
come to rest in the surface region of  the foils. The helium concentration 
profile resulting f rom this implant was one half of  a Gaussian-shaped 
peak with full width half  maximum of  11.8 lam and a maximum concen- 
tration of  1-ppm helium. This concentration of  helium corresponds to the 
calculated accumulation of  helium f rom (n, a) reactions for a fluence of  
1 • 10 25 neutrons (n) /cm 2 E >  0.1 MeV. 

The ion irradiations were performed using the NRL 5-MV Van de 
Graa f f  accelerator with a beam of 2.8 MeV 5~Fe + ions. The experimental 
irradiation system and procedures used for the bombardment  are the same 
as those described in Ref  6 and will not be repeated here. The beam cur- 
rent density for all of  the bombardments  was 8 /aA/cm 2, which produced 
37 ~ (67 ~ beam heating of  the specimen. This temperature rise is in- 
cluded in all irradiation temperatures reported herein. 

The irradiations were performed in two experiments so as to first deter- 
mine the temperature dependence of  swelling and then determine the 
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swelling rate at the peak swelling temperature. In the temperature-depend- 
ence experiment, specimens of EM-12 and HT-9 were each bombarded at 
temperatures of 650, 600, 550, 500, and 450~ (1202, 1112, 1022, 932, 
and 842~ in that sequence, to a dose of 150 dpa. The swelling rate ex- 
periment involved bombardment at the peak swelling temperature to 
doses of 250, 150, 80, and 40 dpa, in that order. 

The deposition of damage energy by the incident iron ions as a function 
of depth into the foil was determined from the Manning-Mueller E-DEP-1 
computer code [7], assuming densities of 7.8 g/cm 3 for EM-12 and 7.7 
g/cm ~ for HT-9. The region of peak energy deposition was calculated to 
be 0.61/~m below the front surface for EM-12 and decreased to 20 percent 
of the maximum at 0.47 and 0.72/Jm. In HT-9 the peak damage region 
was 0.62/~m below the surface and decreased to 20 percent of the maxi- 
mum at 0.47 and 0.72 /~m. Displacement doses were calculated on the 
basis of a Kinchin-Pease secondary displacement model with an efficiency 
of 0.8 and a displacement energy of 40 eV. The corresponding dose rate 
for these irradiations was 6 x 10 -2 dpa/s. 

Specimens were prepared for microscopy by removing 0.52 _+ 0.05/~m 
from the front fac~ by electropolishing in a chromic-acetic acid polishing 
cell, using a laser interferrometer [8] to monitor removal of the metal. 
The specimens were then back thinned to perforation by masking off the 
front surface and using a single-jet electropolisher with the perchloric- 
alcohol solution previously described. Some of the specimens had un- 
usually large voids, and they perforated at these locations prior to thin- 
ning to suitable electron transparent thickness. Where this occurred, the 
specimens were further thinned from the backside using an ion milling 
unit. 

The specimens were examined using a 200-kV JEM-200A electron mi- 
croscope, equipped with a double-tilt side-entry goniometer stage. To 
obtain quantitative microstructural information on an area, a stereo pair 
showing the voids was taken under weakly diffracting conditions (dislo- 
cations out of contrast) with a stereo angle >/12 deg, and a third micro- 
graph of the same area was taken with the dislocation structure in con- 
trast. Void densities and distributions were measured using a particle-size 
analyzer. The thickness of a given area was determined from the stereo 
pair by measuring the distance between voids obviously intersecting op- 
posite foil surfaces. 

Microscopy in these materials is exceedingly difficult because the mag- 
netic specimen causes a beam shift and attendant loss of resolution with 
each movement and tilt of the specimen. In addition, the martensitic 
structure is highly strained and has small grain sizes so that widely vary- 
ing diffraction conditions exist in any given field of view. To add to the 
difficulties of analysis, large variations in void size were encountered 
which required modifications in the usual void analysis techniques. This 
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required sampling both thin sections of the specimen to characterize the 
small voids which had relatively high densities, and thick sections to char- 
acterize the large voids which were few in number. 

The case of the large voids also required a special approach to calculate 
swelling. The assumption was made that voids intersecting the surface 
with sharply defined edges had their centers in the foil and were counted 
as voids. Those with rounded edges were assumed to be less than half in 
the foil and were not counted. The effective thickness for the void num- 
ber density in cases where the void diameter exceeded the foil thickness, 
but where the center was within the foil, was calculated by setting the 
effective foil thickness equal to the diameter. Swelling was then calculated 
from the equation 

where 

s ( % )  = 
IOOA V 

V - A V  

A V = n/6  Z n~di 3 
i 

and where d; is the center of the ith-size interval for void diameters mea- 
sured by the particle size analyzer. Also, n~ is the number of voids/cm 3 in 
that size class which has been normalized to an effective foil thickness of 
t - dr, where the voids are smaller than the foil thickness, and to an 
effective thickness of t = d~, where very large voids are present. 

TEM Observations of Temperature-Dependence Experiments 

The temperature dependence of swelling in these alloys was evaluated at 
150 dpa using transmission electron microscopy (TEM) determinations of 
swelling. The more significant observations are described in some detail 
in the following section, and the characteristics of the void microstruc- 
tures are summarized in Table 2. 

EM-12 specimens have been examined from each of the five tempera- 
tures bombarded, and voids were found in the 500, 550, and 600~ (932, 
1022, and 1112~ specimens. The specimen at 500~ (932~ had large 
voids, with a mean diameter of 80 nm, which were associated with precip- 
itates along the grain boundaries. These voids were rather inhomogene- 
ously distributed in the specimen, and a sampling of several areas was 
required to determine the average density and estimated swelling in Table 
2. The inhomogeneity of  void distributions in EM-12 is best illustrated in 
the 550~ (1022~ specimen shown in Fig. 1. Three different size classes 
of voids were observed: A few exceptionally large voids with diameters up 
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T A B L E  2--Void microstructures in commercial ferritics at 150 dpa. 

E M - 1 2  H T - 9  

T e m p e r a t u r e ,  ~  d ( n m )  0 (cm -3) AV ( % )  d ( n m )  o (cm -3) AV ( % )  

V V 

450  . . .  n o  voids  79 .0  1.0 • 10 ~3 0 .4  
500  80 .0  6.5 • 10 ~2 ()14 117.5 3.3 • 10 x3 3 .7  
550 34.5 1.5 • 1014 1.5 76.5  1.7 • 10 j3 0 .7  
600  33 .0  2 .7  • 10 ~3 0.1 89 .0  1.5 • 10 ~3 0 .8  
650  . . .  n o  vo ids  . . . . . .  n o t  e x a m i n e d  . . .  

F I G .  1--TEM of  voids in EM-12 after bombardment to a dose o f  150 dpa at 550~ 
(1022~ Note the three different populations o f  voids; the large voids in the grain interior 
which nucleated on precipitates, the voids along the grain boundary which nucleated on pre- 
cipitates, and the small voids in the band adjacent to the grain boundary. Swelling was 1.5 
percent in this specimen. 
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to 700 nm which formed on blocky precipitates in the interior of grains; 
voids of around 80 nm associated with the grain-boundary precipitates; 
and, finally, a population of smaller 34-nm mean diameter voids which 
formed in a band adjacent to the grain boundaries. The region containing 
the small voids was found to have a maximum swelling of 0.4 percent 
with a void density of 1.5 • 1014cm-3, but estimates based on averaging 
over the total volume of the grain gave about 0.2 percent swelling from 
this void population. Low magnification shots from thicker sections were 
required to obtain micrographs with enough of the larger voids to count. 
These voids had a mean diameter of 325 nm, a density of 2.5 • 10~1cm-3, 
and a swelling of 1.3 percent. Total swelling from both the large- and 
small-size populations was then estimated by combining the two sets of 
data to give a swelling of 1.5 percent. This example illustrates the diffi- 
culty in measuring swelling in these alloys. In addition, the calculations of 
swelling involving the larger voids which extend beyond the region of uni- 
form damage must be considered with some reservation since they en- 
compass regions with gradients in the displacement damage and gradients 
in the point-defect concentrations. The 600~ (ll12~ specimen had a 
relatively uniform distribution of voids with a smaller mean diameter, 
higher-density voids, and a fine dispersion of precipitates in the grain in- 
teriors, most of which were associated with voids. 

The HT-9 alloy had a wider range of temperatures at which voids were 
observed, greater swelling at the peak swelling temperature, and a peak at 
500 ~ (932~ rather than the 550~ (1022 ~ peak observed for EM-12. 
As in the EM-12, the voids were closely associated with grain boundary 
precipitates, and, because of the more extensive precipitation along grain 
boundaries in the HT-9, the void densities and swelling were greater. In 
fact, void formation along the boundaries was extensive enough to cause 
concern about degradation of mechanical properties. See Fig. 2 for an ex- 
ample of this void morphology. 

A summary of the void microstructures for the temperature dependence 
of swelling is provided in Table 2. The temperature dependence of both 
the void size and density is unusual in these materials and probably re- 
flects the influence of the precipitates on void nucleation and growth. In 
EM-12 the large void size at 500~ (932~ reflects nucleation of a few 
large voids on precipitates, but at 550~ (1022~ and higher the nucle- 
ation of many small voids in the matrix causes the mean diameter to de- 
crease. In HT-9 the void size and density are fairly constant with temper- 
ature except at 500~ (932 ~ the peak swelling temperature, where both 
size and density increased. 

The dislocation structure in these alloys was difficult to characterize 
because of the very high dislocation density resulting from the martensite 
transformation in the starting material and the loop structure resulting 
from the displacement damage in the ion-bombarded specimens. At the 
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lowest irradiation temperature of 450~ (842~ both alloys had a very 
high dislocation density, which appeared as a mass of black-and-white 
contrast in which individual dislocations could not be resolved. This ap- 
peared to be a combination of overlapping dislocations and small loops or 
clusters. At 500~ (932~ the dislocation density was still very high, but 
in the HT-9, in particular, individual dislocations could be resolved. At 
550~ (1022~ the dislocation structures were characterized by dense 
tangles, containing small loops less then 10 nm, or small precipitates or 
both. At 600~ (1112~ dense tangles, small loops, and fine precipitates 
were observed in the EM-12, while in HT-9 a tangled network had 
formed. At 650~ (1202~ in the EM-12, where no voids were observed, 
the dislocation structure had relaxed into a fairly regular network with a 
few small angle boundaries. Also, precipitation had occurred on the net- 
work, especially at nodes. In general, the dislocation structure decreased 
in density with increasing irradiation temperature from 450 to 650 ~ (842 
to 1202~ and the HT-9 appears to show recovery at lower temperatures 
than the EM-12. 

TEM Observations of the Dose-Dependence Experiments 

After the peak swelling temperature had been established, another set 
of specimens was ion bombarded to establish the swelling rate at the peak 
swelling temperature. Specimens of EM-12 were bombarded at 550~ 
(1022~ to doses of 40, 80, and 250 dpa while specimens of HT-9 were 
bombarded at 500 ~ (932 ~ to doses of 40, 80, 150, and 250 dpa. The 
duplicate specimen at 150 dpa was included to confirm the rather large 
variations in void size and morphology from grain to grain observed in 
the temperature-dependence experiment. 

The swelling trends observed in the experiment fit quite well with re- 
sults of the previous temperature-dependence experiments. The 40- and 
80-dpa specimens of EM-12 had a low density of the large voids associ- 
ated with precipitates along grain boundaries, which had previously been 
noted in the 150-dpa specimen at 550~ (1022~ The mean void size 
was about 95 nm, and the density increased from 4.6 x 1012 cm -3 at 40 
dpa to 9.3 • 1012 at 80 dpa with an attendant increase in swelling from 
0.4 to 0.7 percent. As noted in the previous study, at 150 dpa a new 
population of small voids appeared which was not associated with precipi- 
tates. Because of the large numbers of the voids, the mean diameter of the 
total void population dropped to 34.5 nm while the void density increased 
to 1.5 x 10 TM cm -3. The swelling continued to increase to 1.5 percent, but 
most of the swelling still came from the larger voids. The 250-dpa speci- 
men also showed the multiple population. Mean size increased to 37 nm, 
and density increased to 3.6 x 1014 with an attendant increase in swelling 
to 2.6 percent. Again the larger voids (>50 nm) produced most of the 
swelling, 2.2 percent out of 2.6 percent. 
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236 IRRADIATION EFFECTS ON METALS 

The HT-9 did not have two distinct size populations of  voids but did 
have rather large variations in void density from one region of the speci- 
men to another. This trend had previously been noted in the 150-dpa 
specimen from the temperature-dependence run, and a duplicate specimen 
for the 150-dpa point was made in this experiment to check consistency. 
The same variability in swelling was noted in the duplicate 150-dpa speci- 
men and in the 250-dpa specimen, and it was concluded that these varia- 
tions from one area to another are real. The cause is not known, but may 
result from composition variations in the specimen or the distribution of 
precipitates in the specimen. An example of  the association between pre- 
cipitates and voids is shown in Fig. 2, for a very thick section of  the 250- 
dpa foil. 

A void density of  ~2  • 1013 cm -3 was found from 40 dpa to 250 dpa 
in the HT-9, and most of  these voids were associated with precipitates. 
The mean void size, on the other hand, increased from 92.5 nm at 40 dpa 
to 142.5 nm at 250 dpa, and the swelling likewise increased from 1.2 per- 
cent at 40 dpa to 4.7 percent at 250 dpa. It appears that the voids nucleate 
early in the irradiation on precipitates and then grow slowly. The matrix, 
however, appears to be more resistant to swelling then EM-12 because no 
small voids were seen in the matrix. Data from the dose-dependence ex- 
periments are summarized in Table 3. 

TABLE 3--Summary of  void microstructures for dose dependence of swelling 
at peak swelling temperature. 

Material 

Fluence, dpa 

Parameter 40 80 150 250 

EM-12 (550 ~ 

HT-9 (500 ~ 

d-(nm) 96.0 95.0 34.5 37.0 
0 (c m-3) 4.6 x 1012 9.3 x 1012 1.5 x 1014 3.6 • 1014 

AV(%) 0.4 0.7 1.5 2.6 
V 

d(nm)  92.5 106.5 117.5 142.5 
0(cm-3) 1.9 • 1013 1.7 x 10 ~3 3.3 x 10 ~3 2.4 • 1013 

AV(%) 1.2 1.8 3.7 4.7 
V 

Discussion 

The temperature dependence of  swelling for these alloys at a dose of  
150 dpa is plotted in Fig. 3. Error bars on HT-9 indicate the range of 
swelling observed in different areas of  the specimen examined. Inhomo- 
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geneity of  this degree makes it difficult to obtain accurate measurements 
o f  swelling by TEM. Error bars on the EM-12 measurements represent 
+ 30 percent values. Swelling in HT-9 is a maximum at 500~ (932~ 
while that in EM-12 is a maximum at 550~ (1022~ The range of  swell- 
ing is greater in HT-9 possibly because of  the association of  voids with the 
precipitates. 

Very little data are available on swelling of  ferritic materials with which 
to compare the results of  the present investigation. Johnston et al [9] have 
examined a series of  binary alloys containing 7, 15, and 20 percent chro- 
mium, using 5-MeV Ni § ion bombardment. The maximum swelling tem- 
perature in the 15 percent chromium alloy was a 550~ (1022~ for a 
dose of  115 dpa (using Ed of  40 eV). A compositional effect on swelling 
was found with a maximum of  7 percent swelling in the 15 percent chro- 
mium alloy, with lower swelling at higher and lower chromium contents. 
A commercial 2 .25Cr-lMo alloy examined after bombardment under the 

9.C 

8.C 

7.C 

6.C 
A 

# 

5.c 
3 ~d 

4.0 

3LO 

2.0 

1.0 

400 

TEMPERATURE DEPENDENCE OF 

SWELLING AT 150 DPA IN COMMERCIAL FERRITICS 

/ 

/ 
/ 
/ 

t 
45O 

HT-9 

, /  
\ 
\ 

E M - t 2  

500 550 600 650 
TEMPERATURE (~ 

F I G .  3--Temperature dependence of swelling at 150 dpa for EM-12 and HT-9. Error bars 
represent +30 percent for EM-12 and range of  observations for different specimen areas in 
HT-9. 
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238 IRRADIATION EFFECTS ON METALS 

same conditions showed only 0.8 percent swelling. The authors [1], in a 
previous study of  pure iron and several dilute iron alloys, using Ni § ion 
bombardment to study swelling in the 10 to 20 dpa range (for Ed = 40 eV), 
found that the maximum swelling of  ~0.3 percent occurred at 650~ 
(1202~ in pure iron but at 450~ (842~ in an Fe-0.3Cu alloy. Neutron 
irradiation of  Type 405 stainless steel [2], a steel of  the same class as those 
studied in this experiment, produced no void formation after a total flu~ 
ence of  3.3 • 102z n /cm 2 ("~15 dpa) in the Experimental Breeder Reac- 
tor-II (EBR-II) at a temperature between 400 and 425 ~ (752 and 797 ~ 
If  a dose rate shift in the peak swelling temperature of  about 100~ 
(180~ were assumed, the irradiation temperature should have been in 
the temperature range where high swelling would be expected. Heat treat- 
ments given the Type 405 in the experiment produced larger carbides or 
a delta ferrite structure, however, so a direct comparison may not be that 
significant. Thus the limited amount  of  previous data on less complex 
iron-base alloys indicates that swelling occurs in the same temperature 
range found for the present experiments and is sensitive to alloy addi- 
tions. 

The dose dependence of  swelling at the peak swelling temperature is 
plotted in Fig. 4. As in Fig. 3, error bars for the data points for HT-9 
approximate the variations in swelling observed from different regions in 
the specimen, while those for EM-12 are _+ 30 percent. Higher-dose data 
points for both materials are derived from analysis of  four to six different 
micrographs from different regions of  the specimen. As can be seen in 
Fig. 4, both sets of  data can be fitted to a linear swelling relation. EM-12 
extrapolates to an incubation period of  about 10 dpa, while the data for 
HT-9 indicate a region of  higher swelling rate between 0 and 40 dpa from 
the data fitting. It should be noted, however, that a linear swelling rate 
line can be drawn from the origin and pass within the indicated error 
bars. The lines plotted in Fig. 4 represent a least-squares fit to the data in 
Table 3 with the following equations 

HT-9  

EM-12 

A V (O7o) = 0.0170 (dpa) + 0.61 
V 

AV (070) = 0.0109 (dpa) - 0.12 dpa > 11 
V 

= 0 dpa < 11 

The observations on the binary Fe-15Cr alloy [8] showed a swelling rate 
higher by a factor of  5 to 10 with 0.118 percent/dpa,  and showed an incu- 
bation period of  about 60 dpa before the onset of  linear swelling. 

The apparent rapid swelling observed at low fluences in HT-9 is un- 
usual for a complex alloy, which more commonly shows the behavior of  

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  S u n  D e c  2 7  1 3 : 1 1 : 1 3  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .
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FLUENCE DEPENDENCE OF SWELLING 
IN COMMERCIAL FERRITIES 
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F I G .  4--Dose dependence o f  swelling at peak swelling temperatures for  EM-12, 550~ 
(1022 ~ and HT-9, 500 ~ (932 ~ Lines shown on the figure represent a least-squares f i t  
to the data points. Error bars on EM-12 represent +_30 percent while those f o r  HT-9 repre- 
sent variations in swelling observed in different areas o f  the specimen. 

EM-12 with an initial incubation period followed by a more rapid linear 
swelling regime. Pure nickel and molybdenum, however, have shown a 
rapid initial swelling rate [10,11]. The close association between the voids 
and precipitates observed in HT-9 would lead one to suspect easy nucle- 
ation as the cause of the rapid initial swelling. Precipitates are believed to 
influence nucleation by either depleting the surrounding matrix of ele- 
ments which suppress swelling or by some unique feature of the interface. 
It has not been possible to identify the precipitates observed in these 
alloys by electron diffraction techniques because of the multiple grain 
and precipitate orientations and the distorted structure. The grain boun- 
dary morphology and heat treatment conditions, however, should 
produce M23C6 and M6C as the predominant precipitate phases [5], and 
electron diffraction patterns of M 23 C 6 or M ~C, or both, have been iden- 
tified in HT-9 aged for longer times to produce larger precipitates. Both 
these phases are rich in chromium, molybdenum, and carbon [12] and 
thus would deplete the surrounding matrix of these elements. Another 
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possibility is that the precipitate-matrix interface serves to nucleate voids, 
perhaps as a response to the formation of interfacial dislocations on the 
precipitates. It is not possible to resolve this question with the data avail- 
able in this experiment. Another possibility considered was that porosity 
in the stock material or preferential etching of the precipitates could cause 
an apparent rapid nucleation; however, examination of unirradiated speci- 
mens prepared in the same manner showed no porosity or preferential 
attack on precipitates. 

The formation of voids on precipitates along the grain boundaries may 
also degrade the mechanical properties. Indeed some grains were bordered 
by voids along 50 to 75 percent of their boundary in the planar section 
observed by TEM. An investigation of the precipitate distribution after 
tempering at lower temperatures shows that the massive precipitation 
along grain boundaries can be reduced substantially by tempering at 650 ~ 
(1202~ for 4 h. This should also improve the creep strength while, it is 
hoped, preserving alloy stability at the service temperature. Another study 
of the swelling behavior of HT-9 with this optimized heat treatment is in 
progress. 

Conclusions 

An investigation of the swelling resistance of the commercial ferritic 
alloys EM-12 and HT-9, using heavy ion bombardment with 2.8 MeV 
56Fe+ ions, has shown the following: 

1. The maximum swelling at 150 dpa occurs at 500~ (932~ in HT-9 
and at 550~ (1022~ in EM-12. 

2. The maximum swelling rate in HT-9 is 0.017 percent/dpa while it is 
0.011 percent/dpa in EM-12, some 20 times lower than the maximum 
swelling rate of Type 316 stainless steel. 

3. Large voids are associated with precipitates, most likely M23C6 and 
M6C, along grain boundaries in the materials studied in this investigation 
and may degrade the mechanical properties. 
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ABSTRACT: The nucleation and growth mechanisms of self-interstitial dislocation 
loops in columbium, columbium-oxygen, columbium-zirconium, and columbium- 
molybdenum, were studied by the electron irradiation and in situ observation in the 
temperature range from 10 K to 500 K, using a high-voltage electron microscope. The 
loop density increased in proportion to the square root of interstitial oxygen con- 
centration. The density first decreased and then increased with the increase in zirconium 
and molybdenum concentrations. The logarithm of loop density was proportional to 
the reciprocal irradiation temperature. The growth rate of loops was suppressed by 
interstitial oxygen atoms; it was enhanced and then suppressed as the concentrations 
of substitutional zirconium and molybdenum atoms increased. The nucleation and 
growth mechanisms of self-interstitial loops were discussed from the viewpoint of the 
trapping effect of self-interstitials and vacancies by alloying atoms. The scavenging 
effect by zirconium and molybdenum atoms was also discussed. 

KEY WORDS: radiation, columbium, columbium-oxygen, columbium-zirconium, 
columbium-molybdenum, radiation damage, point defects, dislocation loop, high 
voltage electron microscope, scavenging effect 

There have been studies of defect dusters in neutron-irradiated columbium 
[1-5].  ~ It was pointed up that interstitial oxygen atoms [6] and substitu- 
tional zirconium atoms [4] affect the process of void formation. 

There have been few studies of the effects of substitutional and inter- 

~Professor, graduate, and research associate, respectively, Department of Materials 
Science, University of Tokyo, 7-3-1, Bunkyoku, Tokyo, Japan. 

2 The italic numbers in brackets refer to the list of references appended to this paper. 
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IGATA ET AL ON DEFECT CLUSTERS OF COLUMBIUM 243 

stitial alloying atoms on defect cluster formation by electron irradiation 
[7-10]. Since the high-flux irradiation and in situ direct observation of the 
damage process are possible, the high-voltage electron microscope (HVEM) 
is used frequently to simulate the damage process by neutron irradiation. 
The objectives of this study are to observe the nucleation and growth 
processes of defect clusters in columbium and columbium alloys by HVEM 
and to discuss the role of interstitial and substitutional alloying atoms in 
the radiation damage processes. The dominant interstitial atoms in colum- 
bium are oxygen atoms because of their large solubility. Therefore, oxy- 
gen atoms were chosen as interstitial alloying atoms. As substitutional 
alloying atoms, zirconium and molybdenum atoms were chosen, taking 
into consideration their scavenging effect on interstitial alloying atoms 
and their production by transmutation in columbium used in the nuclear 
fusion reactor [11,12]. 

Experimental Procedures 

The heat treatments and interstitial impurity contents of materials used 
are summarized in Table 1. 

Specimens for the electron microscope were obtained by a twin-jet tech- 
nique using an electrolyte of 97 percent methyl alcohol CH3OH + 2 per- 
cent sulfuric acid (H2SO,) + 1 percent hydrofluoric acid (HF) at 230 K. 
The electron irradiation and in situ observation were performed by the 
HVEM JEM 1250. The accelerating voltage was set at 1000 kV since the 
threshold energy of columbium is reported to be 36 eV [13], corresponding 
to about 900 kV of accelerating voltage. The beam intensity was kept 
4.8 x 1018 e/cm 2 s. A cold stage was used for irradiation at 10 and 77 K 
with a vacuum of 3 x 10 -7 torr, and a hot stage was used for irradiation 
above 300 K with a vacuum of 2 x 10 -6 torr. The foil thickness was esti- 
mated by the equal-thickness fringe method. 

Results 

The nature of defect clusters formed by the electron irradiation was 
determined by the Hirsch et al method [14] to be the self-interstitial type 
dislocation loop on {111} plane with Burgers vector, (a/2) <111> [71. 
The density of dislocation loops was determined by the thickness depen- 
dency of the density per unit area [7,15]. The densities of observed loops 
were almost constant throughout the irradiation time. This fact shows 
that the number of loops is fixed just after the start of irradiation, as 
shown in other investigations [7,16,171. 

Figure 1 shows the dislocation loops in outgassed columbium and 
columbium-530 weight ppm oxygen alloys irradiated at various tempera- 
tures. Note that the density of dislocation loops increased with the in- 
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crease of oxygen concentration and with the decrease of irradiation tem- 
perature. The relation between the dislocation loop density and the con- 
centration of the sum of interstitial oxygen (O), carbon (C), and nitrogen 
(N) atoms is shown in Fig. 2 for irradiation temperatures of 300 and 433 
K, where the horizontal axis is plotted in (atoms ppm) v'. The change of 
the sum of interstitial alloying atoms is nearly equal to that of oxygen 
atoms because oxygen atoms are dominant. It is clear that the density of 
dislocation loops is proportional to the square root of oxygen concentra- 

( xlO 16 ) 
I I I I 
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12 

10 

? 
E O 
~J 

.>, 

Q .  

_ - - - - - e - -  

O0 I I I I _ 
100 tOO I m  40O 

Square Root of Concentration O . C .  N (at ppm) 112 

FIG. 2--Loop density versus square root o f  total concentration o f  interstitial oxygen 
(0), carbon (C), and nitrogen ( N)  atoms. 
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tion. The density of loops seems to saturate at the level of about 1017 cm -3 
when the oxygen concentration is above 104 atoms ppm (1700 weight 
ppm). 

The relation between the density of dislocation loops and the irradia- 
tion temperature is shown in Fig. 3. The density of dislocation loops 
saturated at the level of about 10 ~7 cm -3 at the irradiation below 77 K. 
The logarithmic density is proportional to the reciprocal of irradiation 
temperature above 300 K. 
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i i )  

'5 t 
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I 
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I I 

0 5 I00 

�9 30ppm 0 

0 530ppm 0 

�9 2700ppm 0 

I0 15 

IO00/T ( K "t) 

FIG. 3--Logarithmic loop density versus reciprocal irradiation temperature. 

The dislocation loops formed in columbium-0.14 percent zirconium, 
columbium-l.70 percent zirconium, columbium-0.15 percent molybdenum, 
and columbium-4.95 percent molybdenum alloys at 300 and 433 K are 
shown in Fig. 4. The concentration dependence of loop density in colum- 
bium-zirconium and columbium-molybdenum alloys is shown in Fig. 5. 
In both alloys, the loop density became lower around the concentration 
of 0.1 percent than in columbium containing about the same content of 
oxygen atoms, and then increased with the concentration of zirconium 
and molybdenum atoms. The loop density in columbium-zirconium alloy 
was higher than that in columbium-molybdenum alloy, as shown in Fig. 
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248 IRRADIATION EFFECTS ON METALS 

FIG. 4--Dislocation loops formed in columbium-O. 14 percent zirconium, columbium-1.70 
percent zirconium, columbium-O.13 percent molybdenum, and columbium-4.95 percent 
molybdenum alloys irradiated at 300 and 433 K. Total dose = 2.3 x 10 zl e/cm 2. 
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F I G .  5--Concentration dependence o f  loop density in columbium-zirconium and colum- 
bium-molybdenum alloys. 

5. The relations between the loop density and irradiation temperature are 
shown in Fig. 6. 

The loop diameter was measured as the function of the irradiation 
time, and results are shown in Figs. 7 through 9. As shown in figures, 
the loop grew with the irradiation time as d = At", where d is the loop 
diameter, t the irradiation time, A a constant, and n the exponent of loop 
growth. The value of the growth exponent in outgassed columbium was 
�89 at 300 K and one at above 373 K as shown in Fig. 7. The effects of 
substitutional molybdenum atoms on the loop growth are shown in Fig. 
9. It is clear that molybdenum atoms suppress the value of the growth 
exponent. This phenomenon was also observed in columbium-zirconium 
alloys. The suppression of the growth exponent by substitutional atoms 
is weaker than that by interstitial atoms at the same concentration. It is 
noticeable in Fig. 9 that the tow-concentration molybdenum enhances the 
growth of loops. 

Discussion 

The foregoing results suggest that the trapping of self-interstitials by 
alloying atoms is an important factor in the nucleation of dislocation 
loops. The mobility of self-interstitials in alloys becomes lower because of 
the binding energy between selfointerstitials and alloying atoms. On the 
consideration of the trapping effect, Igata et al [7-9] modified Makin's 
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FIG. 6--Relations between loop density and irradiation temperature in columbium- 
zirconium and columbium-molybdenum alloys. 
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FIG. 7--Loop diameter versus irradiation time in an outgassed columbium. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



IGATA ET AL ON DEFECT CLUSTERS OF COLUMBIUM 251 

oE 
q~ 

o 
. J  

I000 

I00 

433.~m.~_K 

5 3 0 p p m  0 

i i 

I010 i02 i03 

Irrad. time (sec) 

FIG. 8--Loop diameter versus irradiation time in columbium-oxygen alloys at 433 K. 
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FIG. 9--Loop diameter versus irradiation time in columbium-molybdenum and colum- 
bium-30 weight ppm oxygen alloys at 433 K. 
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252 IRRADIATION EFFECTS ON METALS 

equation [18] for the nucleation process of  dislocation loops in the va- 
cancy immobile temperature range. That  is 

N = [K{1 - wC + wC exp(B/kT)} exp(Em/kT)]W 
vov(4z + vC2z') 

(1) 

where 

N = density of  dislocation loops, 
K = defect production rate, 
w = number of  atoms within the trapping volume, 
C -- concentration of  alloying atoms, 
B = binding energy between a self-interstitial and an alloying 

atom, 
E m =  migration energy of  self-interstitials, 

k = Boltzman constant, 
T = absolute irradiation temperature, 

v0 = pre-exponential factor, 
v = atomic volume, and 

z and z ' = numbers of  atoms within the self-interstitial-vacancy recom- 
bination volume and that within the self-interstitial mutual 
combination volume, respectively. 

The loop density is proportional to the square root  of  oxygen atom 
concentration as shown in Fig. 2. This shows that the term 1 - wC in Eq 
1 is neglected. Therefore,  it is concluded that the trapping effect of  self- 
interstitials by interstitial oxygen atoms controls the nucleation of  inter- 
stitial dislocation loops. The saturation phenomenon at high oxygen con- 
centration above 104 atoms ppm (1700 weight ppm) may be understood 
as follows: The increase of  interstitial oxygen atoms causes the increase of  
trapped self-interstitials, and the same number of  vacancies is accumulated 
in matrix in the vacancy immobile temperature range. This increase of  
the vacancy concentration suppresses further nucleation of  dislocation 
loops because the probability of  the recombination between self-interstitials 
and vacancies becomes higher, and the loop density is saturated. 

It is shown in Eq 1 that the logarithmic loop density is proportional 
to the reciprocal of  irradiation temperature because 1 - wC ~ wC 
exp(B/kT). This temperature dependency is in agreement with the results 
in Fig. 3. The value of  (Era + B) was estimated to be about 0.13 eV for 
columbium-oxygen. This value agrees with Faber 's result [19]. 

The minimum loop densities in columbium-zirconium and columbium- 
molybdenum alloys at low concentrations (Fig. 5) may be understood by 
the scavenging effect for oxygen atoms by zirconium and molybdenum 
atoms. These effects of  zirconium and molybdenum were pointed up from 
the results of  internal friction by Haason et al [20] and others [21-24], 
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and Szkopiak et al [22], respectively. From their studies, 0.75 percent 
molybdenum atoms and 0.07 percent zirconium atoms seem enough to 
scavenge oxygen atoms contained in the specimens. The values of (Era + 
B) in columbium-l.70 percent zirconium and columbium-4.95 percent 
molybdenum are estimated to be about 0.2 and 0.1 eV, respectively, from 
Fig. 6. Results of other alloys were excluded from the estimation since it 
seems by the later discussions on the growth kinetics of dislocation loops 
that vacancies may be mobile at 433 in these alloys, and so Eq 1 is not 
applicable. Equation 1 is applicable in the case of the vacancy immobile 
temperature range. The binding energy of a zirconium atom to a self- 
interstitial atom seems to be larger than that of a molybdenum atom. 
The loop density in columbium-zirconium alloy is higher than that in 
columbium-molybdenum alloy at the same concentration (Fig. 5), which 
is in agreement with the foregoing relation. 

The growth kinetics of dislocation loops under electron irradiation was 
discussed by Makin [18] and Kiritani et al [25]. The authors derived similar 
equations [9] as follows 

d 2 ( 3 ) ~ v ' / , ( 4 z +  V~z ') ( P )  ~; = K Y, v,~ t y, (2) 
a \ r t l  

in the vacancy immobile temperature range, and 

2v~F CSv~__pqCSi~ ] 
d = \ ~ v /  K'/'vv'/'t (3) 

in the temperature range where vacancies are mobile and the steady state 
is attained. In Eqs 2 and 3 

loop diameter, 
interatomic distance, 
number of atoms per one atomic site along dislocation 
lines within the self-interstitial-dislocation combination 
volume, 

p '  = that within the vacancy-dislocation combination volume, 
vi and v~ = jump frequencies of self-interstitials and vacancies, and 

S; and S~ = total sink densities for self-interstitials and for vacancies, 
respectively. 

The growth exponent in an outgassed columbium is one above 373 K as 
shown in Fig. 7. This suggests that the vacancy may be mobile above 373 K 
when the foregoing analysis is applicable. The migration energy of a va- 
cancy seems to be ~1 eV, and this inference does not conflict with Faber's 

where 

d =  
a =  

p =  

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  S u n  D e c  2 7  1 3 : 1 1 : 1 3  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .
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result [19] and Vabra et al's result [26]. The oxygen and molybdenum 
atoms suppress the vacancy mobility by the trapping effect shown in Figs. 
8 and 9. There is a similar effect in the case of zirconium atoms. The 
strength of this suppressing effect on vacancy mobility by interstitial 
oxygen atoms seems to be larger than that by substitutional molybdenum 
and zirconium atoms. It is supported by Faber's result [19] that the binding 
energy of an oxygen atom to a vacancy is large. 

Conclusions 

1. Alloying atoms such as interstitial oxygen atoms, substitutional 
zirconium, and molybdenum atoms affects the mobilities of both self- 
interstitials and vacancies because of the binding between alloying atoms 
and self-interstitials or vacancies. The nucleation mechanism of self- 
interstitial dislocation loops in the vacancy immobile temperature range 
is controlled by the trapping of self-interstitials by alloying atoms. 

2. The growth exponent in the loop growth depends on the vacancy 
mobility which is affected by alloying atoms. 

3. The scavenging effect in columbium-zirconium and columbium- 
molybdenum alloys was observed in both nucleation and growth processes. 

4. The values of (Era + B) are estimated to be about 0.13 eV in colum- 
bium-oxygen, 0.2 eV in columbium-zirconium and 0.1 eV in columbium- 
molybdenum respectively. 

5. Vacancies in an outgassed columbium seem to migrate above 373 K 
when the analysis is applicable. 
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Void Growth Suppression by 
Dislocation Impurity Atmospheres 

REFERENCE: Weertman, Johannes and Green, W. V., "Void Growth Suppression 
by Dislocation Impurity Atmospheres," Irradiation Effects on the Microstructure and 
Properties o f  Metals, A S T M  STP 611, American Society for Testing and Materials, 
1976, pp. 256-269. 

ABSTRACT: A detailed calculation is given of the effect of an impurity atmosphere 
on void growth under irradiation damage conditions. Norris has proposed that such 
an atmosphere can suppress void growth. We have found the hydrostatic stress field 
of a dislocation that is surrounded by an impurity atmosphere and from it have 
calculated the change in the effective radius of a dislocation line as a sink for inter- 
stitials and vacancies. The calculation of the impurity concentration in a Cottrell 
cloud takes into account the change in hydrostatic pressure produced by the presence 
of the cloud itself. It is assumed that the hydrostatic pressure field of an impurity 
atom exists over a radial distance larger than the radius of the impurity atom. It is 
found that void growth is eliminated whenever dislocations are surrounded by a 
condensed atmosphere of either oversized substitutional impurity atoms or interstitial 
impurity atoms. A condensed atmosphere will form whenever the average impurity 
concentration is larger than a critical concentration. 

KEY WORDS: radiation, voids, growth, irradiation, damage, dislocations (materials), 
impurities, interstitials, atoms, vacancies 

Norris [1] 3 recently suggested that a dislocation line is a less efficient 
sink for interstitial atoms if an impurity atmosphere is attached to it that 
contains oversized substitutional or interstitial impurity atoms. Void 
growth under irradiation damage conditions presumably is a direct con- 
sequence of  the higher efficiency of  a dislocation line as an interstitial 
atom sink than as a lattice vacancy sink [2-12]. Void growth can be sup- 
pressed by decreasing the efficiency of  a dislocation line as an interstitial 
sink by the impurity atmosphere mechanism suggested by Norris, or by 

~Consultant, Los Alamos Scientific Laboratory, University of California, Los Alamos, 
N. Mex. 87544 and professor, Department of Materials Science and Engineering Tech- 
nological Institute, Northwestern University, Evanston, I11. 60201. 

2 Staff member, Los Alamos Scientific Laboratory, Los Alamos, N. Mex. 87544. 
3 The italic numbers in brackets refer to the list of references appended to this paper. 
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increasing the efficiency as a sink for vacancies by the vibrating disloca- 
tion line mechanism suggested by us [13,14]. 

Norris has given only a rough calculation of  the effect of  an impurity 
atmosphere on the behavior of  a dislocation line as a vacancy or inter- 
stitial sink. In this paper we present a more detailed study of  the atmo- 
sphere effect. Our analysis is based partly on the results of  the fundamen- 
tal paper of  Ham [15] on the stress-assisted diffusional motion of  point 
defects around a dislocation line, as well as on our earlier papers [13,14]. 

Theory 

Effect ive  Core Radius 

Were it not for its stress field, an edge dislocation would act as a sink 
for vacancies and interstitials in the same manner as does a cylindrical 
hole of  radius equal to the core radius of  the dislocation. The larger the 
radius of  the cylindrical hole, the more effective a sink it is for vacancies 
and interstitials. The stress field of  an edge dislocation alters the diffusive 
motion of  vacancies and interstitials in such a manner that the effective 
core r0 of  the dislocation as a sink for point defects is increased in value 
[13-17]. The effective core radius can be calculated as follows. Let the 
concentration c of  vacancies at a distance R, where R ,> ro, be maintained 
at the level c = co, and let the concentration at the dislocation be kept 
at the level c = 0. The diffusion equation is [15] �9 

8 c / O t  = DV,(Vc - (3cVV) (1) 

where 

D = diffusion coefficient, 
I~ = 1 / k T  where k is Boltzmann's  constant, T is the temperature, 
t = time, and 

V(r, 0) = elastic interaction energy of  a point defect situated at a dis- 
tance r at the azimuthal angle 0 measured from the slip plane 
of  the dislocation. 

(The extra half-plane of  atoms of  the edge dislocation exists at 0 = n/2.)  
Note that V(r, O) is the energy that must be supplied to the crystal when 
a point defect situated at r, 0 is moved to a position r ~ oo. Under steady- 
state conditions, Oc/Ot  = 0. For the case when V = 0, the solution of  
Eq 1 is 

c = [co/log(R/ro)llog(r/ro) (2) 
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and the number  N of  point defects that  arrive at a unit length of  disloca- 
tion line is a unit t ime equal to 

N = D [Oc /Or  - [3c0 V / a r l d O  = 2rtDco/ log(R/ro)  (3) 

When V = 0, the appropriate  value of  r0 is the actual core radius of  the 
dislocation: r0 = b, where b is the length of  the Burgers vector of  the dis- 
location. 

When the stress field of  the edge dislocation is taken into account, the 
value of  N is given by Eq 3 provided that  r0 in that equation is set equal 
to [14,15,17,19] 

ro = (IAI/3 expT)/4 (4) 

where ~, = 0.5772 . . .  is Euler 's  constant and A is approximately equal to 
4~ea3b/3 where/a is the shear modulus, a the atomic radius of  an a tom in 
the lattice or interstitial site, and ~ = (a* - a ) / a  where a* is the radius of  
the vacancy or the interstitial. 

The efficiency E of  the dislocation line as a sink can be defined by the 
relationship 

E = N / N b  ~ 1 + [ l o g ( r o / b ) ] / l o g ( R / b )  (5) 

where Nb is the value of  N when r0 = b. I f  r0v and r0,- represent, respec- 
tively, the effective core radius of  the dislocation as a vacancy and as an 
interstitial sink, the difference AE = E~ - Ev in efficiency of  the disloca- 
tion line as a sink for interstitials and for vacancies is 

AE = Ei - E~ = [log(roi /rov)]/ log(R/b)  (6) 

Interact ion Energy  

The interaction energy with a hydrostatic pressure field of  a point defect 
considered to be an oversized or undersized spherical elastic inclusion of  
the same elastic constant is [20] 

V(r, 0) = - [3 (1  - v)/(1 + v)]P(r ,  O)(4n/3)ea 3 (7) 

where (4rt/3)ea 3 is the difference in volume of  the point defect with re- 
spect to a lattice atom as measured in a stress-free state, and v is Poisson's 
ratio. The term P(r ,  O) is the hydrostatic pressure; it has a positive value 
when in compression. 

The hydrostatic pressure field Pd(r, O) of  the edge dislocation is given 
by 
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Pa(r, O) = {Ob/3n)(1 + v)/(1 - v)}(sinO)/r (8) 

Combining Eqs 7 and 8 gives 

V(r, O) = - A (sinO)/r (9) 

for the elastic interaction energy of  the point defect with the dislocation 
(assuming that ]el < 1). 

Pressure Change Produced by Variation in Impurity Concentration 

At equilibrium the concentration c(r, O) of  impurity atoms in the vicin- 
ity of  a dislocation line is given by the Cottrell-Bilby expression 

c(r, O) = Co exp(fl V{ r, 0}) (10) 

where Co is the concentration at a large distance from the dislocation. 
The interaction energy given by Eq 9 ordinarily is used in Eq 10. How- 

ever, use of  V(r, O) given by Eq 9 takes no account of  the fact that a 
variation of  the concentration c with r and 0 will itself produce a change 
in the hydrostatic pressure. For example, suppose that an infinitely long 
cylinder of  inner radius r '  and outer radius r '  + dr '  were cut out of  a 
solid. Suppose that the impurity concentration in this cylinder were changed 
from the value co to the value Co + Ac. A length L of  this infinitely long 
cylinder would now be changed to the length L( I  + aAc), and the inner 
and outer radii would have the values r'(1 + aAc) and (r '  + 6r')(1 + 
aAc), respectively. The constant a is equal to 4he*a3~3, where e* is the 
value of  e of  the impurity atoms. Now let the cylinder be forced back into 
the hole it left in the solid in such a way that each length L(1 + aAc) of  
the cylinder is restored to its original length L. The self-stresses set up 
in the solid by this restoration can be obtained from the solution of  a 
simple problem in elasticity. The hydrostatic pressure component Pc of  
this stress field is equal to zero for values of  r where the composition 
was unchanged and is equal to 

Pc = {4/a(1 + v)/3(1 - v)}aAc (11) 

in the region r '  < r < r '  + d r ' .  
This result is easily generalized. For  any arbitrary variation of  the con- 

centration of  the impurity atoms 

Ac(r, O) = c(r, O) - Co 

produces the hydrostatic pressure 
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Pc(r, 0) = {4/a(1 + v)/3(1 - v)}t~Ac(r, O) (12) 

The Thomson Effect 

Thomson [21] has pointed out that if a point defect is considered to be 
a spherical elastic oversized or undersized elastic inclusion (whose radius 
is equal to the atomic radius) in an elastic matrix, the dilational strain 
field around a dislocation is not saturated by a point-defect atmosphere. 
The hydrostatic stress around an impurity atom at radial distances larger 
than the radius of  the impurity atom is always zero. Hence, the hydro- 
static stress near a dislocation is unchanged at any lattice site that does 
not contain an impurity atom. The hydrostatic stress at radial distances 
smaller than the radius of  an impurity atom is not equal to zero. Thus, 
the pressure Pc given by Eq 12 is the hydrostatic pressure averaged over 
both the impurity atoms (where it is not equal to zero) and the host atoms 
(where it is equal to zero). 

When an impurity atom is considered to be an elastic inclusion of  diam- 
eter equal to the lattice spacing, it is implicitly assumed that the impurity 
atom interacts only with its nearest neighbor atoms. However, if the 
impurity atom interacts appreciably with atoms at larger distances than 
its nearest neighbor atoms, it can be considered to be equivalent to an 
elastic inclusion of  an effective diameter larger than the lattice spacing. 
In this situation, whenever the mean spacing between impurity atoms is of  
the order of  or smaller than this effective diameter, the average hydro- 
static pressure Pc given in Eq 12 will approximate the actual hydrostatic 
pressure at every lattice site. 

In the sections that follow, it is assumed that the hydrostatic pressure 
produced by an impurity atom is not equal to zero at radial distances 
larger than the lattice spacing. We realize this assumption may be con- 
troversial. Because the concentration of  impurity atoms in a Cottrell 
atmosphere is relatively large, the effective diameter of  the hydrostatic 
stress field of  an impurity atom need only be two or three lattice distances 
to serve our purpose. 

Cottrell Atmosphere Modified by Pressure Relaxation 

The pressure P(r, O) that appears in Eq 7, the equation for the interac- 
tion energy V(r, 0), should be the sum of  Pd(r, O) given by Eq 8 and 
Pc(r, O) given by Eq 12. The concentration of  impurity atoms in the 
Cottrell cloud thus is given by the equation 

Ac(r, 0) = co{exp[-A*fJ{4rtab-~Ac(r, O) + r-' sin0}] - 1 }  (13) 

where A* is the value of  A calculated for the impurity atoms. 
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At large distance from the dislocation, this last equation reduces to 

Ac(r, (3) = - c0A*/3(1 + 4nacob-lA*13) -1 sinO/r (14) 

The hydrostatic pressure is given by 

P(r ,  (9) = (1 - f ) P d ( r ,  O) (15) 

where Pa(r, O) is given by Eq 8 and the t e r m f i s  equal to 

f = 4ncoaA*[3/b(1 + 4nacob-lA*[~) (16) 

The term f is always a positive quantity. Equations 14 and 15 are also 
valid near the dislocation if the interaction energy is small compared with 
k T  = 1//3 at distances of  the order r ~ b. 

When the interaction energy is large compared with k T  = 1//3, the con- 
centration in the vicinity of  the dislocation is given by 

Ac(r, O) = -Co (17a) 

on the side of  the slip plane for which A* sin0 > 0, and by 

Ac(r, 0) = -{(3/ /aa)(1 - v)/4(1 + v)}Pd(r ,  O) -- G (173) 

where G = (b/4naA*[~) log(1 + bC/Co) "~ b /aA*l~ on the side of  the slip 
plane for which A* sin0 < 0. Equation 17b breaks down if the average 
concentration Co is made sufficiently small. If co < (b/4naA*/3) exp( - [A * II~/b), 
the concentration Itc(r, O) is given by 

/tc(r, 0) = co{exp(-A*/3 sinO/r) - 1} (17c) 

The hydrostatic pressure is equal to 

P(r ,  (9) = Pd(r, O) -- 4a~Co(1 + v)/3(1 -- v) (18a) 

where A* sin0 > 0, and to 

P(r ,  O) = -4a/aG(1 + v)/3(1 - v) (18b) 

if Co > (b/4naA*13 e x p ( -  IA*[[3/b) and A* sin0 < 0, and to 

P(r ,  0) = Pd(r, O) -- Coa{4/a(1 + v)/3(1 -- v)} exp(IA*l/~ sinO/r) (18c) 

if Co < (b/4naA*13) exp( - IA*lIJ/b) and A* sin0 < 0. 
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It should be noted that the concentration given by Eq 17b is only very 
weakly temperature-dependent. This result is in marked contrast to the 
usual result obtained when no correction is made for the reduction of the 
hydrostatic pressure. Equation 17b represents the concentration of  a 
condensed Cottrell cloud. 

Change in Effective Core Radius 

Weak Impurity-Dislocation Interaction 

When the impurity atoms of  the Cottrell cloud interact only weakly 
with the dislocation, according to Eq 15 the hydrostatic pressure field of  
the dislocation is reduced by the constant factor f .  The effective core 
radius of  the dislocation line as a vacancy or an interstitial sink is thus 
given by 

ro = (1 - f ) (A f l  exp),)/4 (19) 

where A is calculated with the value of  r for a vacancy or for an inter- 
stitial (not with tile value of  r for an impurity atom). The value of f is 
the same for a vacancy and for an interstitial. 

Although the presence of  the atmosphere reduces the efficiency of  a 
dislocation line as a sink for point defects because ro is reduced in value, 
the difference in efficiency AE as a vacancy and as an interstitial sink 
(see Eq 6) is not changed. Thus an impurity cloud of  weakly bonded 
impurity atoms cannot eliminate the bias of  a dislocation line as an inter- 
stitial sink that ultimately causes the growth of  voids under high-tempera- 
ture irradiations. 

Strong Impurity-Dislocation Interaction When Co Is Relatively Large 

When impurity atoms interact strongly with a dislocation line and Co > 
(b/4naA*~) exp( - IA* l~ /b ) ,  the pressure field near the dislocation is 
given by Eqs 18a and 18b, and far away from the dislocation line is given 
by Eq 15. To a first approximation, the interaction energy V(r, O) of  a 
vacancy or an interstitial and an edge dislocation is given by 

V(r, O) = -AJ(O)(sinO)/r (20) 

where 

1 (o< o<. )  
J(O) = (21) 

0 (n < O < 2tO 
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if the impurity atoms of  the Cottrell cloud are oversized substitutional 
atoms or are interstitial atoms. [If the impurity atoms are undersized 
substitutional atoms, J(O) = 0 for 0 < 0 < rt and J(O) = 1 for n < 0 < 2n. 
We will consider in what follows only the case when Eq 21 applies.] 

The general steady-state solution of  Eq 1 on the side of  the slip plane 
of  the dislocation for which J(O) = 0 and which satisfies the symmetry 
conditions [that is, c(r, O) = c(r, n - O) and Oc(r, 0 ) /00  = - Oc(r, n - 
0) /0  01 is 

c(r, O) = ao log(r/ro) + ~ (a*.r" + a. /r")  sin(n0) 
1,3,5 (22) 

+ ~r (a*.r" + a. /r")cos(n0)  
2,4,6 

where ao, a . ,  and a*. are constants. The general solution of  Eq 1 on the 
side of  the slip plane for which J(O) = 1 and which satisfies the symmetry 
conditions is [15] 

c(r, O) = b*o exp( -A/3  sinO/r) + exp( -A/3  sinO/2r){ ~ [b.K.(lAll3/2r) 
1,3,5 

+ d . I . ( IA  I/~/2r)] sin(n0) + ~. [b.K.(IA I/~/2r) (23) 
0,2,4 

+ d.I . ( lAlO/2r) l  cos(n0)} 

where b*0, b,, and d,  are constants and K,  and I ,  are modified Bessel 
functions (Ham [15] has argued, for the particular problem he con- 
sidered, that the function Io should not be used. Later workers [17,18] 
have retained, correctly we believe, this Bessel function in Ham's  solu- 
tion.) 

The boundary conditions that Eqs 22 and 23 must satisfy are: at r = b 
the concentration c(b, 0) = 0, and at r = R the concentration c(R, O) = 
co. (We are considering in these equations only the concentration of  point 
defects in excess of  the thermal equilibrium concentration.) The flux of  
vacancies or interstitials across the slip plane "must be continuous; the 
concentration itself also must have the same value on either side of  the 
slip plane. 

At large distances f rom the dislocation, the binding energy V(r, O) is 
very small in magnitude. The dependence of  the concentration on the 
azimuthal angle must disappear in this region and the concentration must 
depend logarithmically on radial distance as given by Eq 2. The terms 
a . / r  ~ and dJ . ( lA l l3 /2r )  in Eqs 22 and 23 do approach zero as r ~ co for 
n >I 1 and can be neglected at large values of  r. [Note that l . ( x ) . ,  x" for 
small values of  x.] In order that the terms ma%r"  and b .K . ( IA  [fl/2r) do 
not lead to a large angular dependence of  c(r, O) at large values of  r, the 
constants a*. and b. for n >i 1 must have small enough values that these 
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terms can be ignored at all values of r. [Note that K,(x) ~ 1/x" for small 
values of x when n/> 1.] Thus at large values of r 

c(r, O) = Co log(r/ro)/log(R/ro) = b*o + do + bo log(4r/IA I/3 expy) (24) 

where use has been made of the following approximations, valid for large 
values of r: K0(IA I/3/2r) = log(4r/IA I/3 expy) and I0(IA [/3/2r) = 1. 

With the use of condition c(b, 0) = 0, the relationship I,(x) = ( -  1) 'L 
( -  x), and the expansion 

exp(x sin0) = Io(x) + 2 ~ ( - 1 )  t" - l~nI.(x) sin(n0) 
1,3,5 

+ 2 ~ ( -1) ' /2h(x)cos(n0)  
2,4,6 

(25) 

it is possible to show that the constant b*0 can be set equal to zero. The 
constant b0 in Eq 24 is, of course, equal to b0 = a0 = co/log(R/ro). Thus 
do is the only unknown constant that appears in Eq 24. Once its value is 
found, the value of r0 is determined and the effectiveness of the disloca- 
tion line as a sink for point defects is known. The effective radius r0 is 
then given by the equation 

do = Co log({ IA I/3 expy}/4ro)/ log(R/ro) (26) 

At large distances, the concentration c(r, O) given by Eq 24 has associated 
with it a total integrated flux N of point defects given by the right-hand 
side of Eq 3. At the dislocation core (r = b), the flux N is unchanged in 
value. The number N_ of point defects that enter the core in unit time 
from below the slip plane is given by 

f n2rt oo N - / D  = (Oc/8r)r  = ~dO = nao + 2 ~_ a~/b" (27) 
1,3,5 

where c(r, O) is given by Eq 22. 
The number AT+ of point defects that enter the core from above the slip 

plane per unit time is given by 

N+/D = b 5o ~ [(Oc/Or) - /3c(0 V / O r ) ] r  = ~dO 

= b ( 8 / O r ) { |  ~ exp(-A/3 sinO/2r)[boKo(lA I/3/2r) 
(28) 

+ dolo(IAJ/3/2r) + ~. d . I . ( lAI /3/2r)s in(nO) 
1,3,5 

+ ~- dnI,(lAI/3/2r) cos(nO)ldO}, =6 
2,4,6 

where c(r, O) is given by Eq 23. 
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The sum of the fluxes N = N_ + N§ given by Eqs 27 and 28 must satisfy 
the equation 

(N- + N§ = 2nao = 2nco/log(R/ro) (29) 

Consider the limits that can be set on the value of  the expression (N_ + 
N§ Consider first the case when A > 0. In this situation (N_ + N§ 
must be smaller than the value of  N / D  calculated for the case when 
V(r, 0) = 0 for all values of  0 (0 < 0 <= 2n). Thus 

2rtco/log( R/ro ) < 2nco/log( R / b  ) (30) 

The term (N_ + N§ must be larger than the value of  N / D  calculated 
for the case when a barrier is placed across the slip plane of  the disloca- 
tion (0 = 0 and 0 = n) that prevents point defects f rom diffusing across 
it, but the potential V(r, O) for all other values of  0 otherwise is not 
changed. The value of N_/D for this situation is simply (1/2)2nco/log(R/b). 
The value of  N§ for this situation in turn is smaller than the value of  
N§ calculated for the problem where V = - A  sinO/r for all values 
of  0 (0 <= 0 <= 2n). The value of  N§ for this latter problem is approx- 
imately equal to 0 when the magnitude of  the term Al~/2b is large. Thus 

nco/log(R/b) < 2nco/log(R/ro) (31) 

The value of  r0 for the case when A > 0 thus lies between the limits 

b(b /R)  < ro < b (32) 
t 

The term (N_ + N§ given by Eq 29 when A < 0 must be larger than 
the value of  N / D  calculated for the case when V = - A  sinO/r for all 
values of  0. Thus from Eq 4 

2rtco/log(4 R/IA 13 expy) < 2nco/log( R/ro) (33) 

The term (N_ + N§ must be smaller than the value of  N / D  calculated 
for the case where V = - A / r  for  all values of  0. Thus (from Ref  14) 

2nco/log(R/lA 13 expy) < 2nCo/iog(R/ro) (34) 

Therefore 

(IA I/3 expy)/4 < ro < lAir3 expy (35) 

It is easy to understand why the effective core radius r0 must have a 
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value within the limits in Eqs 32 or 35. When the magnitude of  the term 
A13/2b is large and A > 0, the large negative interaction energy V(r, O) 
(given by Eq 20) acts as a strong barrier to a point defect that attempts to 
move into the core of  the dislocation from above the slip plane (0 < 0 < n). 
In this situation it is to be expected that almost  all the point defects move 
into the core f rom below the slip plane (n < 0 < 2r0. The potential V(r, 
0) = 0 is on this side of  the slip plane. The effective core radius, therefore, 
should be smaller than the core radius r0 = b found for this when V(r, O) = 
0 on both sides of  the slip plane. On the other hand, when A < 0, the 
interaction energy V(r, O) causes point defects to be strongly attracted 
to the region near the core that is above the slip plane (0 < 0 < n). In this 
situation most  o f  the point defects will diffuse into the core f rom above 
the slip plane. However, there is no barrier to the motion of a point defect 
that comes to the dislocation f rom beneath the slip plane. Therefore, the 
core radius r0 should be somewhat  larger than r0 = (IA I/3 expy)/4, which 
is the core radius calculated for the case in which the potential V(r, O) 
acts as a barrier to point defects moving into the dislocation core f rom 
beneath the slip plane and acts in addition as an attractive force to point 
defects moving into the dislocation core f rom above the slip plane. 

Strong Impurity-Dislocation Interaction When Co is Very Small 

When the impurity atoms interact strongly with a dislocation line but 
the average concentration is so small that Co < (b/4rtaA*[3) exp( - IA*IP/b) ,  
the pressure field near the dislocation is given by Eqs 18a and 18c. In this 
situation it is clear that the effective radius r0 for interstitial atoms is 
reduced f rom the value (IAI/~ expy)/4 by a small factor whose value in- 
creases as the value of Co is made larger. For vacancies the effective radius 
is increased by approximately the same amount .  

Discussion 

The effect of  a condensed Cottrell cloud of  oversized or interstitial 
impurity atoms on the relative efficiency of  a dislocation line as a sink 
for vacancies and interstitial a toms is quite clear. For vacancies the effec- 
tive core radius is increased f rom the value (]Av[/3 expy)/4, where Av is 
the appropriate  constant for a vacancy, to a value between (fAy]/3 expy)/4 
and ]AvlP expy. The impurity cloud makes the dislocation a more effec- 
tive sink for vacancies. For interstitial a toms the effective core radius r0 is 
reduced f rom the value (IAi]/3 expy)/4 to a value smaller than b. In other 
words, the dislocation, rather than being a more  effective sink for inter- 
stitial a toms,  now is a more effective sink for vacancies than for inter- 
stitial atoms. This reversal in behavior will prevent the growth of voids 
that occurs when interstitial a toms are annihilated preferentially at dis- 
location lines. 
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If the impurity cloud is made up of  undersized impurity atoms the dis- 
location line will become an even better sink for interstitial atoms and 
an even worse sink for vacancies. In this circumstance, void growth would 
be enhanced. 

We have assumed implicitly throughout  this paper that the diffusion 
coefficients are not a function of  the impurity content. Obviously they 
are, and a more accurate theory would take this concentration dependence 
into account whenever the dependence is a strong one. We have also 
assumed implicity in this paper that interactions between dislocations 
and point defects and between point defects other than elastic ones are 
unimportant.  Clearly, new theories could be developed for the cases when 
nonelastic interactions are the dominant ones. We point out again that 
our assumption that the hydrostatic stress field of  a point defect may 
extend out a distance larger than the atomic radius may be controversial. 

Appreciable void growth under irradiation damage produced by the 
energetic bombardment  by neutrons, heavy ions, or electrons occurs at 
relatively high temperatures, of  the order of  one third to one half of  the 
melting point of  the material. The interaction energy of  an impurity atom 
with a dislocation has to be relatively high in order to have an appreciable 
Cottrell cloud exist at these temperatures. Interstitial atoms in metals 
with body-centered-cubic crystal structure are known to have large inter- 
action energies. For carbon in iron, the energy is estimated from theory 
and experiment [20] to be of the order of  0.52 to 0.75 eV. An interaction 
energy of  0.52 eV is sufficiently large to cause a thousand-fold increase 
of  the carbon concentration at a dislocation line at a temperature equal 
to one half of  the melting temperature of  iron. 

If the concentration co is quite small, no condensed Cottrell atmosphere 
will form even if the interaction energy is large. In this situation, although 
void growth may not be eliminated, the growth rate of  voids can be re- 
duced appreciably in value. If the impurity atoms only interact weakly 
with dislocations, there is no possibility of  reducing the rate of growth of  
voids. 

The critical concentration c*0 above which an atmosphere will form is 
of the order of 

C*o = (b/4naA *[3) exp(-IA*l/3/b)  (36) 

As an example, if IA*lfl/b = 6 and e = 0.1, the critical concentration Co* 
is of  the order of  0.1 atomic percent. There is no equation similar to Eq 
36 in Norris 's paper [1] with which comparison can be made. 

A referee of  our paper has brought to our attention the paper of  
Kuhlmann-Wilsdorf [18], in which it is suggested that the presence of  
oversized solute atoms near a dislocation could suppress void nucleation 
there. Kuhlmann-Wilsdorf does not develop a quantitative theory in her 
short paper (she references a longer paper of  hers which is still in press), 
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but suggests that void nucleation near a dislocation is made more difficult 
by oversize impurity atoms because the dilational strains are reduced, 
because the concentration of excess vacancies bound to the dislocation 
also is reduced, and because the activation energy of formation of a crit- 
ical void nucleous is increased. 

A paper by Wolfer and Ashkin [22] that appeared in print after we 
wrote the present paper has developed further Ham's theory of the flow 
of point defects to a dislocation line. Wolfer and Ashkin consider the 
flow of lattice vacancies and interstitials to an edge dislocation. They 
use their analysis to consider the problem of void nucleation in the vicinity 
of a dislocation line. 

Conclusion 

If the average concentration co of oversized substitutional impurity 
atoms or interstitials impurity atoms that can interact strongly with a 
dislocation is greater than the critical concentration c*0, void growth 
under irradiation damage by energetic particles should be completely 
suppressed. Our results are only valid if the hydrostatic pressure field 
of an impurity atom extends out to distances larger than the lattice spacing. 
If the hydrostatic pressure field of an impurity atoms exists only within a 
radial distance equal to or less than the radius of the impurity atom, then, 
because of the Thomson effect, the hydrostatic stress field of a disloca- 
tion line cannot be neutralized by a Cottrell cloud and this impurity atmo- 
sphere cannot suppress the growth of voids. 

Acknowledgments 

This work was performed under the auspices of the Energy Research 
and Development Administration. The authors wish to express their 
appreciation to R. J. Bard for his interest, encouragement, and support. 

References 

[1] Norris, D. I. R., The Physics o f  Irradiation Produced Voids, R. S. Nelson, Ed., AERE- 
R7934, Atomic Energy Research Establishment, Harwell, England, H. M. Stationery 
Office, 1975, pp. 134-139. 

[2] Greenwood, G. W., Foreman, A. J. E., Rimmer, D. E., Journal o f  Nuclear Materials, 
Vol. 1, 1959, pp. 305-324. 

[3] Harkness, S. D. and Li, C. -Y., Metallurgical Transactions, Vol. 2, 1971, pp. 1457-1470. 
[4] Bullough, R. and Perrin, R. C., Radiation-Induced Voids in Metals, J. W. Corbett 

and L. C. lanniello, Eds., U. S. Atomic Energy Commission, 1972, pp. 769-797. 
[5] Adda, Y., Radiation-Induced Voids in Metals, J. W. Corbett and L. C. Ianniello, 

Eds., U. S. Atomic Energy Commission, 1972, pp. 31-83. 
[6] Harkness, S. D. and Li, C. -Y., Radiation-Induced Voids in Metals, J. W. Corbett 

and L. C. Ianniello, Eds., U. S. Atomic Energy Commission, 1972, pp. 798-824. 
[7] Bullough, R., Eyre, B. L., and Perrin, R. C., Journal o f  Nuclear and Applied Tech- 

nology, Vol. 9, 1970, pp. 346-355. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



WEERTMAN AND GREEN ON VOID GROWTH SUPPRESSION 269 

[8] Bullough, R. and Perrin, R. C. in Irradiation Effects on Structural Alloys for Nuclear 
Applications, ASTM STP 484, American Society for Testing and Materials, 1970, pp. 
317-329. 

[9] Foreman, A. J. E., "A  Note on the Dose Dependence of Void Growth in Irradiated 
Materials," Report AERE-R-6358, Atomic Energy Research Establishment, Harwell, 
England, 1970. 

[10] Li, C. -Y., Franklin, D. G., and Harkness, S. D., Irradiation Effects on Structural 
Alloys for  Nuclear Applications, ASTM STP 484, American Society for Testing and 
Materials, 1970, pp. 347-360. 

[11] Harkness, S. D. and Li, C. -Y., Proceedings, Symposium on Radiation Damage in 
Reactor Materials, International Atomic Energy Agency, Vienna, 1969, Vol. 2, pp. 
189-213. 

[12] Bullough, R. and Perrin, R.  C., Voids Formed by Irradiation of  Reactor Materials, 
British Nuclear Energy Society, Harwell, England, 1971, pp. 79-107. 

[13] Gi'een, W. V. and Weertman, J., Nature, Vol. 243, 1973, pp. 159-160. 
[14] Green, W. V. and Weertman, J., Radiation Effects, Vol. 22, 1974, pp. 9-13. 
[15] Ham, F. S., Journal of  Applied Physics, Vol. 30, 1959, pp. 915-926. 
[16] Heald, P. T. and Speight, M. V., Philosophical Magazine, Vol. 30, 1974, pp. 869-875. 
[17] Heald, P. T., PhilosophicalMagazine, Vol. 31, 1975, pp. 551-558. 
[18] Kuhlmann-Wilsdorf, D., Scripta Metallurgica, Vol. 7, 1973, pp. 1059-1063. 
[19] Margvelashvili, I. G. and Saralidze, Z. K., Soviet Physics--Solid State, Vol. 15, 1974, 

pp. 1774-1776. 
[20] Nabarro, F. R. N., Theory of  Crystal Dislocations, Clarendon Press, Oxford, England, 

1967, pp. 399-404. 
[21] Thompson, R., Acta Metallurgica, Vol. 6, 1958, pp. 23-28. 
[22] Wolfer, W. G. and Ashkin, M., Journal of  Applied Physics, Vol. 47, 1976, pp. 791-800. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



J. S. Watkin 

Dependence of Void Swelling on the 
Electron Vacancy Concentration 

REFERENCE: Watkin, J. S., "Dependence of Void Swelling on the Electron 
Vacancy Concentration," Irradiation Effects on the Microstructure and Properties o f  
Metals, A S T M  STP 611, American Society for Testing and Materials, 1976, pp. 270- 
283. 

ABSTRACT: Large variations have been noted between the swelling of different iron, 
chromium, nickel alloys and suggestions have been made that the differences are due 
to variations in the carbon, silicon, phosphorus, and nickel content of the alloys. 
Harries has postulated that variations in the solute concentration of the gamma 
matrix could be responsible for the different swelling behavior and that the formation 
of any second phase which leads to a depletion in the solute concentration will in turn 
lead to an impairment in swelling resistance. The swelling of several commercial 
alloys irradiated at 600 ~ (1112 ~ in the Dounreay Fast Reactor lend general support 
to Harries' suggestion and the swelling at 30 atomic displacements per atom (dpa) has 
been shown to increase with the calculated equilibrium fraction of sigma phase. A 
superior correlation has been shown to exist between the swelling and calculated 
electron vacancy concentration of the matrix and a critical value of 2.58 electron 
vacancies per atom has been observed above which swelling increases rapidly and 
below which swelling is small. 

KEY WORDS: radiation, swelling, voids, vacancies (crystal defects), interstitials, 
austenitic stainless steels, nickel alloys, electron vacancy concentration, sigma phase 

Large variations have been noted between the swelling of  different iron, 
chromium, nickel alloys, and several correlations have been made which 
suggest that the differences are due to such factors as carbon, silicon, and 
phosphorus content [1]. 2 The most consistent correlation, however, has 
been that between swelling and nickel content [2]. These and other obser- 
vations such as voids forming near precipitates have led Harries [3] to 
suggest a way in which compositional factors might exert a marked in- 
fluence on neutron-induced void swelling. He postulates that solute atoms 

~Higher scientific officer, United Kingdom Atomic Energy Authority, Springfields, 
Preston, England. 

The italic numbers in brackets refer to the list of references appended to this paper. 
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in a gamma matrix might act as trapping sites for gas atoms or aid the 
recombination of irradiation-produced interstitials and vacancies. The 
formation of any second phase, such as sigma phase, into which such 
beneficial solutes tend to segregate would then lead t o  an impairment in 
the swelling resistance of the gamma matrix. 

Data on the void swelling of a number of commercial alloys irradiated 
under identical conditions are available from the irradiation of solid 
cylinders in the Dounreay Fast Reactor (DFR) over a range of tempera- 
tures. In this paper the data at 600~ (1112~ which is at or very near to 
the peak swelling temperature of all the alloys, are analyzed to determine 
what general support they lend to Harries' hypothesis and whether any 
further quantification is possible. 

Experimental Details 

Materials 

The compositions of the alloys used in this investigation are given in 
Table 1. The solution-strengthened stainless steels Types 316, M316, 
316L, FV 548, 321, and 347 were given solution treatments of 1050~ 
(1922~ 1A h; the alloy G 68 (a gamma prime hardened austenitic steel) 
was given 920~ (1688~ 1 h + 720~ (1328~ 16 h; and the three 
casts of PE16, a gamma prime hardened nickel-based alloy, were given 
1040~ (1904~ 15 min + 700~ (1292~ 16 h. The special alloy GAB 
286, similar in composition to PE16 but much lower in the gamma prime 
forming constituents titanium and aluminum, was also given the same 
heat treatment as PE 16. 

Specimen Preparation 

The specimens used for these studies are right solid cylinders 10 mm 
long by 4.7 mm diameter lapped on their end faces to permit accurate 
length measurements to be made. The materials used were generally in the 
form of swaged bar. The heat treatment was carried out in evacuated 
silica capsules after specimen manufacture but prior to the final lapping 
process, except for the Type 316 specimens, which were machined axially 
from the wall of already heat-treated, thick-walled tubing. 

Irradiation 

Irradiation was carried out in a gamma-heated rig in a pitch 13 position 
in the core of DFR. The specimens were sealed in helium-filled con- 
tainer tubes, and, by a process of measurement and re-irradiation, data 
were obtained after peak doses of 13 and 30 atomic displacements per 
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atom (dpa); each specimen, therefore, was irradiated and measured twice. 
Displacement doses were calculated using the Norgett Robinson and 
Torrens model [4]. (The displacement energy used for these calculations is 
40 eV.) The calculated neutron fluences are 2.26 and 5.02 • 1022 neu- 
trons (n) cm -2 > 0.1 MeV, respectively. 

Temperature was derived from the isochronal annealing behavior of 
silicon carbide. Toward the end of the second irradiation the specimen 
temperature fell to 'x,450~ (842~ but the temperature quoted is 
believed to be representative of ~80 percent of  the total dose received. 
Nevertheless, because all the alloys were irradiated together in the same 
rig they all experienced the same temperature history, and therefore the 
temperature changes should not prejudice comparisons between the 
alloys. 

Measurement o f  Volume Swelling 

The length of each specimen was measured before and after each ir- 
radiation cycle to an accuracy of + 0.003 percent. The measurements were 
supplemented by immersion density determinations from which it has 
been found that all specimens undergo an initial length shrinkage of 
'~0.2 percent at constant density [5] prior to the onset of isotropic void 
swelling. This means that volume swelling cannot be derived from the 
simple cubic relationship 

AV (1 A L )  3 
v0 T0 

where A V/Vo and AL/Lo are the fractional volume and length changes, 
respectively, but by the more complex relationship 

AV [/ AL 3 _ 1 
= 0.0062 + 0.96 [-",k + 

This equation has been used to convert the measured length changes to 
volume swelling for each alloy, and these data (four to six values for 
each alloy) have been fitted to the linear swelling equation 

AV 
- A ( D  - D o )  

Vo 

where D is the displacement dose dpa, and A and Do are material con- 
stants. 

A linear swelling equation with dose was chosen in preference to a 
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274 IRRADIATION EFFECTS ON METALS 

power law because no improvement in fit was obtained using a power 
law. The values obtained for A and D are given in Table 2. 

TABLE 2--Values o f  constants A and Do in the swelling equation. 

A V  
- -  % = A ( D -  Do) 
V 

Irradiation Temperature 600 ~ (1112 ~ 

A, Do, A, Do, 
Material % per dpa NRT Material % per dpa NRT 

347 0.77 23.1 G68 0.25 25.3 
321 0.49 23.2 PEI6(1) 0.08 26.3 

FV 548 0.71 21.6 PE16(2) 0.06 20.0 
316 0.48 20.9 PE16(3) 0.09 20.0 

M316 0.40 21.6 GAB 286 0.07 20.0 
316L 0.25 1 1 . 5  . . . . . . . . .  

Discussion of Results 

It is the object of this paper to determine whether a relationship exists 
between the constitution of  the alloys and their swelling. Harries [3] has 
suggested that the constitution of  the matrix is an important parameter; 
therefore it has been necessary to compute the matrix composition. This 
has been achieved by making allowance for the precipitation of carbides 
and gamma prime by a process similar to that used in the PHACOMP 
calculations of Woodyatt ,  Sims, and Beattie [6]. 

Carbide Precipitation 

Two types of  carbide precipitate have been considered: monocarbides 
(of the compositions CbC, TiC, VC and WC) and chromium carbides (of 
the compositions Cr23C6 or, when molybdenum is present, Cr2,M02C6). 
The carbon was assumed to be partitioned in two ways: 

(a) half to form monocarbides and half to form chromium carbide, or 
(b) all the carbon initially to form monocarbides, but in understabilized 

steels, where the atomic concentration of  carbon is greater than Ti + 
Cb + V + W, the remaining carbon partitioned to form chromium car- 
bide. 

Hence, for method (b) and for a columbium-stabilized steel containing 
no molybdenum, the columbium content of the matrix is 

weight % C • atomic weight Cb 
weight 070 Cb - 

atomic weight C 
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and chromium content of  the matrix is 

atomic weight Cr 23 
weight 07o C* x x - -  

atomic weight C 6 

where C* is that remaining after columbium-carbide precipitation. In the 
event, however, that the difference between the two methods has been 
insignificant in all the correlations examined, only the results given by 
method (b) are presented. 

Gamma Prime Precipitate 

Three compositions of  gamma prime have been considered: Ni3Ti, 
Ni3Al and Ni3Cb (presented separately to aid computation). 

Hence, the nickel remaining in the matrix will be 

Ni = Ni - 3 (weight 070 Ti*) • 

- 3 (weight 070 A1) x 

- 3 (weight % Cb*) x 

atomic weight Ni 

atomic weight Ti 

atomic weight Ni 

atomic weight A1 

atomic weight Ni 

atomic weight Cb 

where Ti* and Cb* are the amounts remaining after precipitation of the 
mono-carbides TiC and CbC calculated earlier. 

In this way the matrix composition is derived (scaled of  course to 100 
percent). 

Swelling Against Equivalent Nickel Content 

Figure 1 shows the swelling at 30 dpa and 600~ ( l l12~ plotted 
against the equivalent nickel content, from which it can be seen that 
swelling tends to decrease with nickel content. Unlike the work of  Bates 
and Guthrie [1], however, no trend was observed with equivalent chro- 
mium content. The equations used to derive the equivalent nickel and 
chromium contents of  the matrix are as follows [7], where the weight per- 
cent of  each element is that obtained after making allowance for precipi- 
tation as described in the foregoing 

Ni = weight 070 Ni + weight 070 Co + 0.5 weight ~ Mn + 
30 weight % C + 0.3 weight 070 Cu + 25 weight 070 N 

(~r = weight 070 Cr + 2 weight 070 Si + 1.5 weight 070 Mo + 
5 weight % V + 5.5 weight 070 AI + 1.75 weight 070 Cb + 

1.5 weight ~ Ti + 0.75 weight 070 W 
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EQUIVALENT N* CONTENT, Wt % 

FIG. 1--Volume swelling at 30 dpa and 600 ~ (1112 ~ as a function o f  equivalent nickel 
content. 

Determination of the equivalent nickel and chromium contents of the 
alloys is a convenient method for the normalization of the minor alloying 
constituents onto nickel and chromium scales. For example, the normali- 
zation factor used for carbon on the equivalent nickel scale was 30, and 
this high value reflects the strong austenitizing influence of carbon in 
solution. This approach has been fully established for austenitic and 
ferritic steels but may not be justified for nickel-based alloys. 

Swelling Against Sigma Phase 

Examination of the equilibrium iron/chromium/nickel (Fe/Cr/Ni) ter- 
nary diagram at 650 ~ (1202 ~ reveals that the residual matrix composi- 
tion of most of the alloys studied lies within the two-phase y + a region. 
Therefore it is not unreasonable, if Harries' hypothesis is true, to expect 
some correlation between swelling and o-content of the steels such that 
swelling should increase with o-content. In the absence of metaUographic 
estimates of the sigma content in these alloys (the actual specimens having 
been returned to the reactor for further irradiation), values have been 
calculated for each alloy. In this calculation the equivalent nickel and 
chromium values calculated in the foregoing are positioned on the Fe/Cr/  
Ni equilibrium diagram and, using the "lever rule," an estimate of sigma 
content is obtained. Because no comprehensive Fe/Cr/Ni equilibrium 
diagram could be found at 600~ (ll12~ the 650~ (1202~ diagram 
of Kinzel and Franks [8] was used but with the y, y + a boundary modi- 
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fled in accordance with the work of Cook and Brown [9]. The values so 
calculated for sigma content must only be treated as an indication of the 
propensity of the alloy to form sigma phase, because: 

(a) the equilibrium diagram is approximate, 
(b) irradiation itself might alter the phase boundaries and also cause 

precipitation of new phases [10], and 
(c) the normalizing factors used to convert elements onto an equivalent 

nickel and chromium base are uncertain; for example, Pryce and Andrews 
[11] suggest that the potency of molybdenum can increase from 1 to 4 as 
molybdenum content increases to 3 weight percent. 

Nevertheless, swelling tends to increase, as expected, with the calculated 
sigma content. In Fig. 2 the swelling at 30 dpa is plotted against the 

z 

u~ 

o 

FV 5t,8 

e 3 4 7  

�9 315 L 

�9 316 

0 05 0 10 015 

CALCULATED FRACTION OF ~ - P H A S E  PRESENT 

I 
0 20 

FIG. 2--Swelling at 30 dpa and 600~ (ll12~ as a function o f  calculated sigma content. 

calculated fraction of sigma phase. The data lie within a band rather than 
being described by a unique relationship, and this could be associated 
with the uncertainties in the calculation mentioned earlier. The data lend 
general support, however, to Harries' suggestion that the formation of a 
second phase is deleterious. 

The correlation observed by Bates and Guthrie [1] that the swelling 
decreases with increasing equivalent chromium content (that is, alloys 
with a greater propensity to form sigma phase) is not inconsistent with 
Harries' suggestion because their data were obtained at 390~ (734~ at 
which temperature it is probable that little or no second phase will have 
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278 IRRADIATION EFFECTS ON METALS 

formed. The reduction in swelling with equivalent chromium content can 
thus be interpreted as being due to increasing solute content in the gamma 
matrix. Harries' hypothesis, however, would predict that the swelling at 
temperatures >550~ (1022~ should increase with chromium content 
because the alloys are then likely to form a second phase and reduce the 
solute content of the matrix. 

Swelling Against Electron Vacancy Concentration 

Because of the uncertainties associated with the estimation of fractional- 
amount sigma phase present in the alloys after irradiation, a second 
approach has been used to determine the propensity of the matrix to 
form a second phase. In this approach, use is made of Pauling's [12] 
model for the electronic structure of the transitional elements and the 
fact that sigma phase can be regarded as an electron compound [13]. For 
this calculation, allowance is again made for the precipitation of carbides 
and gamma prime, and the electron vacancy concentration (Nv) is calcu- 
lated using the equation 

Nv = 4.66 (Cr + Mo) + 3.66Mn + 2.66Fe + 1.7Co + 0.66Ni 

where Cr, Mo, Mn, Fe, Co and Ni are the atomic concentrations of 
chromium, molybdenum, manganese, iron, cobalt, and nickel. The values 
used for the number of electron vacancies per atom for each element are 
those suggested by Pauling, except for molybdenum, where a value simi- 
lar to that of chromium is used as suggested by Rideout [14]. It is argued 
that because molybdenum follows chromium in the same column of the 
periodic table it might be assumed that the electron vacancies in the 4-d 
sub-band equate to those of the 3-d sub-band. Figure 3 shows the swelling 
of the alloys at 40 dpa and 600~ (ll12~ plotted against the electron 
vacancy concentration Nv. 

It can be seen that a good correlation exists between swelling and the 
calculated electron vacancy concentration for values above 2.58 (a figure 
close to the 2.52 value derived by Woodyatt et al [6] for the appearance 
of sigma phase in high-nickel alloys). The critical value of 2.58 electron 
vacancies per atom has been deduced from the data by fitting a linear 
relationship to the swelling against Nv when Nv > 2.5 and by assuming 
that swelling is constant at 0.62 when Nv < 2.5. The correlation coefficient 
for swelling against electron vacancy concentration when Nv > 2.5 is 0.82 
(that is, the correlation is significant at the 5 percent level, using 7 data 
points) compared with a correlation, coefficient of 0.5 (which is not signi- 
ficant at the 10 percent level) for swelling against o-content. Therefore, it 
is concluded that this second approach offers a much more reliable 
method of correlating swelling. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



WATKIN ON VOID SWELLING 279 

3 
LU 

o> 

�9 347 / /  

�9 316L o316 

�9 M316 

RE 15 (31 
GAB 286 �9 PE 16 (2) 

PEel6 (11 
I l I t I I I L I 

2 2  2 3  24  2 5  26  27  28  2 9  3 0  
Nv ELECTRON VACANCIES PER ATOM 

FIG. 3--Swelling at 30 dpa and 600~ (1112 ~ against electron vacancy concentration. 

As a further test of  this correlat ion--in the absence of  another similarly 
comprehensive data set from reactor irradiations--the results of  the 
5-MeV nickel ion irradiations of  Johnston et al [2] have been assessed. 
Figure 4 shows these data for the swelling of  a range of  alloys irradiated 
at 625~ (1157~ to 140 dpa plotted against equivalent nickel content. 
They show a trend similar to the present results with swelling falling with 
equivalent nickel content, but, when the results are plotted against calcu- 
lated sigma content, no obvious correlation can be detected (Fig. 5). This 
lack of  a correlation with sigma content is hardly surprising because the 
irradiation time was only •8 h and sigma phase is notoriously slow in 
formation, even allowing for the fact that about half these alloys were 
aged at 593 ~ (1098 ~ for 200 h, to simulate in-service conditions. How- 
ever, when these data are plotted against the electron vacancy c o n c e n t r a -  

tion calculated as described in the foregoing, a correlation is obtained 
(Fig. 6) which is as good as that found for the neutron data. The correla- 
tion coefficient is 0.77 (that is, the correlation is significant at the 1 per- 
cent level, using 10 data points). These results also suggest a critical value 
for Nv in commercial alloys of  ,,~2.5 electron vacancies per atom above 
which significant swelling is observed and below which swelling is small or 
insignificant. An interesting feature of  Johnston's results is that the four 
"base  alloys" (alloys manufactured from high-purity starting material) 
indicate a critical value of  Nv which is approximately 0.3 electron vacan- 
cies per atom less than that for commercial materials. The correlation for 
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FIG. 4--Swelling against equivalent nickel content [Johnston "s 5-Me V nickel ion irradia- 
tions at 625~ (1157~ and 140 dpa]. 

the four base alloys of swelling with N, must be treated with some reser- 
vation because it might only be a reflection of the fact that N~ decreases 
linearly with nickel content at constant chromium content. If true, how- 
ever, then the difference between the two lines (the line for high-swelling 
commercial alloys and that for the base alloys) could be associated with 
minor alloying elements such as silicon and phosphorus. 

General Discussion 

The starting point for the interpretation of the high-temperature swel- 
ling behavior in this paper was Harries' suggestion [3] that sigma phase 
formation would have an important effect on swelling. Sigma-free alloys 
should, it was thought, be less prone to swelling than those which contain 
that phase. It has been shown, however, that there is a better correlation 
between swelling and electron vacancy concentration than with sigma 
content for the neutron data and for the 5-MeV nickel ion data. The 
sigma content was estimated using experimentally derived multiplying 
factors to determine the equivalent nickel and chromium contents and 
from an experimentally derived phase diagram. And it was the realization 
that such a procedure might be inaccurate that led to the study of electron 
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FIG. 5--Swelling against calculated sigma content [Johnston's 5-MeV nickel ion irradia- 
tions at 625 ~ (1157~ and 140 dpa]. 

vacancy concentration as an alternative means of estimating sigma- 
forming tendency. The resulting correlations are remarkably good, par- 
ticularly in the case of our own data for materials irradiated at high 
temperatures, and strongly suggest that a mechanism of basic importance 
has been identified. 

It may be, of course, that the electron vacancy concentration is merely 
a more precise reflection of the sigma content of the alloys than is the 
estimate derived from the phase diagram. Alternatively, there may be an 
intrinsic effect of electron vacancy concentration upon some important 
property of the austenite matrix itself. For example, if a low electron 
vacancy concentration reduces the diffusion coefficients for irradiation- 
induced interstitials and vacancies, then it would be equivalent to a reduc- 
tion in the temperature of irradiation and, by increasing the tendency for 
point defects to recombine on the lattice, it would produce the observed 
reduction in swelling. Another possibility is that raising the electron 
vacancy concentration causes the formation not only of sigma (perhaps in 
amounts equal to those here inferred from analysis of the phase diagram) 
but also of other electron compounds. These latter might share with 
sigma phase a tendency to absorb impurities whose presence in the 
gamma phase would have conferred swelling resistance. Metallography 
will help to distinguish between these hypotheses. 
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Whatever the scientific reason for the correlation between swelling and 
electron vacancy concentration, its practical utility as a means of selecting 
materials of low swelling content is very clearly established by the analysis 
reported here. Experiments are in progress to explore the swelling of 
materials of varying electron vacancy concentration at high fluences to see 
if the trend is maintained. 

Conclusions 

The results reported here for the swelling of some austenitic stainless 
steels and nickel alloys irradiated at 600~ (lI12~ in the DFR lend 
general support to the recent suggestion of Harries [3] that swelling in 
austenitic and nickel-based alloys could be influenced by elements in solid 
solution. The swelling at 30 dpa has been shown to increase with the 
calculated equilibrium fraction of sigma phase. 

A superior correlation has been shown to exist between the swelling and 
calculated electron vacancy concentration of the matrix, and a value of 
2.58 electron vacancies per atom has been observed above which swelling 
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increases rapidly and below which swelling is small. The concept of a 
critical value of electron vacancy concentration has been shown to be 
consistent with the 5-MeV nickel ion irradiations of Johnston et al [2] 
and, also, that it offers a suitable approach for the design of new alloys 
with potentially low swelling characteristics. 
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ABSTRACT: The microstructure of cold-worked, high-purity nickel has been inves- 
tigated following ion-simulated irradiation-induced creep with 22-MeV deuterons and 
70-MeV a-particles. The irradiations were conducted at 224~ (435~ at stresses 
between 170 and 345 MPa, and at displacement rates between 13 and 30 x 10 -8 dis- 
placements per atom per second (dpa/s). Transmission electron microscopy (TEM) 
procedures were used to prepare, observe, and photograph the microstructure of the 
ion-irradiated uniaxial creep specimens and companion unirradiated specimens. 

Examination of the ion-irradiated microstructure revealed no substantial differ- 
ences between the deuteron and a-particle irradiated specimens. In all cases, a hetero- 
geneous distribution of defect clusters or small dislocation loops and network dis- 
locations, or both, were observed. A significant reduction in dislocation density from 
the unirradiated values was seen for the irradiated specimens. It was found that the 
small loops and defect clusters provided effective obstacles to dislocation motion 
as evidenced by the bowing of dislocations between adjacent defects. 

The microstructural results were evaluated in terms of the theoretical mechanisms 
proposed for irradiation-induced creep and the previously reported creep simulation 
results for nickel by Hendrick et al. A model based on the climb-controlled glide of 
dislocations over dispersed obstacles was found to be consistent with the micro- 
structural results and the experimental creep data. 

KEY WORDS: radiation, irradiation, nickel, dislocations, electron microscopy, 
microstructure, radiation damage simulation, radiation effects, ion irradiation, ion 
simulation, radiation creep, creep mechanisms 

The dimensional stability of structural materials is of  major importance 
in the design of breeder and, in the future, controlled thermonuclear 
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reactors. One of the critical parameters to be considered in the evaluation 
of dimensional stability is irradiation-induced creep. However, despite 
considerable recent effort to develop theoretical models of irradiation- 
induced creep [1-6], 3 the difficulties of performing in-reactor creep exper- 
iments have severely limited the quantity of experimental data available to 
test the models, l~urthermore, the simultaneous effects of external stress 
and irradiation on the microstructure of materials are poorly understood 
[7]. 

The lack of prototypical irradiation test facilities for in-reactor creep 
experiments coupled with the necessity for careful control of all experi- 
mental variables motivated the development of techniques for the ion- 
simulation of irradiation-induced creep. While several experiments have 
demonstrated that ion simulation can be applied to investigate irradiation- 
induced creep in several materials [8-11], recent experiments have shown 
that ion simulation can be successfully applied to produce irradiation- 
induced creep in materials whose thickness is characteristic of proposed 
breeder fuel cladding material [12]. However, the mechanisms responsible 
for the observed ion-simulated irradiation-induced creep behavior have 
not been fully evaluated and the relationship of the ion-simulation results 
to in-reactor data is poorly known [12,13]. 

The purpose of the present work was to characterize the microstructure 
of high-purity nickel following ion-simulated irradiation-induced creep 
[12] to determine the simultaneous effects of applied stress and ion irradi- 
ation. The microstructural results were then examined in terms of the 
observed creep behavior and possible mechanisms of irradiation-induced 
creep. The results show that a model for the climb-controlled glide of 
network dislocations is in good agreement with the observed creep behav- 
ior. 

Experimental Procedures 

Detailed descriptions of the material history and composition, experi- 
mental technique, specimen design, and the irradiation-induced creep 
results for the nickel specimens used in this work have been previously 
reported [12-14]. Briefly, 0.38-mm-thick uniaxial tension specimens of 
95 percent cold-worked, 99.995 percent nickel were maintained at a tem- 
perature of 224~ (435~ in vacuum while stressed from 170 to 345 
MPa. Simultaneously, the specimens were irradiated with either 22-MeV 
deuterons or 70-MeV a-particles at displacement rates between 13 and 
30 x 10 -8 displacements per atom per second (dpa/s) to fluence levels 
from 0.01 to 0.04 dpa. Instantaneous specimen length was monitored by 
three linear variable differential transformers (LVDT's). Through careful 

3 The italic numbers in brackets refer to the list of references appended to this paper. 
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control of experimental variables, the creep rate as a function of applied 
stress and ion flux was measured. It was also shown that, for the test 
conditions employed, negligible thermal creep occurred. 

Transmission electron microscopy (TEM) disks were prepared from the 
gage section of the creep specimens using electrical-discharge cutting 
techniques. Similar disks were obtained from unirradiated end-tab areas 
of the creep specimens as well as from as-received specimen material. 
Since preliminary studies indicated that foils prepared directly from the 
0.38-mm specimen thickness did not contain sufficient thin area for quan- 
titative microscopy, careful low-speed, water-cooled grinding procedures 
were used to reduce the thickness of the TEM disks to approximately 
0.19 mm. During preparation of the disks from the specimen gage sec- 
tion, the grinding was done uniformly from both the front and rear sur- 
faces of the specimen. 

The TEM disks were thinned using a twin-jet electropolishing technique 
[15] and a 9:1 (by volume) acetic-perchloric electrolyte. The thin foils 
were examined in a JEM 200A electron microscope operated at 200 kV 
and equipped with a double-tilt goniometer stage. During TEM examina- 
tion, the irradiated disks were oriented such that the direction of applied 
stress was coincident with the goniometer x-tilt axis. 

The dislocation density and cell diameters were determined by previously 
described line intercept methods [16]. The dislocation density measured 
was the average density of the network dislocations as opposed to the 
localized density of the dislocation cell walls. Weak-beam, dark-field 
procedures were employed to observe the defect clusters (presumed to be 
unresolvable dislocation loops) and dislocation loops in the irradiated 
specimens whenever possible. However, the highly deformed nature of 
the specimens coupled with the small defect cluster/dislocation loop size 
prevented the use of the weak-beam, dark-field method in all cases. The 
defect cluster/loop sizes and distributions were evaluated from enlarged 
micrographs using a particle size analyzer. In addition, individual size 
measurements were made from the central region of highly enlarged micro- 
graphs to confirm the results from the particle size analyzer. Foil thick- 
ness was determined using dynamical stereomicrographs. At least three 
thickness determinations were used to compute the dislocation and defect 
cluster/loop densities for each specimen. These values are believed to be 
accurate to only within • 50 percent due to the high density of defects 
and initial deformation structure. 

Results 

Examination of TEM specimens prepared from unirradiated, as-received 
nickel stock material and from unirradiated portions of the creep speci- 
mens indicated a deformation microstructure characteristic of severely 
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cold-worked material. Small dislocation cells, deformation bands, and slip 
traces were observed in most cases. A typical example of the dislocation 
cell structure is shown in Fig. la. The dislocation density of the cell wall 
was estimated to be >1 x 1013 cm/cm 3. Small dislocation loops were 
occasionally observed within the cell interiors in these specimens, Fig. lb. 

The TEM evaluation of the irradiated microstructures revealed no sub- 
stantial difference between the deuteron and a-particle irradiated speci- 
mens. A heterogeneous distribution of small defect clusters, dislocation 
loops, individual dislocations, and larger dislocation cells with reduced 
cell wall dislocation densities (~10 ~ cm/cm 3) was distinctly visible in all 
specimens. Typical examples of the defect cluster/dislocation loop struc- 
ture and network dislocations are shown in Fig. 2a and b. In both, the 
pinning of individual dislocations by the defect clusters/dislocation loops 
can be seen. In certain specimens, resolvable dislocation loops were ob- 
served as shown in Fig. 2c and d. Repeated attempts to deduce the char- 
acter of these loops by weak-beam, dark-field stereo methods [17] and 
bright-field tilting procedures [18] were inconclusive due to the small 
loop size and high loop density. In certain specimens, limited evidence of 
loop orientation on { 111} habit planes was observed. However, efforts to 
determine the extent, if any, of preferential loop alignment with respect 
to the applied stress direction were inconclusive. 

The microstructural results from all specimens examined in this study 
are given in Table 1. It was noted that the defect cluster/dislocation loop 
diameters exhibited a very narrow distribution about the mean values 
given in the table. The normalized steady-state creep rates were computed 
from the experimental results in the manner described by Hendrick et al 
[12]. The microstructural results indicate that the combined effects of 
both ion irradiation and applied stress produced an increase in dislocation 
cell size with an accompanying net decrease in dislocation density. The 
defect cluster/loop size and density were found to vary inversely with the 
applied stress as shown in Fig. 3. 

Discussion 

The previously published ion-simulated irradiation-induced creep exper- 
imental results for the specimens examined in this work have shown that 
the stress dependence of the steady-state creep rate 4 was approximately 
quadratic (~ oc 0 2) and the flux dependence was approximately linear 
[12,13]. By comparison, it was shown that these results were in overall 
agreement, within experimental error, with previous ion-simulated irradia- 

4The steady-state creep rate, as used in this study, may be temporal in nature (that is, 
specimens irradiated to higher fluence levels may exhibit lower values of steady-state creep 
rate due to hardening effects). 
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FIG. 2--Microstructure o f  ion-simulated irradiation-induced creep specimens. The direc- 
tion of  applied stress in all micrographs was left to right within the plane of  the paper. 
(a) and (b) Defect cluster/dislocation loop structure and network dislocations. Note the 
pinning of  individual dislocations by the defect clusters/dislocation loops. (c) and (d) Distinct 
dislocation loops observed in Specimen 4D-2-5. 
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F I G .  3 Stress dependence of  defect cluster~dislocation loop number density and mean 
diameter. 

tion-induced creep results for nickel obtained by Hendrick et al [11,19] 
using 3.0- and 5.25-MeV protons. Other simulation results reported by 
Harkness et al [I0] for austenitic stainless steel show a stress dependence 
of the creep rate between one and two at stresses and homologous temper- 
atures comparable to those used for the nickel experiments. Although no 
microstructural data were obtained in the previous studies f o r  compar- 
ison with the present results, the experimental data in all cases suggest 
that irradiation-induced climb-controlled glide could be responsible for 
the observed creep behavior. 

Several climb-controlled glide creep models have been published by 
Harkness et al [20,21] and by Wolfer et al [22,23] to account for the 
climb of dislocations over dispersed obstacles by the absorption of irra- 
diation-induced point defects. Depending on the parameters chosen, the 
models predict a squared stress dependence of the irradiation-induced 
creep rate at high stresses and a linear stress dependence at low stresses 
[22,23]. A climb-controlled glide mechanism is entirely consistent with the 
microstructural results obtained in this study in view of the decreased 
dislocation density produced by irradiation-induced dislocation climb 
and the observation that defect clusters/dislocation loops were apparently 
effective as barriers to dislocation motion. 

The agreement between the climb-controlled glide mechanism and both 
the previous experimental results and the present microstructural observa- 
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292 IRRADIATION EFFECTS ON METALS 

tions for the same nickel specimens was analyzed by computing the steady- 
state creep rate on the basis of the microstructural data. For the case 
where a metallic material is undergoing irradiation, the steady-state defect 
concentrations may be calculated according to the models proposed by 
Brailsford and Bullough [1,24] using the defect balance equations 

K - D i C i k i  2 - t x C i C v  = 0 (1) 

K '  - DvC~k~ 2 - a C i C ~  = 0 (2) 

where K is the atomic displacement rate, K '  the effective defect genera- 
tion rate (that is, the displacement rate augmented by vacancy emission 
from sinks), Ci and Cv the concentrations of interstitials and vacancies, 
D, and Dv the diffusion coefficients for interstitials and vacancies, kfl and 
kfl the total strengths of fixed sinks for interstitials and vacancies, and a 
the recombination coefficient. The sink strengths were then expressed as 

kf l  = Z i o  d (3) 

k~ ~ = Zvod (4) 

where 0d is the dislocation density (network dislocations and loops), and 
Zi  and Z~ are the sink strengths for interstitials and vacancies. The dis- 
location cell walls were assumed to act as neutral sinks and their strength 
was estimated as l / r e  2, where rc is the cell radius. From the results in 
Table 1, their maximum strength is approximately 6 x 108 cm -2, which 
is considerably less than that of the network dislocations and loops. There- 
fore, the effect of these sinks on the calculated creep rates was negligible. 
The interstitial and vacancy diffusion coefficients were calculated by 

Di  = D i  ~ e x p ( - E i m / k T )  (5) 

Dv = Dfl exp(- E ~ m / k T )  (6) 

where D i  ~ and Dfl are the diffusion pre-exponentials, E,m and Ev m the 
activation energies for interstitials and vacancies, T the absolute tempera- 
ture, and k Boltzmann's constant. 

The creep rate, ~, was evaluated according to the expression for climb- 
controlled glide [22,23] 

= o ~ b l v o l ( L / d )  (7) 

where 

~a" = network dislocation density, 
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b = Burger's vector, 
L = obstacle spacing, and 
d = obstacle height. 

The dislocation climb velocity, vc, was evaluated from the expression 
for a stressed solid [3] 

where 

oQ 
vc = ( C~DvZd - C~DiZI )  (8) 

6(1 - v) b k T  

o = applied stress, 
Q = atomic volume, 
v = Poisson's ratio, and 

Zi  s and Z d  = dislocation bias for interstitial and vacancy capture under 
stress,  respectively. 

The thermal vacancy concentration term was not included in Eq 8 since 
preliminary calculations confirmed that it was negligible at the irradiation 
temperatures where the experimental data were obtained. For purposes 
of  calculation, the material parameters for nickel given by Sprague et al 
[25] were used. The bias terms used were Zi  = 1.01 and Zv = 1.00. The 
bias terms under stress were taken as Z~ s = - 1.2 and Z J  = 2.7 following 
Heald and Speight [3]. The obstacle spacing was determined from the 
loop density, N~, and L = �89 and the obstacle height was taken 
as the defect cluster/loop diameter given in Table 1. 

The creep rates computed from Eq 7 are compared in Fig. 4 with the 
experimental creep rates for the same specimens [12] as a function of  
stress. It can be seen that the creep rates calculated from the values in 
Table 1 are in reasonable agreement with the experimental results. The 
extremes of  the vertical lines in Fig. 4 represent the creep rates calculated 
from the maximum and minimum observed defect cluster/dislocation 
loop diameters. The solid line through the experimental data points in- 
dicates a slope of  two in accord with the results obtained by Hendrick 
et al [12]. In addition, the creep rates expected on the basis of  the dis- 
location climb model of  Wolfer and Ashkin [4] and the loop orientation 
model of  Brailsford and Bullough [1] were computed using the same 
material and microstructural parameters. The creep rates from both of  
these models are several orders of  magnitude below those calculated for 
the climb-controlled glide model and those observed experimentally. The 
calculations confirm that,  of  those models considered, only the climb- 
controlled glide model is in reasonable agreement with the steady-state 
ion-simulated irradiation-induced creep behavior observed in the present 
specimens. Evidence which supports this suggestion has been published 
recently by Wolfer [26], who shows that, for low fluence (<1022 neutrons 
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Fig. 4--Stress dependence o f  calculated and measured ion-simulated irradiation-induced 
creep rate. 

(n)/cm 2) and temperatures, the primary contribution to creep is provided 
by dislocation loops in agreement with the experimental data of Mosedale 
et al [27]. 

The quadratic dependence of creep rate on stress as calculated from 
the microstructural data results from both the linear dependence of the 
ratio of obstacle spacing to height, L/d,  on stress, and from the stress 
term contained within the expression for climb velocity. The microstruc- 
tural calculations predict a linear dependence of creep rate on flux, which 
results from the nearly linear relationship between atomic displacement 
rate and defect concentrations as given by Eqs 1 and 2, in agreement with 
the experimental results [12]. 

Previous calculations of creep rates using a climb-controlled glide 
model by Harkness et al [20,21] did not distinguish between the transient 
and steady-state neutron irradiation-induced creep, but predicted a de- 
crease in creep rate with dose, reflecting the accumulation of defects with 
increasing fluence. Since the microstructural results obtained in the pres- 
ent study represent the defect parameters after steady-state creep was 
achieved, no effect of fluence on the creep rate was calculated. However, 
the experimental data given by Hendrick et al [12] for these specimens 
show that transient creep is essentially saturated at fluences greater than 
approximately 0.01 dpa. This evidence indicates that the initial accumula- 
tion of irradiation defects occurs very rapidly, and may continue to flu- 
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ence levels beyond those achieved experimentally to produce further growth 
of the defect clusters/dislocation loops. It is reasonable, therefore, to 
expect that climb-controlled glide will continue to operate at these higher 
fluences, but that the creep rate will diminish with the increase in defect 
cluster/dislocation loop size. When this occurs, other mechanisms may 
become dominant and provide the primary contribution to the creep rate. 

Summary and Conclusions 

The microstructure of high-purity nickel was characterized following 
ion-simulated irradiation-induced creep by 22-MeV deuterons and 70-MeV 
a-particles at 224~ (435~ The principal microstructural features ob- 
served were defect clusters/dislocation loops and a decreased network dis- 
location density as compared with unirradiated material. The results were 
compared with previously reported experimental creep data for these 
specimens on the basis of a climb-controlled glide mechanism. 

The following conclusions can be drawn from this work: 
1. The effect of both ion irradiation and applied stress was to increase 

defect cluster/dislocation loop number density and size and dislocation 
cell diameter and to decrease network dislocation density. No evidence 
of preferential dislocation loop alignment with respect to the applied 
stress direction was observed. 

2. The defect clusters/dislocation loops appeared to act as effective 
obstacles to network dislocation motion during steady-state irradiation- 
induced creep. This observation together with the decreased network 
dislocation density is consistent with a climb-controlled glide mechanism. 

3. Calculations based on the microstructural results confirmed that a 
climb-controlled glide mechanism was in agreement with the squared 
stress dependence and linear flux dependence observed during ion-simulated 
irradiation-induced creep experiments. 

4. Creep rates calculated from the microstructural results using dis- 
location climb and loop orientation models were several orders of mag- 
nitude less than those calculated for the climb-controlled glide mechanism. 

5. The review of a limited number of ion-simulation and neutron irra- 
diation-induced creep results suggests that climb-controlled glide should 
he a viable creep mechanism at low temperatures and fluences. It is ex- 
pected that steady-state irradiation-induced creep begins upon stabiliza- 
tion of that part of the irradiated microstructure which contributes to 
transient creep. 
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Effects of Interstitial Solutes on the 
Microstructures of Self-Ion Irradiated 
Vanadium* 
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Solutes on the Microstructures of Self-Ion Irradiated Vanadium," Irradiation Effects 
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ABSTRACT: Vanadium and vanadium containing 0.1 percent carbon, 0.4 percent 
carbon, 1.0 percent nitrogen, and 1.0 percent oxygen were irradiated with 3-MeV 5 W+ 
ions in the temperature range 650 to 880~ (1202 to 1616~ to a dose level of "~20 dpa. 
The results show that nitrogen is most effective in controlling the void swelling. Carbon 
and oxygen also suppress the swelling considerably when compared with unalloyed 
vanadium. Except for vanadium-1.0 percent nitrogen, all compositions exhibit a fine 
platelet precipitate with { 012 } habit at 650 ~ (1202 ~ In the case of vanadium-carbon 
alloys, this phase persisted even at higher temperatures. Vanadium and vanadium-l.0 
percent oxygen showed fine precipitation on dislocations and void surfaces at 880~ 
(1616~ Vanadium-0.1 percent carbon exhibited a metastable {013} carbide 
precipitate at 880~ (16160F), whereas vanadium-0.4 percent carbon showed 
equilibrium V:C phase with some {012} precipitates. This {012} precipitation was 
irradiation induced and was dependent upon the carbon concentration. Vanadium-l.0 
percent nitrogen did not show any evidence of precipitation over the entire temperature 
range. 

KEY WORDS: radiation wall materials, body-centered-cubic metals, interstitial 
solutes, radiation effects, swelling, voids, dislocations, metastable precipitation. 

Strong effects of interstitial solutes on the irradiation-induced micro- 
structure of body-centered-cubic (bcc) metals and alloys have recently 
been demonstrated in ion-bombardment experiments. For example, a 
reduction in the void swelling of dilute columbium-oxygen alloys compared 
with pure columbium has been reported [1],2 and our preliminary studies in- 
dicated similar behavior in vanadium-oxygen alloys. The theoretical 

*Work supported by the U. S. Energy Research and Development Administration. 
IMaterials Science Division, Argonne National Laboratory, Argonne, Ill. 60439. 
2The italic numbers in brackets refer to the list of references appended to this paper. 
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calculation of Schilling and Schroeder [2], based primarily on vacancy trap- 
ping by interstitial solutes in bcc metals, also predicts significant sup- 
pression of swelling with solute content. In addition, irradiation may 
produce precipitates in alloys which, under thermal equilibrium, would not 
contain precipitates. Such irradiation-induced precipitates have been ob- 
served in ion-irradiated vanadium [3, 4] and are thought to arise from very 
low concentrations of interstitial impurities. 

To determine the effects of these interstitial solutes on the void swelling 
as a function of temperature, we have prepared and irradiated dilute binary 
alloys of vanadium containing known amounts of carbon, oxygen, and 
nitrogen. In addition, our early results suggested a correlation between 
irradiation-induced precipitation and carbon content. Thus we also in- 
vestigated a normally two-phase vanadium-carbon alloy containing V~C 
phase. A dose level of "~20 dpa was selected on the basis of previous dose- 
dependence studies of swelling that indicated a maximum swelling in the 
vicinity of this dose level [3]. 

Experimental Procedure 

Vanadium was obtained in the form of 0.02-cm sheet from Wah Chang, 
Albany. The supplier's analysis, an independent mass spectrographic 
analysis for substitutional elements, and vacuum-fusion analysis of in- 
terstitial elements are given in Table 1. As shown in Table 1, the carbon, 

T A B L E  l--Chemical analyses of vanadium. 

Supplier,  Mass Spec t rog raph ,  Fusion Analysis ,  
E lemen t  weight  p p m  weight  p p m  weight  p p m  

H 4 o ~  

c 80 . . .  
N 100 . . .  39 
O 350 _ . .  136 

A l  80 < 4 0  
Cu <40  2 . . .  
Fe 90 33 . . .  
Si 295 150 . . .  

R em a i nde r  . . .  < I 0  . . .  

oxygen, and nitrogen contents of the vanadium correspond to ~0.05, 0.04, 
and 0.01 atomic percent, respectively. Sheets (20 by 0.4 by 0.02 cm) of 
vanadium containing an additional 0.1 percent and 0.4 percent carbon, 1.0 
percent oxygen, and 1.0 percent nitrogen were made by reacting the 
vanadium at 1250~ (2282~ with methane, oxygen, or nitrogen in an 
ultrahigh vacuum system. In the case of carbon alloys, the residual 
hydrogen was removed by evacuating the system to ~10 -8 torr before cooling 
the sheet. When possible, nominal compositions were checked by com- 
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paring specimen weight gain based on the amount of gas reacted with those 
actually measured. These quantities agreed within 1 percent of the weight of 
solute added. 

Specimens for irradiation were obtained by punching 3-mm disks from 
the sheet stock just described. One surface was polished by procedures 
described previously [5]. Hydrogen picked up during polishing was removed 
by final degassing for 15 min at 1050~ (1922~ just prior to inserting the 
specimens into the ultrahigh vacuum irradiation chamber. Groups of 
specimens from each composition were clamped in a 4 by 5 array in a 
tungsten specimen holder and irradiated with 3.0-MeV 51V+ ions in the 
Argonne National Laboratory (ANL) dual ion-irradiation facility [5]. A 
given array contained three disks of each alloy. The ion flux and fluence 
were typically 0.55/aA cm -2 and 4.0 mC cm -2. One disk of each composition 
was shielded from the beam and acted as a control specimen in that it ex- 
perienced the same thermal treatment and gaseous environment as the 
irradiated specimens. The nominal irradiation temperatures were 650, 700, 
750, 800, and 880~ (1202, 1292, 1382, 1472, and 1616~ The temperature 
was controlled by thermocouples in the specimen holder, and individual 
specimen temperatures were read using an infrared pyrometer calibrated for 
these materials and specimen-preparation procedures. Total gas pressures 
during the ~2-h irradiation were in the low 10 -8 torr range, dropping to 10 -9 
torr as the run proceeded. Residual gas-pressure measurement showed ap- 
proximate partial pressures for water (H20) of ~3 • 10 -9 torr and for com- 
bined nitrogen (N2) and carbon monoxide (CO) ' -  5 x 10 -9 torr. 

Following irradiation, the specimens were sectioned to depths between 
7100 and 8500 /~ from the irradiated surface, then thinned from the 
backside to perforation. The section depth for a particular specimen was 
determined with an interference microscope and was used in computing the 
dose for that specimen. Deposited energy densities as a function of depth, 
calculated from Brice Codes RASE3 and DAMG2 [6], were converted to 
displacements per atom (dpa) using a threshold energy of 40 eV. For the 3- 
MeV V § irradiation, the depth of maximum displacement damage was 9300 
A, and an ion flux of 1/aA/cm 2 corresponded to a displacement rate of 5.5 
• 10 -3 dpa/s. The void and precipitate microstructures were examined by 
procedures described previously [5]. 

Void and Dislocation Data 

Comparisons of data for the void and dislocation microstructure of four 
interstitial doped alloys with those for unalloyed vanadium are shown in 
Figs. 1 through 4. Plots show, respectively, void volume fraction, void 
number density, mean void diameter, and dislocation density plotted as a 
function of irradiation temperature. For the vanadium, vanadium-0.1 per- 
cent carbon, vanadium-l.0 percent oxygen, and vanadium-l.0 percent 
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FIG. 1-- Void volume fraction as a function of  irradiation temperature. 

nitrogen, the dose level of the transmission electron microscopy (TEM) 
specimens was 20 ___ 2 dpa, whereas that of vanadium-0.4 percent carbon 
was 16 _ 2 dpa. The curves on the plots show the trends in the parameters. 

The temperature dependence of the void volume fraction for vanadium is 
consistent with previous data for Ni § ion irradiations at a dose level of '~50 
dpa [7]. The swelling rises rapidly with temperature, peaks in the vicinity of 
700 ~ (1292 ~ and drops off slowly on the high-temperature side. Within 
limits of the present data set, it appears that the shape of the swelling curve 
for vanadium-0.4 percent carbon is not affected strongly, although the 
magnitude of the swelling is depressed significantly. Vanadium-0.1 percent 
carbon exhibits swelling over the same temperature range as the vanadium. 
In vanadium-l.0 percent oxygen and vanadium-l.0 percent nitrogen 
swelling is decreased over this temperature range, but for vanadium-1.0 per- 
cent oxygen it is increased at lower temperatures. A comparison of these 
swelling data with those obtained previously in a SSNi+ irradiation shows 
that, although the magnitude of the swelling is similar, the void number 
density was an order of magnitude lower in the self-ion irradiation. The 
void number density is strongly dependent upon the solute, although in all 
cases the density decreases rapidly as the temperature increases. Interstitial 
solutes cause large variations in void number density, particularly at the 
lower temperatures: oxygen appears to promote void nucleation, nitrogen 
depresses it, whereas carbon in solution exhibits an intermediate behavior 
closely paralleling that for unalloyed vanadium. The void size, however, 
tends to increase with irradiation temperature; only vanadium-0.4 percent 
carbon exhibits the more generally observed monotonic increase [8]. The 
variations in the other curves, although not presently understood, appear to 
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FIG. 2--Void number density as a function o f  irradiation temperature. (Arrows represent a 
+40~ (104~ temperature excursion for  about 10 rain in the beginning o f  the run. The total 
run time was about 2 h.) 

be valid as they are well outside the limits of  the relative error in the mean 
void diameters ( _+ 10 percent). 

Micrographs showing the void structure of  the various alloys after ir- 
radiation at 700~ (1292~ are shown in Fig. 5. Nonrandomness in the void 
distributions can be seen in vanadium and in the carbon alloys where the 
voids tend to form a network pattern and, to a lesser extent, in the oxygen- 
doped alloy where a few void clusters are visible. At temperatures above 
and below 700~ (1292~ however, all specimens tended to exhibit more 
random void structures. A precipitate structure can be seen in vanadium- 
0.1 percent carbon (Fig. 5b), whereas the dislocation microstructure is visible 
in the oxygen- and nitrogen-doped alloys (Figs. 5c and 5d). In all the alloys, 
dense dislocation tangles were observed, the density of  which decreased with 
an increase in the irradiation temperature (Fig. 4). Vanadium exhibited a 
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FIG. 5--Void microstructure in vanadium and vanadium alloys irradiated at 700~ 
(1292 ~ (a) Vanadium. (b) Vanadium-O. 1 percent carbon. (c) Vanadium-1. O percent oxygen. 
(d) Vanadium-l.O percent nitrogen. 

significantly lower dislocation density than the other alloys, whereas in 
the 0.4 percent carbon alloy, the dislocation density at high temperatures 
was significantly greater than the other compositions. This is ascribed to 
the generation of additional dislocations by prismatic punching at V2C 
particles [9]. 
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Precipitation Phenomena 

Under normal conditions of thermal equilibrium, all alloys investigated, 
except vanadium-0.4 percent carbon, are single phase at the irradiation tem- 
peratures [10,11]. Vanadium-0.4% carbon contains the V2C phase and a 
bcc solid solution, as described by Diercks and Wert [9]. These authors have 
demonstrated that formation of V~C at temperatures ~ 500~ (932~ is 
preceded by a metastable carbide with {013} habit. Our vanadium-0.4 per- 
cent carbon unirradiated control specimen from the 880~ (1616~ 
irradiation showed V2C precipitates on the external surface and at a depth 
corresponding to the peak damage (9300 ~,). The morphology and electron 
diffraction patterns from the internal V~C phase were the same as those 
reported by Diercks and Wert [9]. 

The various precipitate types observed in the irradiated specimens are 
shown in Fig. 6. Figure 6a shows a platelet precipitate that trace analysis 
confirmed had an {012} habit, henceforth called the {012} precipitate. This 
precipitate was previously observed by Agarwal and Taylor [3]. It is ex- 
tremely thin, perhaps only one or two atom layers thick, as evidenced by 
profuse streaking along <012> in the electron diffraction patterns. Fur- 
thermore, it displays well-developed displacement fringe contrast when in- 
clined to the electron beam. Figure 6b shows irregular, three-dimensional 
precipitates identified as V~C by electron diffraction. As previously stated, 
these are surrounded by dense tangles of dislocations. In addition to V2C 
precipitates, Fig. 6c shows thin, disk-shape precipitates that are visible by 
displacement fringe contrast. Trace analysis of these precipitates showed a 
{013} habit. They produced diffraction effects identical to the metastable 
carbide phase described by Diercks and Wert (Fig. 6 of their paper [9]). In 
the present case, this precipitate clearly forms heterogeneously on disloca- 
tions and void surfaces. The presence of precipitates along dislocations was 
also observed in vanadium at the highest irradiation temperatures (Fig. 6d). 
These precipitates are very thin disks of {013} habit with a ~500 
diameter. They frequently occur as parallel sets along the dislocations, for 
example, the region labeled A. In other orientations visible in Fig. 6d, the 
overlapping strain contrast of these precipitates causes the fringed ap- 
pearance of some portions of the dislocations. 

Table 2 is a summary of the various kinds of precipitates observed as a 
function of irradiation temperature and alloy composition. The vanadium- 
1.0 percent nitrogen alloy showed no precipitates over the entire tem- 
perature range investigated. Vanadium and vanadium-l.0 percent oxygen 
exhibited qualitatively similar behavior, namely, a high density of {012} 
precipitates at the lowest irradiation temperature only and precipitates on 
dislocations at the highest temperatures. The vanadium-0.1 percent carbon 
and vanadium-0.4 percent carbon showed high densities of {012} 
precipitates at 650 ~ (1202 ~ Unlike vanadium and vanadium- 1.0 percent 
oxygen, the {012} precipitate in the carbon alloys persisted to much higher 
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FIG. 6--Various precipitate microstructures observed in vanadium and vanadium alloys 
irradiated in the temperature range 650 to 880~ (1202 to 1616~ [ (lO0) foil]. (a) Vanadium- 
O. 4 percent carbon at 650 ~ (1202 ~ 0o) Vanadium -0. 4 percent carbon at 800 ~ (1472 ~ (c) 
Vanadium-O. 1 percent carbon at 880 ~ (1616 ~ (d) Vanadium at 880 ~ (1616 ~ 

temperatures (~800~ (1472~ This is demonstrated in the case of 
vanadium-0.1 percent carbon in Fig. 7, which shows that the precipitates 
become less dense and coarser as the irradiation temperature increases. The 
{012} precipitate was not observed in specimens irradiated at 880~ 
(1616 ~ These did show, however, the metastable carbide phase described 
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FIG. 7--Coarsening of  {012} precipitate in vanadium-O. 1 percent carbon as a function of  
temperature [(100) foil]. (a) 650~ (1202~ (b) 700~ (1292~ (c) 750~ (1382~ (d) 
800 ~ (14 72 ~ 

earlier (Fig. 6c), which is believed to form during cooling from the 
irradiation temperature. 

Conventional thermal aging of vanadium-0.4 percent carbon at tem- 
peratures above 600 ~ (1112 ~ produced only V~C precipitates, which was 
also the case for specimens irradiated at 880~ (1616~ At 650~ 
(1202~ however, no V2C precipitate was observed in the irradiated 
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specimen, but instead only a very high density of {012} precipitate (Fig. 6a). 
With an increase in temperature, the relative proportion of {012} 
precipitate decreased and that of V2C increased (Fig. 6b). At 880~ 
(1616~ the presence of V2C in the external surface of the irradiated 
vanadium-0.4 percent carbon was noted, which was similar to the 
unirradiated control sample. 

Discussion 

The present investigation of the influence of interstitial solutes on the 
void microstructure of vanadium indicates systematic dependence of the 
microstructure upon the solute species. To a first approximation, possible 
effects due to impurity contamination from the vacuum environment 
during the irradiation have been limited by bombarding all alloy com- 
positions simultaneously. Nitrogen doping produces the largest effect, in 
that both the void number density and the void swelling are lower than in 
the unalloyed vanadium. Alloying with oxygen reduces the swelling and 
causes a large increase in the observed void number density at the lowest 
temperature. In both oxygen and nitrogen alloys, an indication has been 
found that the swelling curve shifted to lower temperatures when compared 
with unalloyed vanadium. The lower carbon concentrations of 0.1 and 0.4 
percent produce significant depressions in swelling mainly through reduc- 
tion in void size. The origin of the irregularities in the temperature depen- 
dence of the void size is not understood. Complications arising from 
segregation and precipitation of impurities and the temperature dependence 
of these effects require additional investigation. 

The influence of oxygen concentration on swelling can be inferred from a 
comparison of the present data with some of our previous observations [12] 
of a vanadium-5.0 percent oxygen alloy that showed negligible swelling at 
700~ (1292~ that is, <0.001 percent, because of the rx~1012 cm -3 void den- 
sity. Thus, a progressive decrease in swelling with an increase in oxygen con- 
tent [1] is apparent. 

The mechanism by which interstitial solute atoms inhibit void swelling is 
not clear. The Schilling and Schroeder [2] model, which involves vacancy 
trapping by immobile interstitial solutes, predicts a reduction in swelling 
and a shift of the swelling-temperature curves to higher temperatures. A 
decrease in the swelling is observed in the present work. With the addition 
of interstitial solutes, however, the direction of the shift in the peak swelling 
implied by the oxygen and nitrogen data is opposite that predicted by the 
Schilling and Schroeder model. Okamoto et al [13] have developed a model 
consistent with the observed trends in our data. 

The present results shed new light on the {012} precipitate noticed in 
previous investigations [3]. This precipitate seems quite definitely associated 
with carbon in the vanadium. The {012} precipitate is present to higher 
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irradiation temperatures than 650 ~ (1202 ~ when carbon is added to the 
vanadium. The presence of {012} at 650~ (1202~ in the starting 
vanadium is probably due to small carbon concentration (---0.05 percent). 
Also, it competes with V2C for the available carbon. At lower irradiation 
temperatures, where any irradiation-induced carbon segregation effect 
would be most noticeable, the {012} precipitate replaces V2C observed un- 
der equilibrium thermal aging. At the higher temperatures, where 
irradiation-induced segregation would be less dominant [13], one observes 
the V2C phase. Perhaps the {012} precipitate acts as a sink not only for 
carbon atoms but also for vacancies, self-interstitials or both [14]. 

Conclusion 

1. The addition of the interstitial solutes nitrogen, oxygen, and carbon 
strongly suppresses void swelling of vanadium induced by ion bom- 
bardment. 

2. These solutes influence both the number density of voids and the mean 
void size. 

3. Identical {012 } metastable precipitates were observed in ion-irradiated 
vanadium and in vanadium-0.1 percent carbon and vanadium-0.4 percent 
carbon alloys. This precipitate replaces some of the V2C phase observed in 
specimens of vanadium-0.4 percent carbon alloy under thermal equilib- 
rium. 
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Swelling and Gamma-Prime Particle 
Stability of Ion-Bombarded Iron- 
Chromium-Nickel Alloys 

REFERENCE: Bleiberg, M. L., Bajaj, R., Baron, I. M., Chang, A., Chickering, R. W., 
and Diamond, S., "Swelling and Gamma-Prime Particle Stability of Ion-Bombarded 
Iron-Chromium-Nickel Alloys," Irradiation Effects on the Microstructure and Proper- 
ties o f  Metals, A S T M S T P  61L American Society for Testing and Materials, 1976, pp. 
315-336. 

ABSTRACT: Nickel-ion bombardment studies were conducted on experimental alloys 
which were designed to provide basic information on the influence of composition, 
residual elements, and y '-precipitates on swelling in the iron-chromium-nickel alloy 
system. Bombardments were conducted at temperatures ranging from 550 to 750~ 
(1022 to 1382 ~ to maximum damage of 250 displacements per atom (dpa). 

Comparison of identical alloys with and without y '-precipitates showed that titanium 
and aluminum additions to the matrix compositions suppressed swelling. It is inferred 
that the aluminum increases the incubation dose while titanium reduces the swelling 
rate. The y '-precipitates influence swelling only as they affect matrix chemistry. 

Fine y '-particles (8 to 18 nm) were precipitated under irradiation and approached an 
equilibrium size at high damage levels. A slight coarsening of 30-nm particles was ob- 
served, but there was only a slight increase in the volume fraction of the y '-particles due 
to the irradiation. It was concluded that disorder dissolution was not an important 
mechanism in these alloys. 

KEY WORDS: radiation, iron-chromium-nickel alloys, ion bombardment, electron 
microscopy, voids, radiation effects, y '-precipitation 

The damage produced in metals and alloys by fast neutron fluences has 
been simulated in many experiments by bombardment with high-energy 
charged particles [1,2]. 2 The void formation, swelling, and irradiation- 
related microstructural evolution during these particle bombardments occur 

~Manager, Advanced Materials, senior engineers, engineer, and senior engineer, respec- 
tively, Westinghouse Advanced Reactors Division, Madison, Pa. 15663. 

2The italic numbers in brackets refer to the list of references appended to this paper. 
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316 IRRADIATION EFFECTS ON METALS 

a thousand-fold more rapidly than during neutron exposure. This permits 
rapid detailed study of the damage process and of the possible mechanisms 
for the avoidance or suppression of swelling. 

In addition to void swelling, precipitation-hardened alloys must be in- 
vestigated for phase stability, morphological changes, and precipitate par- 
ticle stability under irradiation to be considered for application in a fast 
breeder reactor environment. A series of experimental alloys was designed 
in the iron-chromium-nickel phase field to specifically investigate this and 
also to provide information to aid in interpreting the irradiation changes 
observed in more complicated alloys. This report summarizes the test results 
obtained to date on several of the alloys in this test program. 

Experimental Techniques 

The alloys were fabricated by International Nickel Company by vacuum 
melting 45-kg heats, extruding into 15.9-mm-diameter bar stock, and cut- 
ting into 305-mm lengths. The material was then swaged at room tem- 
perature to about 10.2 mm diameter, annealed at 1093 ~ (2000~ for one 
hour in a H2 atmosphere, centerless ground to 9.5 mm diameter, copper 
plated, and drawn into wire about 3.18 mm diameter. The alloy com- 
positions as determined by spectrographic and X-ray analyses are given in 
Table 1. Examination of these compositions shows that this test series con- 

TABLE l - -Expe r imen ta l  alloy compositions. 

Alloy No. E-20 E-48 E-42 E-54 

Fe balance balance balance balance 
Ni 24.4 25.0 34.6 45.7 
Cr 14.9 14.6 15.1 14.6 
Ti . . .  3.04 1.99 1.6 
AI 1.51 1.7 1.05 
c 0.003 0.oo6 0.04 0.001 
02 0.017 0.0055 0.0024 0.0039 
N2 0.0017 0.0019 0.0014 0.0006 
Si . . . . . .  0.69 . . .  
B . . . . . .  0.15 . . .  

sists of a simple Fe-15Cr-24Ni ternary-base alloy (E-20), a similar alloy with 
y '-alloying additions (E-48), and two additional y '-containing alloys with 
increased nickel content, namely, E-42 (35 percent nickel and E-54 (45 per- 
cent nickel). Also, Alloy E-42 contained small additions of the residual 
elements silicon and boron. The alloy compositions and heat treatments 
were designed to produce a nearly constant preirradiation volume fraction 
of y '-precipitate of about 5 percent. 

The wire material was solution treated at 1150~ (2102~ for 1 h. 
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Alloys E-42, E-48, and E-54 were aged at 815~ (1500~ for 10 h which 
produced an average g '-particle diameter of 25 to 30 nm. 

The specimens were then injected with 5 atomic parts per million (appm) 
helium to 1 /~m sequentially so that the helium distribution was nearly 
homogeneous. Subsequently the specimens were mounted in tungsten alloy 
holders and irradiated with 3 MeV or 3.5 MeV nickel ions in the Argonne 
National Laboratory Dynamitron at temperatures ranging from 550 to 
750~ (1022 to 1382~ The displacement doses ranged from 35 to 250 
dpa. The maximum damage rate was about 5 x 10 -3 dpa per second. The 
typical displacement energy deposition variation through the specimen was 
shown by Diamond et al [3]. For 3 MeV the maximum damage was at 580 
nm and for 3.5 MeV the maximum damage was at 670 nm. One additional 
test was run on selected specimens using the Oak Ridge National 
Laboratory Van Der Graft operating at 4 MeV. In this case, only step- 
height measurements were made on the specimens. 

The energy deposition profile, dE/dX, was calculated using the EDEP-1 
computer code [4]. For the atomic displacement calculations, the threshold 
energy was assumed to be 40 eV in a modified Kinchin Pease secondary 
displacement model. A typical lattice parameter for these alloys ~is 0.357 
nm 5, which yielded an atomic density of 8.79 • l028 atoms per cubic meter 
for the EDEP-1 calculation. 

After bombardment, specimens were prepared for examination in one of 
two ways. In some cases the specimens were prepared for full-range high- 
voltage electron microscope (HVEM) examination by backthinning to the 
ion entry surface [3]. Other specimens were ion sectioned to 430 and 550 nm 
for 3 and 3.5 MeV nickel ions, respectively. The sectioning depth was based 
upon E DEP-1 calculations but verified by HVEM [3]. 

Results 

Swelling 

The swelling and dislocation structure of the simple ternary Alloy E-20 
was obtained by full-range HVEM examination [3]. The void swelling data 
are summarized in Fig. 1. The swelling increased, the void concentration 
decreased, and the void size increased with temperature up to 700~ 
(1292~ At 750~ (1382~ the void concentration increased slightly but 
the void size was very much smaller and the swelling was thus greatly 
diminished. The maximum swelling occurred at 700 ~ (1292 ~ 

For convenience these swelling data were represented by two straight 
lines, representing a low damage level (Stage I) swelling and a high damage 
level (Stage II) swelling. Regression analyses were performed on these data 
and the swelling at the peak swelling temperature of 700~ (1292~ was 
calculated as [3] 
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FIG. 1--Swelling of Fe-25Ni-15Cr alloy as a function of dose and temperature. 

StageI  S = 0.04(D-35) 3 5 < D < 5 8  y = 0.87 

Stage l I  S = 0.19(D-51) 5 8 < D < 9 0  g = 0.93 

where 

S = percent swelling, 
D = dose in dpa, and 
y = correlation coefficient. 

These results on the simple ternary alloy may be compared to those ob- 
tained on solution-annealed and solution-annealed and aged specimens of  
Alloy E-48, which has about the same nickel and chromium content but 
contains titanium and aluminum to precipitate y '-particles after aging heat 
treatments. Examination of  these data showed that the aged specimens 
exhibited about ten times the void swelling as the solution-annealed 
specimens. This is shown in Fig. 2 for material bombarded to 135 dpa at 
600~ (1112 ~ 

The void swelling exhibited by specimens of  E-48 solution annealed and 
aged after bombardment  at 500, 550, and 600~ (932, 1022, and 1112~ is 
shown in Fig. 3. Electron microscopy data combined with step-height data 
indicate that the swelling dependence with damage level is similar for this 
material in the 500 to 600~ (932 to 1112~ temperature range. The step 
height to swelling conversion factor was taken to be 60 A per percent void 
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FIG. 2--Void formation in Alloy E-48 bombarded to 135 dpa with 3.5-MeV nickel ions 
at 600~ (II12~ 
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FIG. 3--Nickel-ion bombardment swelling o f  aged E-48. 

swelling in the maximum damage region using the same assumptions as 
Johnston et al [6]. 

Using the same formulation for swelling as in the foregoing for Alloy E- 
20, the swelling equations for the peak swelling temperature for Alloy E-48 
in the aged condition were represented as a two-stage linear function with 
damage. 

A least-squares fit of  the void swelling data and step-height data gave 
Stage I and Stage II swelling rates as follows: 

Stage I S = 0.002 (D-58) 0 < D < 115 dpa ), -- 0.67 (3) 

Stage II S = 0.066 (D-141) 150 < D < 250 dpa ), --- 0.92 (4) 

The swelling of  the higher nickel alloys E-42 and E-54 was found to be 
small. A maximum swelling of  0.5 percent observed in E-42 after 204 dpa at 
600~ (1 l12~ The swelling of  E-54 at 600~ (1 l12~ after 130 dpa was 
negligible. 

In the case of  Alloys E-42 and E-54 the voids were found along grain 
boundary precipitates and carbide precipitates inside the grains. The 
average void size along grain boundary precipitates was measured to be 66 
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nm. The morphology of voids formed around grain boundary precipitates 
and carbides is shown in Figs. 4 and 5, respectively. The precipitates along 
grain boundaries were identified to be the Laves phases (probably TiFe2, Ti 
Cr2, or Ti2Ni3Si) by selected-area diffraction technique. The carbides were 
found to be of M6C-type (probably Cr3Ni2SiC). 

Gamma-Prime Precipitate Stability 

The irradiation of Alloy E-48 produced no coarsening of the original y '- 
particles as shown in Figs. 6 and 7. A fine precipitate about 10 nm in 
diameter, however, was observed to have precipitated out of solution. The 
total volume fraction gamma prime did not change significantly, increasing 
from about 6 _+ 2 percent to 7 _+ 2 percent after the irradiation. 

As shown in Fig. 8, y '  precipitated in the solution-annealed E-48 
specimens during bombardment. Fine y '  did not appear when control sam- 
ples were thermally aged for 13 h at 600~ (llI2~ which was the bom- 
bardment time period. The postirradiation y'  size distribution in the 
solution-annealed E-48 was similar in size and concentration to the fine y '  
size component in the aged E-48. 

The influence of irradiation temperature on the nickel-ion bombardment 
of the y '-particle size distribution of Alloy E-42 is shown in Fig. 9. It may 
be seen that after 35 dpa at 600, 650, and 700~ (1112, 1202, and 1292~ 
extensive precipitation of fine y '-particles occurred. In this temperature 
range, the concentration of fine particles was inversely related to tem- 
perature. Also, the degree of bimodality (that is, the ratio of the average 
large and small particle sizes) varied inversely with temperature. At 750~ 
(1382~ after 100 dpa, as shown in Fig. 9d, only a general broadening of 
the original particle size distribution was noted. The effect of increased ex- 
posure on the size distribution for E-42 (aged) is summarized in Fig. 10. 
These results indicate that the temperature effect noted at 35 dpa on the 
Sma! 1 particle sizes [that is 18 nm at 700~ (1292~ and 8 nm at 650 and 
600~ (1202 and ll12~ disappears at higher doses, and an 
"equilibrium" fine particle size of about 10 nm occurs at 100 dpa. The 
initial particle size of about 30 nm showed a slight coarsening with ex- 
posure, increasing to about 35 nm after 100 dpa. 

Solution-annealed E-54 bombarded to 100 and 130 dpa at 600~ 
(ll12~ exhibited two competing precipitation modes. Inhomogeneous 
nucleation of strings of y '-particles parallel to dislocation line segments was 
observed along with randomly distributed homogeneous nucleation of 
small spherical y '  particles, as shown in Fig. 11. Investigation of thermal 
control specimens aged 13 h at 600~ (ll12~ showed that y '  cannot be 
precipitated with this heat treatment. It is concluded that all the 
precipitation observed is radiation-enhanced. It is interesting to note that 
the size of the y '-precipitate from the solution-annealed E-54 is similar to 
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FIG. 6--y '  precipitated in Alloy E-48 solution annealed at 1150~ (2102~ 1 h and 
aged at 815~ (1500~ 
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FIG. 7--Unirradiated and irradiated y '-size d&tribution in E-48 (solution annealed and 
aged) at 135 dpa at 600~ (l l l2~ for  6-nm-size intervals. 

the fine precipitate noted in E-42 and also from E-48. This indicates 
that the irradiation-enhanced effect is independent of composition over 
the range of 25 to 45 percent nickel. Furthermore, it substantiates the 
premise of an "equilibrium" size for these fine y '-precipitates. 

Discussion of  Results 

Swelling 

The reduction in swelling of these alloys with increasing nickel content is 
consistent with the results of Johnston et al [6] on swelling of simple ternary 
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FIG. 8--Postirradiation y'  distribution for  E-48 (solution annealed) specimens at 135 
dpa at 600~ (1112 ~ for 6-nm-size intervals. 

iron-chromium-nickel alloys. Note that although the absolute values of 
swelling are not identical between Johnston et al and this test series, due to 
material differences, differing amounts of preinjected helium, etc., the ef- 
fects of alloying additions of nickel and titanium to the iron-chromium- 
nickel matrix are similar. It is apparent that the swelling of these alloys is 
significantly suppressed by the addition of titanium and aluminum to the 
matrix composition. This is evident in the comparison of the results of 
Alloy E-48 in the solution-annealed and the aged condition with the simple 
ternary Alloy E-20. These results are shown in Fig. 12, where the void 
swelling is compared with the percentage of  titanium plus aluminum in the 
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matrix. It is assumed that all the titanium and aluminum are present in the 
matrix of E-48 in the solution-annealed condition. In the aged condition, a 
lower-bound value was assumed based upon matrix chemistry extractive 
analysis of overaged E-48 heat-treated at 815~ (1500~ for 136 h. This 
produced a volume fraction of y '  of 10 + 2 percent and a matrix chemistry 
of Fe 63.0-Ni 19.1-Cr 15.2-Ti 1.5-A1 0.9 which approximates the upper 
bound of volume fraction y '  of the irradiated alloy of 7 _+ 2 percent. 

Equations 3 and 4 that described the swelling equation of Alloy E-48 can 
be compared with the swelling equation of the simple ternary alloy Eqs 1 
and 2 to determine quantitatively the effect of the titanium and aluminum 
additions on the Fe-15Cr-25Ni alloy at the peak swelling temperature. 
Following the procedure of Johnston et al [6], a relative peak swelling value 
was calculated by dividing the swelling of Alloy E-48 by that of E-20 at the 
same dose. These results are shown in Fig. 13. 

The swelling suppression effect of the titanium and aluminum is shown to 
be dependent upon displacement dose since the relative peak swelling varies 
from about 0.03 at 150 dpa to 0.22 at 300 dpa. This is compared with the 
value of 0.2 to 0.3 at 115 dpa estimated from Johnston's data for the 
equivalent titanium addition in the matrix, which is assumed to vary during 
the bombardment from about 2.5 to about 1.5 percent as discussed in the 
foregoing. Note that Johnston et al noted no effect of 0.7 percent aluminum 
on the swelling of the ternary alloys. 

Examination of these data shows that it is logical to assume that at high 
displacement doses the suppression would be essentially that due to 
titanium alone. Therefore, the effect of aluminum is evidenced by the sup- 
pression of the swelling at the lower doses. Examination of the Stage II 
swelling equations supports this premise. The ratio of the swelling rate of E- 
48 and E-20 is 0.066/0.190 = 0.34, which is reasonably close to the high 
displacement dose (that is, titanium) suppression effect noted by Johnston 
et al. Therefore, the effect of titanium may be assumed to be reflected in the 
steady-state swelling rate. By similar reasoning, the effect of aluminum may 
be inferred to be in the suppression of the threshold dose of Stage II 
swelling. For E-48, this value is 141 dpa, while for the simple ternary it is 51 
dpa. These interactions of aluminum and titanium on the base alloy are 
shownschematically in Fig. 14. 

Johnston et al saw no swelling suppression effect of 0.7 percent 
aluminum in Fe-15Cr-20Ni. These investigators preinjected their specimens 
with 20 appm helium as compared with the 5 appm used in the present ex- 
periments. It is reasonable to assume that the higher value of heli(im used by 
Johnston et al is sufficient to mask subtleties in the incubation dose. Thus 
they would see no change in the swelling at a single displacement dose since 
aluminum apparently does not influence the swelling rate. It is concluded 
therefore that the Johston et al data are consistent with these results. 

Although the reason for the reduction in swelling of iron-chromium- 
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FIG. l l - - y '  morphology in E-54  (solution annealed) irradiated to 130 dpa at 600~ 
(1112 ~ Superlattice dark f ield g = [011]. 

nickel alloys by aluminum and titanium cannot be specifically defined, the 
effect of these two elements is not inconsistent with current theories [7]. 
Smidt and Sprague have shown that vacancy trapping by substitutional im- 
purities could account for reduced void nucleation rates [8]. Similarly, 
Koehler [9] has shown that interstitial trapping can reduce the swelling rate. 
It can also affect nucleation by reducing the mobility of substitutionally dif- 
fusing helium. Also, Norris has shown that poisoning of dislocation by im- 
purity atmospheres can suppress void growth [10]. All of these mechanisms 
could be relevant to the effect of titanium and aluminum in solution in the 
iron-chromium-nickel system. The average Goldschmidt radius charac- 
terizing the iron-chromium-nickel solid solutions in these tests is about 
0.126 nm, whereas the Goldschmidt radii of aluminum and titanium are 
0.143 and 0.147 nm, respectively. Thus aluminum and titanium in solution 
could exert a misfit strain up to 20 percent on the matrix lattice. A portion 
of this strain will be relaxed locally, but appreciable strain will remain. This 
could lead to possible vacancy binding to aluminum and titanium atoms 
and to dislocation poisoning by the local impurity atmosphere buildup. It 
was shown by Hasiguti, however, that when crystalline effects are con- 
sidered, oversized impurity atoms could also trap interstitials [11]. 

Based upon this analysis of swelling data in E-48, it is concluded that the 
y '-particles, per se, influence swelling only as they affect matrix chemistry. 
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FIG. 12--Effect o f  titanium and aluminum content on void swelling o f  Alloy E-48 at 600~ 
(1112 ~ 

Thus swelling control can be separated from considerations of microstruc- 
tural interactions as long as the desired matrix chemistry is maintained. This 
premise is supported by the nonuniform swelling noted in the higher nickel 
alloys E-42 and E-54 as shown in Figs. 4 and 5. Voids were observed only at 
carbide and grain boundary precipitates. In the case of these alloys, the 
matrix chemistry is swelling resistant, and only where the nickel and 
titanium are depleted by second-phase precipitation were voids observed. 

y '-Precipitate Stability 

These nickel-ion irradiation tests on Fe-15Cr-25Ni to Fe-15Cr-25Ni alloys 
containing y '-precipitates over the temperature range 600 to 750 ~ (1112 to 
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1382~ and up to 200 dpa showed that the irradiations produced a slight 
change in the size distribution and small change in the volume fraction of  
the precipitates. If these results are substantiated by neutron irradiation, 
this would indicate no appreciable degradation of  the mechanical properties 
of  this class of  alloys under liquid metal fast breeder reactor conditions. 

The structural stability of the y '-particles in these alloys may be com- 
pared to that observed in neutron-irradiated PE-16. Hudson showed that an 
equilibrium structure was attained in solution-annealed and in aged PE-16 
after bombardment to 6 dpa at 640~ (1184~ [12]. Although the size of  
the PE-16 y '-particles is not specified, they appear to be of  the order of 5 to 
10 nm. It may be noted that, if the initial aged particle size of  the alloys in 
this test were about 10 nm, then these alloys would also have attained 
"equi l ibr ium."  

Two mechanisms originally suggested by Nelson, Hudson, and Mazey 
[13] may contribute to the dissolution of  y '-particles subjected to heavy ion 
bombardment;  namely, recoil dissolution and disorder dissolution. Other 
irradiation-enhanced mechanisms may be responsible for nucleation of  
virgin y '-particles under irradiation. Growth of  irregularly shaped particles 
may occur by radiation-enhanced Oswald ripening or other diffusion- 
accelerated processes. Analysis of  morphological features of  the test results 
described in the foregoing could be interpreted as evidence for diverse 
mechanisms, and it is apparent that no single mechanism would be suf- 
ficient to rationalize these results. The temperature and dose dependence of  
the size and morphology changes, however, indicate some important 
general trends. The volume fraction y '  after irradiation is nearly in- 
dependent of  temperature, over a temperature range from 600 to 750~ 
(1112 to 1382 ~ it is also nearly independent of  total dose. It is concluded, 
therefore, that disorder dissolution is not an important mechanism at these 
temperatures; reordering apparently takes place on a very fast time scale. 
Recoil dissolution does not contribute to large-scale changes in the 
distribution, although some evidence for its existence can be detected. The 
most obvious change in the distribution is the nucleation, homogeneous and 
inhomogeneous, of  small y '-particles approximately 10 nm in diameter. 
The concentration of  these particles is fairly high at 600~ (1112 ~ (about 
1022 particles/m3); however, they contribute little to the volume fraction of  
the precipitated phase. 

Some coarsening is evident at all temperatures, but the effect is small. 
Nucleation y '  on a fine scale is much more pronounced at low temperatures 
than at the higher ones investigated and is probably due to the higher super- 
saturation of  y '-forming elements in the matrix. The nucleation is clearly 
radiation-enhanced due to the removal of  kinetic barriers. Whether it is a 
radiation-induced phenomenon (that is, due to primary knock-on events) 
still needs to be investigated. At 750 ~ (1382 ~ the distribution of  particle 
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sizes closely resembles thermal distributions, although the fluctuation in 
particle sizes is more pronounced. 

Conclusions 

1. Nickel-ion bombardment of iron-chromium-nickel alloys containing 
y '-forming additions of titanium and aluminum showed that swelling is 
significantly suppressed by additions of titanium and aluminum to the 
matrix. Based upon the peak swelling kinetics, it has been inferred that the 
effect of aluminum is to increase the incubation dose while titanium acts 
to reduce the swelling rate. 

2. The y '-particles influence swelling only as they affect the matrix com- 
position. This pronounced effect of matrix composition on swelling in the 
Fe-15Cr-25Ni to Fe-15Cr-45Ni composition range is evidenced by a large ef- 
fect of aging heat treatment on swelling. 

3. Extensive precipitation of fine y '-particles (8 to 18 nm) occurs in these 
alloys at 35 dpa. The concentration of the fine particles is inversely related 
to temperature in the range 600 to 700 ~ (1112 to 1292 ~ Large particles 
(30 nm) showed a slight coarsening with dose to about 35 nm at 200 dpa. 

4. The fine particles approach an equilibrium size at higher damage 
values (100 dpa), and this effect is temperature independent. Also, this 
irradiation-enhanced effect was found to be independent of composition 
in the range 25 to 45 percent nickel. 

5. Comparison of these results with neutron-irradiated PE-16 shows a 
similarity in the formation of an equilibrium-size fine particle. 

6. The volume fraction of y '  after irradiation is nearly independent of 
temperature and damage over the range of 600 to 750 ~ (1112 to 1382 ~ 
and 35 to 200 dpa, respectively. Therefore, it is concluded that disorder 
dissolution is not an important mechanism for the 30-nm particles in these 
materials in the temperature range investigated. 
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ABSTRACT: Void and dislocation structures in an Fe-25Ni-15Cr alloy were studied 
following irradiation with 2.8 MeWSNi § ions at temperatures between 600 and 750~ 
(1112 and 1382~ to maximum damage levels up to 80 displacements per atom (dpa). 
Void formation was observed at all the temperatures investigated, with the maximum 
swelling between 650 and 700~ (1202 and 1292~ The swelling versus dose relation- 
ships exhibited an incubation dose followed by swelling at a rate that increased with 
increasing damage level. These data were consistent with previous swelling results for 
austenitic alloys irradiated with charged particles, which indicate that the swelling 
should become linear with irradiation dose at higher damage levels. Tangled disloca- 
tion networks were observed to form at low doses and to be fairly stable up to the 
highest damage levels examined. With the assumption of the observed stable disloca- 
tion networks, the dose dependence of swelling could be explained by a general form 
of the chemical rate theory for swelling due to void growth. 

KEY WORDS: radiation, irradiation, voids, swelling, dislocations, microstructure, 
iron base alloys, stainless steels, radiation effects, radiation damage simulation, ion 
irradiation 

The dimensional instability of cladding and core structural components 
caused by the formation of voids during irradiation presents a serious 
design limitation for high-temperature fast reactors. The austenitic stain- 
less steels are an important class of alloys for these applications, both in 
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presently operating reactors and in future units. Since the microstructures 
of most commercial alloys are complex, it is useful to study the mech- 
anisms of  swelling basic to the austenite lattice with high-purity model 
systems, such as iron-nickel-chromium ternary alloys. The present experi- 
ment was performed as part of the Alloy Development Intercorrelation 
Program, an interlaboratory comparison of the swelling produced by fast 
neutrons and a variety of  charged particles. In addition to their part in the 
intercomparison, which will be reported elsewhere, the results of this indi- 
vidual experiment provide a detailed analysis of  the initial swelling be- 
havior of  an ion-irradiated iron-nickel-chromium alloy, giving some in- 
sights into the important void formation mechanisms. 

E x p e r i m e n t a l  P r o c e d u r e  

The alloy used for this experiment was nominally Fe-25Ni-15Cr, which 
had been swaged into 3.2-ram-diameter rod and given a final anneal at 
1093~ (2000~ for one hour in hydrogen followed by a furnace cool. 
The actual chemical composition of  the alloy is given in Table 1. The rod 

TABLE 1--Composition of alloy (weight percent). 

Fe Ni Cr C Cu Si Mn N2 O5 

60.1 25.04 14.80 0.01 0.02 0.02 0.005 0.0028 0.0154 

was sliced into disks 0.23 to 0.33 mm thick, which were ground to thick- 
nesses of  0.15 to 0.18 mm with 600-grit abrasive paper. One surface of  
each disk was polished with 0.3-/am alumina and then electropolished to 
remove the polishing scratches. The specimens were implanted with a uni- 
form concentration of  approximately 5 atomic parts per million (appm) 
helium. 

Following helium implantation, the polished surface of  each specimen 
was lightly repolished with 0.3-/~m alumina, and an additional 80 ~m was 
removed from the surface by jet electropolishing with an electrolyte of  
250-ml methyl alcohol, 150-ml butyl alcohol, and 15-ml perchloric acid at 
- 6 0  ~  ( - 7 6  ~  

The nickel-ion irradiations were performed using the Naval Research 
Laboratory (NRL) 5 MV Van de Graaf f  accelerator. A beam of 2.8 
MeV58Ni § was produced with this accelerator using a sputter ion source of  
the Hill-Nelson type, which had been extensively modified to adapt it to 
the accelerator and increase the attainable beam current. The beam from 
the accelerator was bent 16 deg by an energy-analyzing magnet, then 
defocused by the first section of  a standard electrostatic quadrupole 
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strong focusing lens doublet. The specimen was located 1.2 cm above the 
centerline of  the drift tube, and the single-charged component of  the 
beam was steered to this position with a set of  electrostatic deflection 
plates. This procedure greatly reduced the effect of  ions with other charge 
states, created by charge exchange collisions with residual gas atoms in 
the tube. The specimens were irradiated with a 3 mm by 3 mm beam, 
selected from the center of  the large defocused beam by an aperture. The 
uniformity of the ion flux within this 3 mm by 3 mm area was monitored 
periodically during irradiation with a vane-type beam profile monitor, 
and variations were kept to less than _+ 15 percent. The ion fluence was 
measured by integrating the current directly f rom the entire target cham- 
ber, which was electrically isolated and formed a deep Faraday cup. The 
average beam current density for all of  the bombardments was (2.2 to 2.4) 
# A / c m  2. At each irradiation temperature, specimens were irradiated to 
integrated charge densities of  1210, 3630, 6050, and 8470/~C/cm 2. Addi- 
tional specimens were irradiated to 10 890 /~C/cm 2 at 650 and 700~ 
(1202 and 1292~ 

The target chamber specimen holder was a resistance-heated columbium 
block with ten faces, to which the specimens were mechanically clamped. 
The irradiation temperature was monitored with a thermocouple embed- 
ded in the block. The calibration of  this thermocouple was previously 
checked with a small thermocouple spot-welded directly to a dummy 
nickel specimen. This same arrangement was used to measure the temper- 
ature rise due to beam heating, which was found to be 12~ (22~ for 
the range of  irradiation temperatures used in this investigation. The re- 
ported irradiation temperatures include this 12~ (22~ temperature rise 
and have an overall accuracy within +_10~ (_+18~ Specimens were 
irradiated at 50~ (90~ intervals between 600 and 750~ (1112 and 
1382~ 

The deposition of initial damage energy by the nickel ions as a function 
of  distance into the target foils was determined by the E-DEP-1 code [1]. 3 
For  this calculation, the bulk density of  the material was assumed to be 
7.8 g /cm 3. The energy deposition was converted to displacements per 
a tom (dpa) with the modified Kinchin-Pease model proposed by Torrens 
and Robinson [2], using a displacement energy of 40 eV and a displace- 
ment efficiency of  0.8. This procedure yielded peak displacement densities 
(located at 5600 A depth) of  10, 30, 50, 70, and 90 dpa and a range of  
average peak displacement rates between 1.8 • 10 -2 and 2.0 • 10 -2 dpa/s. 

Following ion irradiation, a nominal 0.4 /~m was removed from the 
front  surface of  each specimen using an interferometric electropolisher 
that has been described elsewhere [3]. Since some difficulty was experi- 
enced in following the interference fringes during polishing of  this alloy, 

3 The italic numbers in brackets refer to the list of references appended to this paper. 
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the actual depth of  the electropolish was determined by a subsequent 
interference microscopy measurement of  the height of  a step at the edge 
of a masked area. The range of these measured depths was 0.3 to 0.5/am. 
The front surface of  each specimen was then masked off  with petroleum 
jelly and a thin piece of  transparent plastic, and the back surface was 
polished to perforation with an electrolyte of  20 percent perchloric acid 
and 80 percent acetic acid at room temperature. Some of  the specimens 
which did not contain sufficiently thin areas following electropolishing 
were further thinned from the back surface by ion milling. 

The specimens were examined in a 200-kV electron microscope equipped 
with side-entry goniometer stage. For each area examined, a stereo pair of 
micrographs was taken in void contrast (weakly diffracting with slightly 
underfocused objective) conditions and a third micrograph was taken with 
the dislocations in contrast. Void size distributions were measured with a 
variable light spot type particle size analyzer. The size of  the physical pro- 
jection of  a void was measured at the inside of  any visible dark ring at the 
edge of  the void image. Since the voids formed in this material were ir- 
regularly shaped, the equivalent diameter of a void was taken to be the 
maximum diameter of a circle inscribed within the void image. Voids 
intersecting specimen surfaces were not measured. The thickness of each 
area was determined by a stereo measurement of  the distance between 
voids intersecting foil surfaces. Dislocation densities were determined by 
counting intersections with randomly oriented lines drawn on the micro- 
graphs. The damage level (dpa) for each area was taken to be the mean 
value calculated across the specimen, using the measured front  face depth 
and the thickness of the region examined. 

Discussion of Experimental Results 

Qualitative examination o f  the irradiated microstructures revealed that 
all of  the irradiation conditions of  this experiment produced voids and 
tangled dislocation networks, with the exceptions of  9 dpa at 700 and 
750~ (1292 and 1382~ for which no voids were detected. A few loops 
were seen within the dislocation networks, but these accounted for a rela- 
tively small fraction of  the total dislocation line length in most specimens. 
The effects of  irradiation temperature on the observed microstructures are 
illustrated in Fig. 1. The voids and dislocations at 600~ ( l l12~ are 
shown in separate micrographs because the small void sizes made it im- 
possible to effectively image both types of  defects with the same diffrac- 
tion condition. The general trends with increasing irradiation temperature 
were, as expected from many previous experiments, to lower dislocation 
and void number densities and to larger void sizes. The progression of  
microstructures with increasing irradiation dose at 650~ (1202~ is 
illustrated in Fig. 2. Again, small void sizes made it necessary to show the 
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FIG. l - -Ef fec t  o f  irradiation temperature on the void and dislocation structures: (a) 35 
dpa at 600~ ( l l I2~ (dislocations above, voids below); (b) 42 dpa at 650~ (1202~ (c) 
43 dpa at 700~ (1292~ (d) 42 dpa at 750~ (1382~ 
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FIG. 2--Effect  o f  irradiation dose at 650~ (1202 ~ on the void and dislocation struc- 
tures (see also Fig. lb): (a) 9 dpa (dislocations above, voids below); (b) 22 dpa (dislocations 
above, voids below); (c) 60 dpa; (d) 80 dpa. 
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voids and dislocations in separate micrographs for 9 and 22 dpa. It can be 
seen that the dislocation network became very dense at low damage levels 
and then progressed to slightly more open structures with the onset of  
significant void formation. 

This relationship of  dislocation structure to dose, similar to that seen 
at the other temperatures of  the experiment, was somewhat different f rom 
that reported in a previously published study of  this same alloy irradiated 
with 3.5-MeV nickel ions [4]. In that experiment, the full range of  the 
ions was examined in stereo with a 1-MV electron microscope. The varia- 
tion of  the damage production with depth from the irradiated surface was 
used to convert the observed depth dependence of  microstructures to dose 
dependence. With this technique, the progression of  dislocation structure 
with increasing depth (and thus increasing dose) was from a coarse dislo- 
cation network to large faulted loops to large unfaulted loops to a dense 
tangled dislocation network. The irradiation dose at the surface of  the 
Ref 4 specimens, and thus the dose at which the aforementioned progres- 
sion began, was approximately 30 dpa. 

The quantitative parameters of  the void and dislocation distributions 
are given in Table 2. The dependence of  dislocation density on dose that 
was apparent in Fig. 2 can be seen for all four irradiation temperatures. 

TABLE 2--Void and dislocation data. 

Total Mean Void Dislocation 
Temperature, Dose, Voids Void Size, Density, Swelling, Density, 

~ dpa Measured nm cm -3 0-/0 cm-2 

600 9 646 9.1 1.2 X 101~ 0.06 2.6 • 101~ 
600 26 513 12.5 8.3 • 1014 0.11 4.9 • 101~ 
600 35 2025 16.8 8.6 x 1014 0.28 1.5 x 101~ 
600 64 2844 25.4 9.4 • 1014 0.98 1.6 X 101~ 

650 9 119 11.7 1.1 • 10 TM 0.01 4.7 • 101~ 
650 22 500 18.6 4.2 • 10 TM 0.17 2.8 X 10 l~ 
650 42 1116 25.6 3.6 X 1014 0.47 1.4 X 101~ 
650 60 929 39.6 4.5 x 10 TM 1.95 1.7 • 101~ 
650 80 1617 50.3 9.3 • 10 TM 7.72 1.4 • 101~ 

700 9 . . .  1.8 X 101~ 
700 26 3�89 25.($ 9.3 X 1013 ().'11 2.6 X 101~ 
700 43 339 42.1 7.4 • 1013 0.40 1.2 X 10 l~ 
700 75 790 67.3 3.8 X 10 TM 8.12 1.1 X 101~ 

750 9 . . .  9.8 X 109 
750 26 "30 37.() 1.0 X 1013 (J.33 4.0 X 109 
750 42 98 56.2 3.8 X 1013 0.44 4.5 x 109 
750 57 102 68.4 3.1 X 1013 0.72 4.5 X 109 

An especially interesting point is that the apparently stable dislocation 
density reached at high doses was nearly constant between 600 and 650 ~ 
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(1112 and 1202~ decreased by ~25 percent between 650 and 700~ 
(1202 and 1292~ and decreased by ~60  percent between 700 and 750~ 
(1292 and 1382~ Although there was some scatter in the behavior of  
the void number densities with dose, the maximum values observed 
showed a similar dependence on irradiation temperature, with a large 
decrease between 700 and 750 ~ (1292 and 1382 ~ The general swelling 
behavior with increasing dose was an incubation period followed by a rate 
of  swelling that increased with increasing dose, which can be seen most 
dramatically at 650 and 700~ (1202 and 1292~ for which specimens 
were irradiated to higher doses. 

In both electron [5] and heavy-ion [4,6] irradiation of many austenitic 
stainless steels and model austenitic alloys, the observed swelling behavior 
has been a variable incubation dose with little or no measurable void 
formation, a transition dose regime in which the swelling rate increased 
with increasing dose, and a high-dose regime in which the swelling was 
linear with dose. Insufficient data were gathered in the present experiment 
to determine whether or not the high-dose swelling was linear, but the 
volume of published data [4-6] on similar materials tends to justify that 
assumption. It therefore appears that the bulk of  the present data repre- 
sent the transition regime that is a precursor to linear swelling. 

The void size distributions as functions of  dose are shown in Fig. 3. 
The fractional distributions are presented as Gaussian curves fitted to the 
measured size histograms. This presentation of  the fraction of  voids per 
1-nm-size interval masks the differences in void number density seen in 
Table 2, but it has the advantage that differences in the distributions 
themselves are more apparent. The effect of increasing dose on the size 
distributions may best be discussed with reference to 650 ~ (1202 ~ for 
which the most extensive data were taken. Up to 42 dpa, the distribution 
simply broadened, with little movement of  the lower size limit. Above 42 
dpa, the entire distribution moved to larger sizes. Between 60 and 80 dpa, 
in fact, the width of  the distribution actually decreased. The dose range 
over which the change in behavior occurred coincided with the onset of  
rapid swelling. At 700~ (1292~ there were fewer data points, but the 
same mechanism seemed to be operating. The onset of  rapid swelling was 
accompanied by a change in the behavior of  the void size distribution. 
Based on these observations, it would appear that the highest dose 
examined at 600~ ( l l12~ 64 dpa, was at the beginning of  the rapid 
swelling regime for that temperature. Due to the low void number density 
formed at 750~ (1382~ a relatively small number of  voids were mea- 
sured (see Table 2). The 750~ (1382~ size distributions must there- 
fore be interpreted with some caution, but one can say in general that 
they broadened with increasing dose. 
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Interpretation of the Swelling Behavior 

As discussed in the foregoing section, the swelling observed in this ex- 
periment appeared to follow the same swelling-dose relationship previ- 
ously reported by a number of investigators for charged-particle irradia- 
tion of austenitic alloys. Specifically, this is a swelling rate that increases 
with increasing dose followed by swelling that is linear with dose. This 
behavior is discussed in the following with reference to the chemical rate 
theory of swelling due to void growth. The results of these calculations 
have important implications for the comparison of charged-particle and 
neutron-irradiation experiments. 

The fundamentals of the chemical rate theory [7-10]  are contained in a 
pair of coupled equations for the point defect concentrations 

G + G~ th - Q 3 ) ~ C ~  - RC~C~ = 0 

G - Q d g , C ,  - R C v C ,  = 0 

(1) 

(2) 

which determine the vacancy and interstitial concentrations Cv and Ci, in 
terms of the atomic displacement rate G; the thermal rate of vacancy 
production Gvth; the mutual recombination coefficient R; the strengths of 
all fixed sinks for vacancies and interstitials, Q~ and Q,.; and the diffusion 
coefficients for vacancies and interstitials, Dv and Di. The sink strengths 
are usually calculated as sums of terms for the various types of sinks 

O v = O V + O D +  . . .  

Q, = O?" + Q ?  + . . . .  

voids dislocations 

(3) 

(4) 

A number of models have been proposed to calculate these sink strengths, 
including those for which the point-defect absorption is diffusion-con- 
trolled [7-9]  and surface-reaction controlled [It)]. The simplest class of 
these models that suit the present purpose considers voids and dislocations 
as the dominant sinks, the voids having equal strength for vacancies and 
interstitials and the dislocations having an effective bias in favor of inter- 
stitial absorption 

O v= Q v= O~ (5) 

(22 = Oo ~ (6) 

Q? = (I + 6)Qo" (7) 
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FIG. 3--Frr void size distributions observed: (a) 600~ (lI12~ (b) 650~ 
(12020F); (c) 7000C (1292"F); (d) 750~ (1382~ 

where tt is commonly taken to be 0.01 to 0.1. The rate of  swelling may 
then be calculated by 

d 
d--7 (a v/v)  = ( C J ~ .  - C , D , ) Q  v (8) 

For purposes of  discussion, we can assume that the temperature is 
sufficiently low that we can safely ignore G~ th, and we will consider two 
limiting cases: (a) almost all of  the point defects are annihilated at fixed 
sinks, and (b) almost all o f  the point defects are annihilated by mutual 
recombination. For the first case, representative of  temperatures near the 
peak swelling temperature for neutron irradiation, the approximate results 
a r e  

G 
Cv - (9) 

Q ~ v  

G 
C~ - (10) 

Q,D, 

(11) 
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If dislocations are the dominant sinks, the swelling rate approaches 

d-t 0 o~ >> O v ' ,v G 6  

If voids are the dominant sinks, the swelling rate approaches 

(12) 

(13) 

The maximum swelling rate is predicted for the void and dislocation sink 
strengths being equal. The important point of this is that if all point de- 
fects are annihilated at voids or dislocations, and the displacement rate 
and dislocation bias are constant, then a constant swelling rate implies 
that the ratio of void sink strength to dislocation sink strength is constant. 

The second case, dominant recombination, is representative of the low- 
temperature portion of the neutron-irradiation swelling range and, as 
discussed previously [11],  much of the temperature range for swelling in a 
high dose rate charged-particle experiment. In this limit 

GOD, '~ '/' c~ = ~ / (14) 

( GQvD~ )w 
Ci = RQIDi (15) 

- -  = ~, ,-,~ u ~-v ~ (16) 
d t  R , ~ o  ~ : 

In this case, if the dislocations are the dominant sinks 

d t  ) ~ >> Ov m d Q  v (17) 

while dominance of the voids as sinks gives 

~ - - ) o v > > o o D  - -  ) dO 00 (18) 

For a constant dislocation sink strength, the maximum swelling rate is 
described by Eq 18 in this approximation. 

This second limiting case implies, then, that if a large fraction of the 
radiation-produced defects are lost by mutual recombination, the swelling 
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rate will be approximately proportional to the void sink strength when 
the dislocations are much stronger sinks than the voids, and the swelling 
rate will be approximately proportional to the dislocation sink strength 
when the voids are the stronger sinks. In other words, if the dislocation 
network is stable and voids are the dominant sinks, then the swelling rate 
will be constant, independent of moderate changes in the void sink 
strength. 

To determine if the limiting case of dominant recombination could be 
applied to explain the dose dependence of swelling in charged-particle 
irradiated austenitic alloys, swelling rates were calculated by Eq 1-8, thus 
considering both recombination and point-defect loss to fixed sinks. Swell- 
ing rates were calculated as a function of void sink strength for a con- 
stant dislocation sink strength [9] of Q0 D = 1 • 101~ cm -2 with 6 = 0.01, 
using material parameters representative of an austenitic steel [9]. The 
following cases were considered: a temperature of 700~ (1292~ and a 
displacement rate of 2 • 10 -2 dpa/s, representing the peak swelling con- 
dition in the present experiment; a temperature of 550~ (1022~ and a 
displacement rate of 1 • 10 -~ dpa/s, representing the peak swelling con- 
dition for neutron irradiation of the same alloy, allowing for the 150~ 
(270~ shift of the peak swelling temperature observed for Type 316 
stainless steel [6]. Two features of the results of these calculations, shown 
in Fig. 4, are worthy of note. The swelling rates for the charged-particle 
case were much lower (note the different scales for the two curves) than 
those for the neutron-irradiation case, due to the larger fraction of point 

0.25 0.03 

0.20 

o. 0.15 

~ 0.10 

0.05 

0.00 I I I I I I I I I 

5 X 1010 

V O I D  S I N K  S T R E N G T H  (CM -2)  

0.02 D 

ill 
1 X 1011 

FIG.  4--Swelling rates due to void growth as functions o f  void sink strength predicted f o r  
a stainless steel irradiated under conditions representing the peak swelling temperatures f o r  
neutron irradiation [1 • 10 -6 dpa/s at 550~ (1022~ left-hand ordinate] and the present 
ion irradiation [2 x 10 -2 dpa/s at 700~ (1292~ right-hand ordinate]. 
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defects lost to recombination. Also, in the charged-particle case, the swell- 
ing rate increased with increasing void sink strength up to approximately 
Qv r. 2 x Qo D, beyond which the swelling rate was relatively insensitive 
to further increases in void sink strength. In the neutron-irradiation case, 
however, most of the point defects were being annihilated at the voids 
and dislocations, and the ratio of the two sink strengths strongly affected 
the swelling rate over the entire range. 

These calculations, coupled with experimental observations, suggest a 
simplified mechanism for the swelling-dose relationships in charged- 
particle irradiation of austenitic steels. A relatively stable dislocation 
structure first forms at low irradiation doses. With increasing dose, void 
nucleation and growth increase the sink strength of the voids, resulting in 
an increasing swelling rate. Beyond the dose for which the voids become 
slightly stronger sinks than the dislocations, the swelling rate becomes 
nearly constant, and the swelling is essentially linear with dose. The rate 
of void nucleation will determine both the magnitude of the incubation 
dose and the swelling in the transition dose regime. 

This model is definitely an oversimplified one, but it does point out a 
significant difference between neutron and charged-particle swelling ex- 
periments. Near the peak swelling temperature for neutron irradiation, 
nearly all of the point defects are lost at fixed sinks. In this case, a con- 
stant swelling rate implies a constant ratio of void to dislocation sink 
strength. For a charged-particle irradiation, a large fraction of the point 
defects may be lost by mutual recombination at the peak swelling temper- 
ature, and, with a stable dislocation network, a constant swelling rate 
may be achieved for a wide range of the sink strength ratio. 

For this picture to be valid, some factor outside the simple void growth 
theory must intervene in charged-particle experiments to reduce the swell- 
ing rate at temperatures above the peak. Both the present experimental 
results and a previous study of the temperature dependence of nickel-ion 
damage in nickel [11] suggest that the sharp decrease of the swelling rate 
for temperatures above the peak is related to a sharp decrease in the void 
nucleation rate. Furthermore, the experimental evidence also suggests that 
the decrease in void nucleation is related to a decrease of the dislocation 
density due to dynamic annealing of the dislocation structure during ir- 
radiation. 

Conclusions 

An investigation of nickel-ion damage in Fe-25Ni-15Cr at temperatures 
between 600 and 750 ~ (1112 and 1382 ~ produced the following results: 

1. The peak swelling temperature was between 650 and 700~ (1202 
and 1292 ~ with some void formation observed at all temperatures. 
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2. At all temperatures, the dislocation density increased to a maximum 
at relatively low irradiation doses and then decayed slightly to a stable 
value. 

3. The observed swelling-dose relationships were in the form of an in- 
cubation dose followed by a region where the rate of swelling increased 
with increasing irradiation dose. The relationships were consistent with 
previously reported results for charged-particle irradiations of similar 
alloys: incubation dose, followed by transition regime with increasing 
swelling rate, followed by swelling that is linear with dose. 

4. The onset of rapid swelling at 650 and 700~ (1202 and 1292~ 
coincided with a change in the behavior of the void size distributions from 
a broadening of the distribution with increasing dose to a movement of 
the entire distribution. 

Analyses of the dose dependence of void and dislocation structures of 
this and other austenitic alloys irradiated with charged particles indicate 
that the swelling data can be understood in terms of a general form of the 
chemical rate theory for swelling due to void growth. Due to the high 
displacement rates achieved in charged-particle experiments, the theory 
predicts that a large fraction of the radiation-produced point defects will 
be annihilated by mutual recombination, even at the peak swelling tem- 
perature. If, as in the present experiment, fairly stable dislocation net- 
works form at low damage levels, the theory predicts that initial void 
nucleation and growth will cause the swelling rate to increase with in- 
creasing dose until the voids become the dominant sink. If the dislocation 
network remains stable, the swelling rate will be approximately constant 
at higher doses. 
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ABSTRACT: The effect of heavy ion bombardment on the microstructural stability 
of several high-nickel superalloys was evaluated by transmission electron microscopy 
techniques. The work was intended to simulate the type and magnitude of radia- 
tion damage occurring with high-fluence exposure in a liquid metal fast breeder 
reactor (LMFBR) core. 

Results revealed a general acceleration in precipitation kinetics in alloys with 
high titanium-to-aluminum ratios, over the temperature range 475 to 725 ~ (887 to 
1337~ In the Inconel alloys 706 and 718, for example, bombardment produced 
the stable overaging precipitate r 1 Ni3Ti at the expense of the preexisting phases 
y ' ,  y", and 6. Thermal control data over the same temperature range did not re- 
veal the presence of r/. Little or no changes in precipitate microstructure were 
observed in Nimonic PE16, an age-hardenable alloy with a titanium/aluminum 
ratio of unity. 

KEY WORDS: radiation, ion bombardment, simulation, radiation damage, over- 
aging, precipitation hardening, transmission electron microscopy 

The irradiation behavior of several high-nickel superalloys is being 
studied by participants in the National Alloy Development Program to 
assess the applicability of this group of alloys for use as liquid metal fast 
breeder reactor (LMFBR) core structural materials. Interest in the super- 
alloys is based principally on their high-temperature strength and their 
apparent resistance to swelling in an irradiation environment [1]. 3 The 

~Metallurgist and technologists, respectively, General Electric Co., Vallecitos Nuclear 
Center, Pleasanton, Calif. 94566. 

~Engineer, Fast Breeder Reactor Department, General Electric Co., Sunnyvale, Calif. 
94086. 

3 The italic numbers in brackets refer to the list of references appended to this paper. 
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development of  high mechanical strength in these alloys is due to the 
precipitation of  nickel-rich intermetallic phases upon proper heat treat- 
ment; their swelling resistance, although not fully understood, is related 
to their high matrix nickel content as well as to the solubility of certain 
minor alloying elements. 

In view of  their complex aging response and the acute dependence of 
strength, and, likely, irradiation-induced swelling on the resulting micro- 
structure, the stability of  these alloys is of  considerable practical con- 
cern in the ultimate selection of  candidates for in-reactor applications. 

In the work reported here, high energy nickel-ion bombardment 
techniques were used to provide a rapid simulation of  neutron irradia- 
tion. Three potential candidates were studied: Inconel 706, Inconel 718, 
and Nimonic PE16. All are precipitation-hardenable grades and were 
bombarded in the fully heat-treated condition. The Inconel 706 and 
Nimonic PE16 were, in addition, studied in the solution-annealed con- 
dition. The objective of  the work was the microstructural characteri- 
zation of  the alloys after high-dose, high-temperature ion bombardment 
and an assessment of  the effect of such bombardments on phase stability. 

Experimental Details 

Heavy ion-bombardment techniques have been used for a number of  
years to simulate the type and magnitude of  void formation that occurs in 
metals and alloys with high-temperature fast neutron irradiation [2]. In 
the present investigation, positively charged nickel ions accelerated to 5 
MeV in a tandem Van de Graf t  accelerator were used to bombard thin 
foils of  test material. [Preparation of  the foils prior to bombardment 
included cyclotron implantation of  5 atom parts per million (appm) of 
helium into the foils to simulate the in-reactor production of  helium by 
the (n, a) reaction.] Bombardments were made over a range of  tempera- 
tures selected to span the peak swelling temperature in each alloy. All 
alloys were bombarded to a damage level of  115 dpa (Ed = 40 eV), 4 
which corresponds to a fluence of 2 to 3 • 1023neutrons/cm 2 (E > 0.1 
MeV) [11. 

Since 5-MeV nickel ions have a range of  only about 1400 nanometres 
(nm) in these materials and the peak damage zone lies only 900 nm from 
the surface, transmission electron microscopy (TEM) foils must be care- 
fully prepared to provide a final foil thickness that lies within the peak 
damage region. Calibrated removal of  material from the front surface 
was performed by argon ion micromilling, after which the nominally 
150-gm foil was perforated by electropolishing from the back surface. The 

4Displacements per atom (dpa) were calculated using a minimum displacement energy 
(Ea) of 33 eV and then converted to values corresponding to Ed = 40 eV. 
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foregoing experimental procedures were developed in earlier ion-bom- 
bardment simulation programs and were discussed in some detail in 
previous publications [1,3]. Following perforation, the ion-bombarded 
regions of the thin foils were examined in a JEM 6A electron microscope 
operated at 100 kV. 

Materials 

The three commercial precipitation-hardening alloys used in this study 
(Inconel 706, Inconel 718, and Nimonic PE 16) were procured by the 
Hanford Engineering Development Laboratory (HEDL) for use by 
participants in the Energy Research Development Administration (ERDA) 
sponsored National Alloy Development Program. Chemical compositions 
were verified and heat treatments and prebombardment microstructural 
characterizations were also performed by HEDL 5 and are mentioned here 
to allow comparisons with the microstructures observed after bom- 
bardment. 

Precipitation in these alloys depends primarily upon the amounts and 
types of elements used for alloying--aluminum, titanium, and columbium 
being the most important [4]. Table 1 shows that Inconel 718 contains 
the most columbium while Inconel 706 contains the most titanium and 
has the highest titanium-to-aluminum ratio. The y '-precipitate formed in 
all three alloys is cuboidal Ni3 (Ti,A1) and the average length of a cube 
edge is generally used to specify the precipitate size. The y" formed in the 
Inconels is body-centered tetragonal Ni3Cb and generally occurs as disk- 
like platelets for which an average thickness and an average diameter can 
be used to specify size. 

Triple-aged Inconel 706 [1 h at 954~ (1750~ and water quenched, 
followed by 3 h at 843~ (1550~ and air cooled, followed by 8 h at 
718~ (1325~ and furnace cooled to 621~ (1150~ held for an addi- 
tional 10 h and air cooled] contained y '-precipitates (39 nm) and y"-plate- 
lets (5 nm thick, 16 nm in diameter). 

Double-aged Inconel 718 [1 h at 954~ (1750~ and water quenched, 
followed by 8 h at 718~ (1325 ~ and furnace cooled to 621 ~ (1150~ 
held for an additional 10 h and air cooled] contained y"-platelets (5 nm 
thick, 15 nm in diameter). 

Double-aged Nimonic PE16 [4 h at 1079~ (1975~ and air cooled, 
followed by 1 h at 899~ (1650~ and air cooled, followed by 9 h at 
749~ (1380~ and air cooled] contained y '  (15.5 nm). 

Solution-annealed Inconel 706 [1 h at 1066~ (1950~ and water 
quenched] and Nimonic PE16 [4 h at 1079~ (1975~ and air cooled) 
contained no y '  or y" precipitates. 

5Gelles, D. S., Mastel, B., and Bates, J. F., Hanford Engineering Development Labora- 
tory, Richland, Wash., private communication, 1974. 
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Both y '  and y" are metastable, and overaging will result in their dis- 
appearance and replacement by stable phases which habit { 111 } planes of 
the austenitic matrix. Overaging of y'  results in plates of ~7-phase, a 
hexagonal Ni3Ti, while overaging of y" results in plates of d-phase, an 
orthorhombic Ni3Cb [4]. During prebombardment characterizations, 
coarse d-phase plates were observed on the grain boundaries of the aged 
Inconels. 

Results 

Figure 1 shows the microstructures of aged Inconel 706 after 2 h ion 
bombardments at temperatures between 550 and 725~ (1022 and 
1337~ Representative selected area diffraction patterns are shown in 
Fig. 2 where streaks due to thin precipitates can be detected even for the 
material bombarded at the lowest temperature. Faint streaks were also 
observed in diffraction patterns of an additional specimen bombarded at 
475~ (887~ The obvious effects of increasing the bombardment 
temperature are the enhanced coarsening of the precipitate platelets and 
the appearance of intensity maxima on relrods (reciprocal lattice rods 
arising from thin platelets in real space) due to the development of 
stronger form factor effects with the coarser plates. 

The precipitates habit { 111 } planes of the matrix and relrods in diffrac- 
tion patterns pass through, and eventually connect, matrix reciprocal 
lattice points along <111> directions. However, even with the coarsest 
plates the intensity maxima developing along the relrods are not localized 
enough to allow accurate interplanar spacings to be determined. 

The preirradiation precipitate phases, y '  and y", are degraded or dis- 
solved during ion bombardment. With increasing bombardment tempera- 
ture the superlattice reflections became weakened and dark-field imaging 
disclosed fewer particles. 

Annealed Inconel 706 was studied after similar ion bombardments, 
and precipitate platelets were also observed as shown in Fig. 3. In both 
images and diffraction patterns, however, it appeared that the degree of 
coarsening of the platelets was lower than observed in aged material 
bombarded at similar temperatures. In addition to the relrods due to the 
platelets, superlattice spots corresponding to y '  or y" were observed in 
the diffraction patterns. Since neither of the .metastable precipitate phases 
were present during the preirradiation characterization, ion bombardment 
must also have produced these in addition to the coarser platelet phase. 
However, in dark-field images using the superlattice reflections, the 
metastable precipitates could not be easily detected or distinguished from 
the diffuse background. 

To emphasize the difference in coarsening between aged and annealed 
Inconel 706, during heavy ion bombardment, Fig. 4 shows typical grain 
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358 IRRADIATION EFFECTS ON METALS 

FIG. 1--Triple-aged Inconel 706 ion bombarded to 115 dpa at the temperatures indicated. 
(upper left) 550~ (1022~ dark-field image; (upper right) 625~ (1157~ dark-field 
image; (lower left) 675~ (1247~ bright-field image; (lower right) 725~ (1337~ bright- 
field image. 

boundaries in the materials bombarded at 625 ~ (1157 ~ Characteristic 
overaging behavior is exhibited by the aged material [4] and cellular pre- 
cipitation is advanced at the grain boundaries. In contrast, the annealed 
material still has straight grain boundaries and no noticeable greater 
coarsening of precipitate plates in these regions. 

The microstructural features of double-aged Inconel 718 after 2 h bom- 
bardments are shown in Fig. 5 where the coarsening of precipitate plate- 
lets, similar to those observed in Inconel 706, can be seen to increase with 
increasing bombardment temperature. Molybdenum masks had been used 
to shield certain areas of the target specimens from ion bombardment 
for purposes of obtaining step heights which can be correlated to swelling 
behavior. In each specimen, perforations were made in the ion-bom- 
barded region and also in an area that had been shielded. Thus thermal 
control information could be obtained from the same specimen that had 
undergone bombardment. In all cases the unirradiated material appeared 
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FIG. 2--Representative selected area electron diffraction patterns from triple-aged Inconel 
706 after ion bombardment at the temperatures indicated. (upper left) 550~ (1022~ 
(upper right) 625 ~ (115 7~ (lower left) 675 ~ (124 7~ (lower right) 725 ~ (133 7~ 

as characterized in the preirradiation study, and y" could be imaged 
using appropriate dark-field techniques. The appearance of the material 
under the masked area of the 725~ (1337~ bombarded specimen is 
also shown in Fig. 5 and is representative of that observed in specimens 
bombarded at lower temperatures. 

Figure 6 shows representative selected area diffraction patterns ob- 
tained from Inconel 718 after ion bombardments. After the 625~ 
(1157~ bombardment, only very faint streaks can be detected along 
{ 111 } directions due to the thin nature of the precipitating platelets. After 
675~ (1247~ bombardment, relrods are clearly evident although no 
tendency exists to exhibit intensity maxima along the streaks. After bom- 
bardment at 725~ (1337~ diffuse intensity maxima are appearing on 
the streaks, indicating that form factor effects are becoming stronger as 
the platelets thicken. In the masked areas of the specimens, no streaks 
along {111} directions could be detected in the diffraction patterns and 
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FIG. 3--Bright-field images and representative selected area diffraction patterns from 
solution-annealed Inconel 706 ion bombarded to I15 dpa at the temperatures indicated. 
(top) 625 ~ (1157~ (bottom) 725 ~ (1337~ 

only the characteristic superlattice reflections of the precipitates produced 
by the double-aging treatment were observed. 

A general statement about the behavior of  Nimonic PE16 during ion 
bombardment  is that no evidence of  changes in precipitate microstruc- 
tures was noted. In aged materials, the y '  distribution appears to be the 
same after ion bombardment  as before. In annealed materials, no 
tendency was noted for the formation of  y '  during bombardment.  The 
only noticeable difference between the two materials is that dislocation 
arrays appeared to be more fully developed in the annealed specimens. A 
low density of  fringed planar defects on { 111 } planes was present in an- 
nealed material bombarded at 625~ (1157~ in addition to unfaulted 
loops and dislocation segments. These planar defects produced relrods in 
diffraction patterns and therefore might be thought to be similar to the 
precipitating phase detected in the bombarded Inconels. However, fewer 
such defects were found after 675~ (1247~ bombardment  and prac- 
tically none were present after the 725~ (1337~ bombardment.  Since 
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FIG. 4--Dark-field images of grain boundary regions in ion-bombarded Inconel 706. 
(left) triple aged, (right) solution annealed. 

coarsening with increased bombardment temperature did not occur, these 
defects are most likely faulted loops and are probably thermally un- 
stable. The microstructures and representative diffraction patterns of 
bombarded annealed PE16 are shown in Fig. 7. 

Through-focus, high-resolution, dark-field image sets were obtained for 
the precipitates observed in each specimen. Such sets form the basis for 
the stereo imaging technique called " 2 � 8 9  electron microscopy" by 
introducing artificial parallax at the sacrifice of image detail [5]. Depth 
in 2�89 images is produced by objects with different reciprocal lattice 
vectors and bears no inherent relationship to the actual spatial distribu- 
tion of objects since specimen tilting is not involved. Studies of pre- 
cipitation effects represent one of the elemental applications of this 
technique. For platelets producing relrods, the objective aperture is so 
positioned as to include the intersections of these relrods with the reflect- 
ing sphere. Through-focus imaging produces stereo pairs which are the 
equivalent of multiple individual dark-field images, each with its charac- 
teristic parallax, but with problems of image exposure, specimen manipu- 
lation, specimen lifetime, etc., reduced or eliminated. 

Figure 8 shows 2�89 stereo image pairs, at the same magnification, 
obtained from the four faaterials studied. The images have been so 
arranged that, with a small stereo viewer, two defect systems can be ob- 
served in each case. The Inconels are illustrated for the 725 ~ (1337~ 
bombardments where the coarsest plates were developed and high-in- 
tensity relrod intersections were obtained well away from the matrix spot 
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FIG. 5--Double-aged Inconel 718 ion bombarded to 115 dpa at the temperatures indi- 
cated. (upper left) 625~ (1157~ dark-field image; (upper right) 675~ (1247~ dark- 
field image; (lower left) 725~ (1337~ bright-fieM image; (lower right) 725~ (1337~ 
under mask, dark-field image. 

positions on the diffraction patterns, allowing excellent depth to be ob- 
tained in the 2�89 images. With the stacking faults in PE16 bombarded 
at 625~ (1157~ however, the relrods are so weak that only intersec- 
tions quite near the matrix spot can be used; hence the noticeably smaller 
depths in the last 2 �89 image pair. 

It is not possible to identify the precipitates produced in the Inconels 
by ion bombardment solely on the basis that they habit {111} planes, 
since both 6- and r/-phases have this characteristic and both are stable 
phases produced by overaging. Distinction between the two possibilities 
must be accomplished using interplanar spacings. However, relrod 
intersections with diffraction patterns of arbitrary orientations will not 
allow correct interplanar spacings to be determined and, even when the 
relrods lie in the diffraction patterns, the diffuse nature of the intensity 
maxima makes difficult the measurements required to obtain interplanar 
spacings accurate enough to identify the proper phase. One way to avoid 
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FIG. 6--Representative selected area electron diffraction patterns f rom double-aged 
Inconel 718 after ion bombardment at the temperatures indicated. (upper left) 625~ 
(1157~ (upper right) 675~ (1247~ (lower left) 725~ (1337~ (lower right) 725~ 
(1337~ under mask. 

these problems is to use a <111> matrix orientation and determine the 
positions of the intersections of relrods which are normal to the electron 
diffraction pattern. These intersections will then be in the proper positions 
for reflections belonging to the zone axis of the precipitate parallel with 
the <111> matrix direction--the <0001> for the ~-phase or the <010> for 
the 6-phase. Figure 9 is a <111> diffraction pattern from the material 
containing the coarsest platelets, aged Inconel 706 bombarded at 725 ~ 
(1337 ~ The weak interior spots have sixfold symmetry with correspond- 
ing interplanar spacings of 2.21 ~, (0.221 nm) in agreement with 
published values for {2020} planes of hexagonal Ni3Ti [6]. To match 
published data on orthorhombic Ni3Cb, these spots would need to 
correspond to {002} and {201} planes with spacings of 2.28 and 2.23 .A 
(0.228 nm and 0.223 nm), respectively [7], with interplanar angles of 61 
and 58 deg; the measured angles are all within half degrees of 60 deg. It is 
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FIG. 7 Images and representative selected area diffraction patterns from solution-an- 
nealed Nimonic PEI6 ion bombarded to 115 dpa at the temperatures indicated. (top) 625 ~ 
C (1157~ dark-field image; (bottom) 725~ (1337~ bright-field image. 

thus clear that the better choice of  precipitate species, based upon ex- 
perimental evidence, is r/-phase, the hexagonal form of  Ni3Ti. 

Discussion 

Without the diffraction pattern data of  Fig. 9, it might seem reasonable 
to expect the precipitating platelets to be d-phase, since d was present 
in both Inconels prior to bombardment,  and PE16, containing no 
columbium, did not develop any precipitates during irradiation. The dif- 
fraction data themselves might be considered suspect in that they repre- 
sent a section through a relrod lattice connecting matrix relpoints, and the 
spots measured might not even be present if the plates were coarser. 

The fact that the platelets coarsened much more readily in Inconel 
706 than in Inconel 718 is inconsistent with an analysis that they are 6- 
phase, since the kinetics of  d formation are significantly slower in the 
first alloy [8]. Higher t i tanium/aluminum ratios are more favorable for 
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FIG. 8--2�89 stereo image pairs o f  precipitates in the lnconels and faulted loops in 
Nimonic PEI6 after ion bombardment at the temperatures indicated. In-focus images are on 
the left and defocused images on the right. Scale mark indicates 0.5 ~m. (top) 725~ 
(1337~ triple-aged Inconel 706; (upper middle) 725~ H337~ solution-annealed lnconel 
706; (lower middle) 725~ (1337~ double-aged Inconel 718; (bottom) 625~ (1157~ 
solution-annealed Nimonic PE16. 
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FIG. 9--Selected area <111> electron diffraction pattern f rom lnconel 706 bombarded at 
725~ (1337~ The reflections indicated correspond to {2020} planes o f  hexagonal rl-phase 
platelets in the plane o f  the specimen. Satellite spots around outer reflections are caused 
by relrods produced by thin precipitates on inclined { 111 } planes. 

the formation of 0-phase [9], and Inconel 706 has a higher ratio of 
these species than does Inconel 718; thus the obviously greater coarsening 
of  the platelets in the first alloy is consistent with titanium and aluminum 
concentrations. Nimonic PE16 has a t i tanium/aluminum ratio of about 
one (compared with 6.2 for Inconel 706 and 1.8 for Inconel 718), and the 
absence of  precipitates after ion bombardment  can be ascribed to this low 
ratio and the corresponding sluggishness of  the overaging process. 

The diffraction pattern analysis is valid because the relrod lattice be- 
longs to the precipitate and not to the matrix. Precipitate intensity 
maxima must lie on the relrods, and intersections of  the relrods with the 
<111> matrix diffraction pattern must be at positions determined by the 
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structure of the precipitate, although not all intersections need have a 
nonzero structure factor for bulk material. The intersections observed in 
Fig. 9 indicate that the relrods connect matrix relpoints above and be- 
low the plane of the diffraction pattern, a situation compatible only with 
r/-plates since not all the relrods produced by 6-plates would pass through 
matrix relpoints. 

Other platelet phases that might be considered are the tetragonal 6- 
phase, the hexagonal Laves phase, and the trigonal /~-phase--all minor 
intermetallic phases [4]. These can also be ruled out on the basis that 
either the structures or the interplanar spacings [10] involved would not 
allow relrod intersections to be observed in the positions shown in Fig. 9. 

Data obtained from Inconel 718, from areas that were masked from 
ion bombardment,  allow the conclusion to be made that the precipita- 
tion of  0-plates occurs solely as a response to ion bombardment.  No 
significant microstructural changes occur due to temperature alone during 
the short bombardment  period of  2 h, but in the irradiated areas tempera- 
ture affects the details of  coarsening of  the r/-platelets. 

It is generally accepted that heavy ion bombardment  is useful in pre- 
dicting trends in the swelling behavior that austenitic alloys would ex- 
hibit in a fast reactor environment. It is clear f rom the data presented 
here that overaging behavior is also accelerated by heavy ion bombard- 
ment, but it remains to be established that short-time bombardments 
simulate the changes in precipitate microstructures that would occur dur- 
ing neutron irradiation. There are no data on neutron-irradiated Inconel 
alloys with fluences (approximately 2 • 1023 n /cm 2, E > 0.1 MeV) that 
would compare with the 115 dpa obtained by ion bombardments for this 
study. Inconel 718, however, has been studied after neutron irradiation 
to 8 X 1022 n/cm 2 at 600~ (1112~ [due to temperature shift effects, 
ion bombardment  at about 725~ (1337~ would be roughly compara- 
ble]. A moderate density of  faulted loops was described as being present. 6 
This faulted-loop microstructure is in fact similar in appearance to the 
precipitate microstructures produced by ion bombardment  and analyzed 
in this investigation. It is therefore possible that valid simulation of  
overaging behavior is produced by ion bombardment,  but more extensive 
analyses of  neutron-irradiated materials must be performed before a firm 
conclusion can be reached. 

Conclusions 

1. Bombardment with 5-MeV nickel ions accelerates overaging in the 
Inconel alloys 706 and 718. 

6 Pard, A. G. and Garr, K. R., Atomics International, private communication, 1975. 
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2. The  stable overaging precipitate caused by ion b o m b a r d m e n t  be- 
tween 475 and 725 ~ (887 and 1337 ~ is thin platelets o f  rl-phase Ni3Ti. 

3. Preexisting metastable- and stable-phase precipitates o f  y ', y", and 
6 are degraded or  dissolved in the two Inconel  alloys dur ing accelerated 
overaging caused by ion b o m b a r d m e n t  between 625 and 725 ~ (1157 and 
1337~ 

4. Aged  Inconel  706 overages more  rapidly than does solution-an- 
nealed material  bombarded  under  similar condit ions.  

5. The overaging behavior  o f  the Inconels  may  simulate in-reactor 
response. 

6. The degree o f  coarsening of  rl-phase platelets can be correlated with 
the t i t an ium/a luminum ratio o f  the alloys Inconel  706, Inconel  718, and 
Nimonic  PE16.  

7. Nimonic  PE16,  with a low t i t an ium/a luminum ratio o f  one, does 
not  overage during ion bombardmen t ,  nor  does preexisting y '  noticeably 
change as a result o f  bombardmen t s  to 115 dpa between 625 and 725 ~ 
(1157 and 1337~ 
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ABSTRACT: A precipitation-hardened nickel 14 atom percent aluminum alloy has been 
irradiated with 2.8 MeV 5SNi+ ions at a damage rate of 4.4 x 10 .2 displacements per 
atom (dpa)/s, over a temperature range of 525 to 725 ~ (977 to 1337 ~ to a damage 
level of 20 dpa, and at 625~ (1157~ over a dose range of 4 to 125 dpa. The ex- 
periment was designed to examine the stability of Ni3A1 precipitates as a function of 
temperature and dose as well as their role in reducing swelling. 

Prior to irradiation, the precipitates were cuboidal in shape with a mean edge 
length of 400/~.. Ion bombardment to 20 dpa at 725~ (1337~ generated a higher 
precipitate density with a reduced and highly uniform size of 85 ]k. At all other tem- 
peratures, the precipitate structures were less well defined and took on a ragged ap- 
pearance with a wide spread in sizes as small precipitates formed between the original 
ones. A few scattered voids were formed at the two highest damage levels at 625 ~ 
(1157 ~ but the swelling was negligible. 

KEY WORDS: radiation, precipitate stability, swelling, radiation effects, nickel alum- 
inum alloy, transmission electron microscopy, nickel-ion bombardment. 

Swelling is a problem of major engineering significance in advanced nu- 
clear systems and appears to be influenced by practically all metallurgical 
variables such as dislocation density, composition, and precipitate struc- 
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ture. The precipitate structure also influences the mechanical properties; 
therefore, knowledge about the stability of  precipitates under irradiation 
is of  considerable importance. The nickel-aluminum alloy system was se- 
lected as a good candidate for study because both solid solution and pre- 
cipitation-hardening effects can be examined in the same system. Rapid 
simulation techniques to characterize the swelling and alloy stability are 
advantageous because of  the reduced time scale and closer control of  ex- 
perimental variables. 

The use of  simulation techniques, however, requires an awareness of  
the differences in irradiation effects between the simulation techniques 
and neutrons and between different simulation techniques such as heavy 
ions and electrons. Of particular interest is the difference in damage to 
precipitates caused by ions and neutrons as compared with electrons be- 
cause of  the difference in displacement cascade effects. 

A precipitation-hardened alloy, nickel-14 atom percent aluminum, was 
studied to determine the stability of  th e precipitates under nickel-ion bom- 
bardment and to determine the influence of  coherent Ni3A1 precipitates 
on the temperature and fluence dependence of  swelling. A companion 
study on the solid solution alloy Ni-6A1 is also in progress and will be re- 
ported in a later paper. 

In earlier work [1], 5 nickel-aluminum alloys preinjected with helium 
and bombarded with either 20 MeV carbon ions or 46.5 MeV nickel ions 
had shown a decrease in swelling as the aluminum content in solution in- 
creased. The presence of  precipitates seemed to have little or no effect on 
the swelling characteristics. In another study, Nelson et al [2] observed 
that Ni3A1 precipitates decreased in size in aged material and grew to the 
same size in solution-annealed material under the influence of  irradiation. 
They attempted to model the opposing effects of  enhanced substitutional 
solute diffusion and re-solution of  precipitated solute atoms and were able 
to demonstrate limited agreement with observations of  precipitation of  y '- 
phase in nickel-aluminum binary alloys and in PE-16. Their model pre- 
dicts that an equilibrium size should be reached after a few displacements 
per atom (dpa). This work was recently reviewed by Hudson [3]. 

Experimental Procedures 

The nickel-aluminum alloy used in this investigation was prepared from 
International Nickel Company nickel (99.995 percent nominal purity) and 
high-purity Materials Research Corporat ion aluminum. After vacuum-arc 
melting, buttons were sectioned into strips which were then rolled to 
100-/am foils. Chemical analysis of  the material is given in Table 1. 

The foil strips were solution annealed in a 1 • 10-6-tort vacuum at 

5 The italic numbers in brackets refer to the list of references appended to this paper. 
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TABLE 1--Chemica l  analysis of nickel-aluminum alloy in weight percent. 

A1 C O Ba Ca Cr Cu Fe In 

6.84 0.001 0.006 <0.001 <0.003 <0.001 <0.002 <0.002 <0.001 

K Mg M n  Na Si Ta B Ti Zn 

<0.001 <0.001 <0.001 <0.001 <0.001 <0.05 <0.001 <0.001 <0.03 

1050~ (1922~ for 2 h, and aged at 750~ (1382~ for 4 h to produce 
the desired precipitate characteristics. Specimens for ion bombardment 
were prepared in the form of 3-mm-diameter disks. The specimens were 
ground flat on 600-grit silicon carbide abrasive paper, mechanically pol- 
ished with 0.3-/am alumina, and the surfaces to be bombarded were electro- 
polished to remove polishing scratches. The nickel-ion irradiations were 
performed using the Naval Research Laboratory (NRL) 5-MV Van de 
Graaff accelerator and a 2.8 MeV 5SNi+ beam. Specimens were irradiated 
at 50~ (90~ intervals from 525 to 725~ (977 to 1337~ to a dose 
of 20 dpa, at a peak displacement rate of 4.4 x 10 -2 dpa/s, to examine 
the temperature dependence of the radiation damage, and at 625~ 
(1157~ to doses of 4, 20, 56, and 125 dpa to examine the dose depen- 
dence of the radiation damage. 

The deposition of initial damage energy by the nickel ions as a function 
of distance into the target foils was determined by the Manning-Mueller 
E-DEP-1 computer code [4]. For 2.8 MeV ~SNi+ ions, this calculation 
yielded a peak energy deposition for elastic collisions of 1.1568 MeV/tam 
at a depth of 5400 .~ for the Ni-14A1, assuming a Kinchin-Pease secondary 
displacement model with an efficiency of 0.8 and displacement energy of 
40 eV. The aluminum was assumed to be uniformly distributed in the 
alloy for these calculations. 

After ion bombardment, 4000 + 500 .~ of the front surface of each spec- 
imen was removed using a laser interferometric polisher [5]. The front 
face was then masked off and the specimen was polished to perforation 
from the rear surface with one jet of a semi-antomatic dual-jet electro- 
polisher. Specimens were examined in a JEM-200A electron microscope 
equipped with side entry goniometer stage and operated at 200 kV. Or- 
dered face-centered cubic (fcc) precipitates in Ni-14A1 have a small posi- 
tive mismatch of about + 0.6 percent with respect to the disordered solid 
solution matrix [6]. The small mismatch and resulting strain field usually 
make it difficult to image the precipitates by bright-field electron micro- 
scopy, so the precipitates were imaged in dark field using an appropriate 
superlattice spot. 

A particle size analyzer was used to characterize the precipitate size dis- 
tribution and density. Thickness measurements were made using grain- 
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boundary interference fringes, bright-field stereo pairs of  dislocations, 
and dark-field stereo pairs of  the precipitates. 

Experimental Results 

The precipitates prior to irradiation are cuboidal with a regular spacing 
and a mean cube edge of  about 400 .A with a standard deviation of  100 ,~, 
and a precipitate volume fraction of  12 percent. Figure 1 shows the pre- 
cipitates prior to ion bombardment,  which are free of  any unusual con- 
trast markings. 

The effect of  ion bombardment  on the precipitate structure was found 
to be a rather complex phenomenon which was strongly dependent on 
temperature, with a weaker dose dependence as well. In the lower part of  
the temperature range, the precipitates developed somewhat irregular 
shapes and a contrast feature o f  unknown origin which gave the precipi- 
tates a ' f ractured'  appearance. In addition, a fine precipitate structure 
appeared between the larger precipitates in the lower-temperature irradi- 
ations. At 725~ (1337~ the 400-~.-diameter precipitates produced by 
the heat treatment were replaced by a smaller and higher-density precipi- 
tate structure. Measurements of  the mean diameter of  the Ni3A1 precipi- 
tate structures before and after irradiation are summarized in Table 2. 

Ion bombardment  at 725~ (1337~ to a dose of  20 dpa produced a 
marked change in the precipitate structure with a resulting precipitate 
mean diameter of  85 .~ and a standard deviation of  25 ./~. Figure 2 shows 
the appearance of  this structure. The 725 ~ (1337~ experiment was re- 
peated with another lot of  material, which contained 230 ,~ precipitates 
prior to bombardment,  and the same result was observed but with a 
slightly smaller 72-/~-diameter precipitate as the final product.  

Irradiations at all other temperatures led to less well-defined structures 
as illustrated in Fig. 3, which shows the precipitate structure in a thin sec- 
tion after 20 dpa at 625 ~ (1157 ~ The original 400 .~-diameter precipi- 
tates have taken on a ragged appearance, in marked contrast to that in 
Fig. 1. Contrast features which have been interpreted in the sizing mea- 
surements reported here as fragmentation of  the original precipitates can 
also be observed in many of  the larger precipitates. The origin of  these 
contrast features is as yet unknown, and it must be conceded that alter- 
native explanations, such as antiphase boundaries, which are stacking 
faults in the ordered y '-phase, or dislocation structures either within 
the precipitates or at the interface, cannot be ruled out at this time. This 
point is examined in more detail in the discussion section which follows. 
The interpretation of  this point, whether fractured precipitates or contrast 
features on the original precipitate, will have some influence on the meas- 
ured value of  the precipitate size. The measurements in Table 2 are cited 
as the best value on the basis of  current knowledge and are made in an 
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TABLE 2--Precipitate size changes in irradiated Ni-14A1. 

Average Average 
Irradiation Damage Unirradiated Ni 3 A 1 Irradiated Ni 3 A1 

Temperature, Level, Size, A, Size, A, Standard 
~ dpa Standard Deviation Deviation 

525 20 400 (100) 130 (65) 
575 20 400 137 (70) 
625 20 400 213 (91) 
675 20 400 180 (85) 
725 20 400 85 (25) 
725 20 231 (71) 72 (25) 
625 4 400 232 (82) 
625 20 400 213 (92) 
625 56 400 137 (70) 
625 125 400 133 (65) 

internally consistent manner. 
Another feature of the microstructure is the appearance of much smaller 

precipitates between the large ones. The histogram of precipitate sizes in 
Fig. 4 shows clearly the shift in mean diameter of the precipitate size dis- 
tribution from 400 ~, toward smaller sizes as a consequence of the appear- 
ance of this finer structure. Several competing trends appear to be pres- 
ent, as can be seen by the temperature dependence of the precipitate mean 
diameter, which first increases in mean diameter with increasing tempera- 
ture and then decreases. The dose dependence of precipitate diameter 
shows an asymptotic approach to the size at 125 dpa. 

The precipitate number density increased slightly at lower temperatures 
but the volume fraction did not change markedly from the unirradiated 
condition. At 725~ (1337~ however, the number density increased 
from about 6 x 10 ~5 to more than 6 x 10 ~6 while the volume fraction 
decreased from about 12 percent in the unirradiated material to what ap- 
peared to be two percent after 20 dpa at 725 ~ (1337 ~ This low-volume 
fraction may be more apparent than real because visibility of the precipi- 
tates in dark-field contrast from superlattice reflections is low. Section 
thicknesses examined were approximately 600 to 900 ,~ thick, but no con- 
trast calculations have been made to assure that precipitates are visible at 
all depths within the foil. It is also possible that many small clusters may 
be present which are either below the resolution limit of the microscope 
(• 15/l,) or are too small to produce sufficient contrast above the inelastic 
background. 

Voids were observed in only the 56 and 125 dpa specimens of  Ni-14A1, 
and in both cases the voids were inhomogeneously distributed in the spec- 
imen and so few in number that the resulting swelling would be insignifi- 
cant. Dislocation densities were very high in all specimens. 
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FIG.  4--Histogram o f  the precipitate size distribution after ion bombardment at 625~ 
(1157~ 20 dpa, compared with the size distribution o f  precipitates prior to ion bombard- 
ment (solid curve centered at 400 A ) and the size distribution o f  precipitates folowing ion 
bombardment at 725~ (13370[') (solid curve centered at 85 ,~ ). Mean diameter for  the 
histogram is 213 A .  

Discussion 

The most significant effects observed in the ion bombardment of Ni3A1 
precipitates were the transformation of the original 400 .A precipitates to 
85/~ precipitates with an increased number density at 725 ~ (1337 ~ the 
development of a fragmented and clustered appearance to the precipitates 
during bombardment at temperatures between 525 and 675 ~ (977 and 
1247 ~ the formation of small precipitates between the larger ones dur- 
ing bombardment at the lower temperatures, the development of unusual 
contrast features on or in the precipitates after the lower-temperature 
bombardments, and finally the observation of a low density of voids. In 
this discussion we compare the present results with other observations 
cited in the literature on unirradiated and irradiated alloys containing 
Ni3A1 precipitates, and then we examine the various explanations which 
have been proposed to explain the results. 

The elevated temperature behavior of nickel-aluminum alloys contain- 
ing Ni3A1 is well characterized. The y/y '-phase boundary in this alloy 
system occurs near 10 atom percent aluminum at 500~ (932~ and 12.4 
atom percent at 750~ (1382~ The 13.8 atom percent aluminum alloy 
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used in this study had a 12 percent volume fraction of Ni3A1 precipitates 
after aging 4 h at 750~ (1382~ The precipitates had a mean diameter 
of about 400/~, in agreement with predictions in the literature [61, and 
were cuboidal in shape with cube faces parallel to { 100}. As the precipi- 
tates get smaller, their shape tends to be more spherical. When the pre- 
cipitates are overaged they start to cluster and align as they depart from a 
cuboidal shape. The morphology of unirradiated precipitates is generally 
determined by elastic strain and, since the lattice misfit in Ni-14A1 is 
about + 0.6 percent, the precipitate behaves as a large interstitial [7]. Pre- 
cipitate volume fraction has little or no effect on the thermal coarsening 
behavior of this alloy [8], and the lattice misfit decreases slightly as the 
temperature increases [9]. As the misfit decreases with increasing temper- 
ature, the preferred precipitate shape tends more toward spherical from 
cuboidal, and precipitate alignment would be expected to decrease. 

The first reported study of the response of Ni3A1 precipitates to irradi- 
ation was that of Nelson et al [2], who found that at temperatures below 
300 to 325~ (572 to 617~188 the Ni3A1 was disordered after 0.1 dpa by 
heavy ion bombardment. At elevated temperatures, Ni3A1 precipitates in 
an alloy similar in composition to the one used in the present study, and 
the y ', Ni3(Al, Ti) in PE-16, were observed to break up during the irradi- 
ation and form a population of smaller precipitates. Solution-annealed 
material was observed to form precipitates of the same size following ion 
bombardment. This observation prompted Nelson et al [2] to propose a 
model in which an equilibrium-size precipitate formed as a consequence 
of a kinetic equilibrium between the dissolution of volumes of precipitate 
near the precipitate surface, when disordered by a displacement cascade, 
and the growth of the precipitates as a consequence of irradiation-enhanced 
diffusion. Hudson et al [1] observed a decrease in precipitate size after ion 
bombardment with 46.5 MeV Ni 6. ions at 525 ~ (977 ~ and doses up to 
60 dpa. These results [1,2] agree with our observations at 725 ~ (1337 ~ 
where all the original precipitates decreased in size or were dissolved and 
reprecipitated. But they differ from our results at lower temperatures, 
where no small equilibrium size was observed even up to 125 dpa. 

Potter and Hoff [10] irradiated an alloy near the composition of Ni-14A1 
in the solution-annealed condition with 3.2 MeV nickel ions at a damage 
rate of 2.7 x 10 -3 dpa/s. Their unirradiated material, after the solution 
treatment, had a uniform and fine dispersion of very small precipitates 
(estimated to be under 50 ~, in mean diameter). The morphology of the 
precipitates changed dramatically during ion bombardment at 550~ 
(1022~ Whereas the small unirradiated precipitates were essentially 
spherical in shape, ion bombardment to 5.6 dpa produced a change to 
cuboidal shape, and by 19.4 dpa the precipitates had a decided look of 
fragmentation. The mean diameter increased with bombardment, passed 
through a maximum of about 120 ~, at approximately 10 dpa, and then 
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approached a somewhat stabilized equilibrium size of about 85 ~, at dam- 
age levels above 25 dpa. Dislocation loops nucleated in regions free of 
precipitate and appeared to sweep precipitates from adjacent areas. Ancil- 
lary experiments on the behavior of Ni3A1 during cold-working led Potter 
and Hoff to propose a model in which the "precipitates were reduced in 
size by dislocation cutting and grew by irradiation-enhanced diffusion. 
The Potter and Hoff experiments differ from ours in that their solid- 
solution alloy matrix was highly supersaturated with aluminum at the irra- 
diation temperature. In our aged material there were no precipitate-free 
zones in which dislocation loops could nucleate, and no areas free of pre- 
cipitates were observed following irradiation. It thus appears that the irra- 
diation response of a solution-annealed alloy differs from that of an aged 
alloy containing precipitates, which is contrary to the conclusions of Nel- 
son et al [2]. 

Gelles [11] has investigated the stability of large ~" '- precipitates in In- 
conel X-750 after both neutron and ion bombardment. The neutron ir- 
radiation resulted in growth of the precipitates by radiation-enhanced dif- 
fusion. Specimens bombarded with 5-MeV nickel ions at 525 ~ (977 ~ 
however, showed unusual contrast markings and the appearance of frag- 
mentation possibly due to dislocation structure in the original precipitates, 
or in the matrix between them. Rowcliffe et al I12] have documented the 
formation of dislocation loops and interfacial dislocations in ion-bom- 
barded Inconel X-750 irradiated at these temperatures to similar doses. 
Contrast effects could partly explain the apparent fragmentation observed 
in our results below 725~ (1337~ but cannot explain the results at 
725 ~ (1336~ 

Korenko [13] has irradiated a similar alloy with 1-MeV electrons. Ir- 
radiations at 740~ (1364~ produced only a growth in precipitate size 
and an astounding increase in volume fraction, sometimes approaching 
100 percent. Korenko suggested that the increase in volume fraction of 
the Ni3AI was due to incorporation of vacancies in the Ni3AI lattice so as 
to shift the y '-boundary to lower aluminum concentrations. This observa- 
tion was dramatically different from the ion-bombardment results and 
suggests that the displacement cascade produced by the heavy ions is far 
more effective in disordering precipitates than the isolated Frenkel pairs 
produced by electrons. 

Observations of the behavior of Ni~A1 precipitates subjected to ion ir- 
radiation, both in the present experiment and from other experiments re- 
ported in the literature, suggest that there are competing processes be- 
tween dissolution of the precipitates and growth of the precipitates. All 
the proposed models recognize that growth of the precipitates will be ac- 
celerated over the growth rate in unirradiated material as a consequence 
of the increase in solute diffusion rates. There is less agreement on the 
processes which are important in breaking up or dissolving precipitates. 
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The low-temperature irradiation results of Nelson et al [2] show clearly 
that Ni3Al precipitates are rapidly disordered by the displacement cascades. 
Above 300 to 325~ (572 to 617~ however, the reordering process is 
apparently quite rapid because no marked change occurs in the volume 
fraction of the precipitates for doses 1000 times higher than those which 
produced complete disordering at low temperatures. The electron irradi- 
tion results of Korenko which showed growth of precipitates and a marked 
increase in volume fraction represent a uniquely different result from any 
seen in ion irradiations. The most obvious physical difference is, of 
course, the displacement cascade. The model originally proposed by Nelson 
et al [2] with the disorder dissolution mechanism for ordered precipitates 
thus satisfies the most obvious requirements of competing growth and 
shrinkage processes required to explain the effects of ion damage on or- 
dered precipitates. 

The Nelson model gives a reasonably good prediction of the final pre- 
cipitate size for our experiment at 725 ~ (1337~ for a suitable selection 
of parameters. Perhaps the least known variable is the dissolution pa- 
rameter �9 , defined as the product of the thickness of the layer which can 
be disordered by a cascade and the fraction of atoms which actually dis- 
solve. Nelson et al used a value of 100 ,~ for the thickness of the shell of 
disordered precipitate and assumed all would dissolve, f = 1. It is diffi- 
cult to understand how a region with high solute concentration in close 
proximity to a precipitate can diffuse away from the precipitate into the 
matrix, especially a matrix which is already supersaturated in aluminum, 
because irradiation is being performed at temperatures below the ageing 
temperature. Perhaps the fine-scale precipitation between large precipi- 
tates serves to reduce matrix supersaturation enough to permit the dis- 
order dissolution mechanism to operate. A more serious difficulty with 
the model is the prediction that the equilibrium size of the precipitate 
should increase with irradiation temperature for a given precipitate 
density. This is clearly not the case in the lower-temperature (525 to 
625~ (977 to 1157~ irradiations where large fragments of the origi- 
nal precipitates remained even after doses of 125 dpa. Likewise at 675 and 
725 ~ (1247 and 1337 ~ where the sizes are approaching those predicted 
by the model, the temperature dependence is still reversed. One of the 
deficiencies of the model is that it does not take into account the forma- 
tion of new precipitates and the redistribution of solute to those precipi- 
tates. These factors would influence the final equilibrium size and the 
temperature dependence of the size, and would reflect in part the heat- 
treatment history. Nelson et al [2] acknowledged the occurrence of precip- 
itation during the irradiation and the effect of precipitate density on final 
equilibrium size, but did not incorporate this consideration into a predic- 
tive model. 

The mechanism of dislocation cutting suggested by Potter and Hoff 
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[I0] provides an additional mechanism by which precipitate size could be 
reduced. The fragmented appearance of the precipitates irradiated at 525 
to 675 ~ (977 to 1247 ~ in the present study could have been produced 
by dislocation cutting, but no direct evidence for this mechanism was ob- 
tained from the present experiments. 

The size or apparent size of precipitates in dark field can be strongly in- 
fluenced by the interpretation of certain contrast features as pointed out 
by Gelles [11]. It is possible that a precipitate which appears to be frac- 
tured may in fact simply contain an antiphase boundary or a dislocation 
loop structure formed inside the precipitate, or interfacial dislocations on 
the precipitate surface. Calculations are not available at this time to pre- 
dict the contrast effects these defect structures would produce. An attempt 
was made to image the 400 /k precipitates of the present investigation 
with different superlattice reflections to determine if the contrast features 
in dark field changed with the operative reflection, but the precipitates 
were too small to permit resolution of the internal features. Contrast ef- 
fects cannot explain the 725~ (1337~ observations where a uniform 
distribution of small precipitates formed. 

Swelling in these alloys was completely suppressed except for a few 
scattered voids irr the 56- and 125-dpa specimens. The general observation 
that swelling is reduced in y '-bearing nickel-base alloys is now well estab- 
lished. The mechanism of swelling suppression is less well understood. 
Early hypotheses [14] suggested that precipitates suppressed swelling by 
either trapping vacancies at coherent precipitate interfaces, thereby en- 
hancing recombination, or by pinning dislocations and restricting their 
climb. More recent studies demonstrate that the swelling resistance de- 
pends on the major alloy components [15] and the amount of minor 
solute elements in solution which may be influenced by the heat treatment 
of the alloy [16]. Solute atoms can influence swelling by point defect 
trapping with enhanced recombination, gettering of surface active agents 
which can lower the void surface energy, segregation to dislocations so as 
to alter the bias for interstitials, and changes in stacking fault energy. At 
the present time it is not evident which of these mechanisms are acting to 
suppress swelling. 

Conclusions 

An investigation of nickel ion damage in a nickel-aluminum alloy con- 
taining Ni 3A1 precipitates has shown that: 

1. Precipitates in specimens irradiated at 725~ (1337~ to a dose of 
20 dpa reached a narrow size distribution with an average size that was 
about 20 percent of their original size. 

2. Precipitates in specimens irradiated at temperatures between 525 and 
675 ~ (977 and 1247 ~ had a ragged appearance and seemed to be frag- 
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mented  o r  f rac tured .  F ine-sca le  p rec ip i t a t ion  occur red  in the  ma t r i x  be-  
tween the  larger  prec ip i ta tes .  Unusua l  con t r a s t  fea tures  o f  u n d e t e r m i n e d  
or ig in  which were no t  present  in the  u n i r r a d i a t e d  prec ip i ta tes  were a lso  
observed .  

3. There  was essent ial ly  no  swell ing in any o f  the  specimens  tha t  were 
i r r ad i a t ed  to 20 d p a  be tween  525 and  725 ~ (977 and  1337 ~ o r  at  625 ~ 
(1157~ to d a m a g e  levels be tween  4 and  125 dpa ,  a l t hough  a few in- 
h o m o g e n e o u s l y  d i s t r ibu ted  voids  were de tec ted  in the  specimens  i r r a d i a t e d  
to  56 and  125 d p a  at  625~ (1157~ 

A c k n o w l e d g m e n t s  

Financ ia l  suppor t  for  the  expe r imen ta l  p o r t i o n  o f  this work  was p ro -  
v ided  by  the Off ice  o f  Nava l  Research .  The  au tho r s  wish to  t h a n k  J. R. 
Reed  fo r  ass is tance with spec imen p r e p a r a t i o n  a n d  ion  b o m b a r d m e n t  o f  
the  specimens and  one o f  the  au tho r s ,  L.  G.  K. ,  wishes to  t h a n k  the  
Nava l  Research  L a b o r a t o r y  fo r  pe rmiss ion  to  use their  faci l i t ies  du r ing  
the  course  o f  this research,  which is pa r t  o f  a P h . D .  thesis at  the  Univer -  
si ty o f  Wiscons in .  

References 

[1] Hudson, J. A., Francis, S., Mazey, D. J., and Nelson, R. S. in Effects of Irradiation 
on Substructure and Mechanical Properties of Metals and Alloys, ASTM STP 529, 
American Society for Testing and Materials, 1973, pp. 326-333. 

[2] Nelson, R. S., Hudson, J. A., and Mazey, D. J., Journal of  Nuclear Materials, Vol. 
44, 1972, p. 318. 

[3] Hudson, J. A., Journal of the British Nuclear Energy Society, Vol. 14, 1975, p. 127. 
[4] Manning, I. and Mueller, G. P., Computer Physics Communications, Vol. 7, 1974, 

p. 85. 
[5] Sprague, J. A., Review of Scientific Instruments, Vol. 46, 1975, p. 1171. 
[6] Ardell, A. J. and Nicholson, R. B., ActaMetallurgica, Vol. 14, 1966, p. 1295. 
[7] Phillips, V. A., Acta Metallurgica, Vol. 14, 1966, p. 1533. 
[8] Chellman, D. J. and Ardell, A. J., Acta Metallurgica, Vol. 22, 1974, p. 577. 
[9] Maniar, G. N. and Bridge, J. E., Metallurgical Transactions 2, Vol. 95, 1971. 

[10] Potter, D. I. and Hoff, H. A., "Effects of Heavy-Ion Irradiation on the Morphology 
of y/y' Alloys," Proceedings, International Conference on Fundamental Aspects of 
Radiation Damage in Metals, Vol. II, 1976, pp. 1092-1099. 

[11] Gelles, D. S., Hanford Engineering Development Laboratory, Richland, Wash., private 
communication. 

[12] Rowcliffe, A. F., Diamond, S., Bleiberg, M. L., Spitznagel, J., and Choyke, J. in 
Properties of Reactor Structural Alloys After Neutron or Particle Irradiation, ASTM 
STP 570, American Society for Testing and Materials, 1975, pp. 565-583. 

[13] Korenko, M. K., this conference, 1976. 
[14] Nelson, R. S., Hudson, J. A., Mazey, D. J., Waiters, G. P., and WilliamS, T. M., in 

Radiation-lnduced Voids in Metals, J. W. Corbett and L. C. Ianniello, Eds., U.S. 
Atomic Energy Commission Symposium Series 26, 1972, p. 430. 

[15] Johnston, W. G., Lauritzen, T., Rosolowski, J. H., and Turkalo, A. M. in Properties 
Reactor Structural Alloys After Neutron or Particle Irradiation, ASTM STP 570, 
American Society for Testing and Materials, 1975, p. 525-542. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



384 IRRADIATION EFFECTS ON METALS 

[16] Johnston, W. G., Lauritzen, T., Rosolowski, J. H. and Turkalo, A. M., "The Effect 
of Metallurgical Variables on Void Swelling," Proceedings, American Society for 
Metals, Materials Science Seminar on Radiation Damage in Metals, Cincinnati, Ohio, 
9-10 Nov. 1975 (to be published). 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Radiation Embrittlement of 
Pressure Vessel Steels 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



T. R. Mager,  t j .  Davidson,  2 a n d  M. Galliani 3 

Fracture Mechanics Characterization 
of the Trino Reactor Vessel Material 

REFERENCE: Mager, T. R., Davidson, J., and Galliani, M., "Fracture Mechanics 
Characterization of the Trino Reactor Vessel Material," Irradiation Effects on the 
Microstructure and Properties o f  Metals, A S T M  S TP 611, American Society for Test- 
ing and Materials, 1976, pp. 387-399. 

ABSTRACT: During preirradiation testing it became known that the Trino reactor 
vessel material exhibited a Charpy-V upper-shelf impact energy level of approximately 
36 ft '  lb in a direction transverse to the plate rolling direction. Current U.S. practice is 
to require 75 ft ' lb impact energy for materials in the beltline region of the reactor 
vessel. It was proposed that fracture toughness properties be obtained on Trino 
reactor vessel Plate W6306-1 in terms of both fracture mechanics parameters and 
conventional Charpy-V impact energy. Concurrent with preirradiation testing of Plate 
W6306-1 an accelerated irradiation program was initiated in a test reactor. 

To generate the fracture toughness data, compact tension specimens were tested 
both statically (Kit) and dynamically (Kid). The encapsulated specimens were irra- 
diated at 550~ (288~ to a fluence of 3 x 10 '9 neutrons (n)/cm 2 (E>  1 MeV). 

The fracture toughness data obtained from the preirradiation testing indicated that 
Plate W6306-1 meets the intent of the ASME Appendix G, KIR curve. Postirradiation 
fracture toughness data (static and dynamic) from the accelerated radiation program 
indicated that the fracture toughness for transverse specimens was approximately 
100 ksi (in.) 1/2. The upper-shelf impact energy of the Trino vessel Plate W6306-1 
decreased a maximum of 7 ft" lb during the accelerated irradiation. 

Based on the fracture toughness properties obtained during the evaluation, it was 
concluded that Plate W6306-1 exhibited adequate toughness to provide for continued 
safe operation of the Trino Vercellese Nuclear Power Plant. 

KEY WORDS: radiation, fracture (materials), impact tests, fracture tests, dynamic 
tests, toughness, static hardness tests, equivalent energy, nuclear reactor materials 

The Ente Nazionale per l'Energia Elettrica (ENEL) Trino Nuclear 
Power Plant went into operation in 1965. At the time of manufacturing 
and start-up of the Trino Nuclear Power Plant, there were no regulatory 
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rules such as 10 CFR 50 Appendix G or Section III of the American 
Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code 
to give guidance to allowable minimum fracture toughness properties. Be- 
cause of changes made in the design of the Trino reactor vessel internals 
early in the life of the plant, the original reactor vessel material radiation 
surveillance program had to be discontinued. The original program, how- 
ever, was replaced by placing new surveillance capsules in holders below 
the core, 

During the preirradiation testing portion of the second program, it be- 
came known that the reactor vessel material Plate W6306-1 exhibited an 
upper-shelf impact energy level of approximately 36 ft-lb in a direction 
transverse (WR) to the rolling direction. Current U.S. practice is to re- 
quire 75 ft.lb impact energy for materials in the beltline region of the 
reactor vessel. 

In order to show that there can be no question about the integrity of 
the reactor pressure vessel at the Trino plant, which has been operating 
for three cycles, it was proposed that fracture toughness properties in 
terms of fracture mechanics parameters be obtained on Plate W6306-1. 
Concurrent with the preirradiation testing of Plate W6306-1, an accel- 
erated irradiated program was initiated in a test reactor in the United 
States. 

This paper presents the results of the fracture toughness testing 
program. 

Experimental Program 

Materials and Specimens 

Plate W6306-1 was fabricated from a heat of Type A302 Grade B steel. 
The chemical composition and heat treatment for the plate are given in 
Table 1. 

To generate the fracture toughness data, compact tension (CT) [1] ~ 
specimens and standard Charpy-V (Cv) specimens were used. For the pre- 
irradiation testing, 0.394 T-CT, 2T-CT, and 4T-CT specimens were eval- 
uated. In the postirradiated condition, only 0.394 T-CT specimens were 
evaluated. The configuration and dimensions of the CT specimens are 
shown in Fig. 1. The fracture mechanics specimens (CT) fabricated from 
Plate W6306-1 were oriented in the transverse (WR) or "weak" direction. 
The Charpy V-notch impact specimens represented both the longitudinal 
(RW) and transverse (WR) orientations. Use of specimens oriented in the 
transverse (WR) direction was consistent with the requirements of Appen- 
dix G, 10 CFR, Part 50 and Paragraph NB 2300 of the ASME Code. 

4 The italic numbers  in brackets refer to the list o f  references appended to this paper. 
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TABLE l--Chemical analysis and heat treatment of  Trino vessel plate W6306-1. 

Chemical Analysis--Composition, weight % 

C Mn P S Si Mo Cu Ni 

0.21 1.38 0.013 0.035 0.24 0.47 0.16 0.16 

Heat Treatment 

1600~ for 9�89 h; water dip-quenched 
1225~ for 9�89 h; air-cooled 
1150 ~ for 15 �89 h; furnace-cooled 

W 

~ - . , . . a .  = 

~ W  1 .... 

J 

B 

7 j  
v 

W = 2 . 0 B  D = 0 . 5 B  

a = 1.0B W 1 = 2.5B 

H = 1.2B H 1 = 0.65B 

FIG. 1--General configuration and proportions of compact tension specimens for Kit 
fracture toughness measurement. 

Testing of Compact Tension Specimens 

The fracture mechanics approach provides quantitative data to assess 
the potential for fast or brittle failure and to develop criteria for designing 
or setting plant operating specifications, or both, to ensure the integrity 
of the nuclear system during the life of the plant. The basic principle is 
that a crack or crack-like material flaw will propagate when the crack tip 
stress intensity factor reaches a specific magnitude. Although this stress 
intensity factor is dependent on the state of stress and defect geometry, 
the critical stress intensity factor remains a distinct numerical quantity 
defining the material's fracture strength. The critical stress intensity factor 
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is designated KIr and is interchangeably called the "fracture toughness" 
when referring to the material. While K~c is a basic material parameter, it 
is also dependent upon mechanical and metallurgical variables. Strain rate 
(testing speed) and temperature are the most significant variables affecting 
the fracture toughness of a given material. Generally, toughness of medi- 
um-strength materials like A302 is highly temperature-sensitive, with a 
rapid increase in toughness at a temperature near the nil ductility transi- 
tion temperature. At a given temperature, the fracture toughness generally 
decreases with increasing rate of strain. 

Stated briefly, the testing method involved tension testing of the 
notched CT specimens which had been precracked in fatigue. The load 
versus the displacement occurring across the notch at the specimen edge 
was autographically recorded during the test. The specimen displacement 
was measured by using a clip gage spanning the front of the machined 
notch. 

For static fracture toughness (K~c) testing, the techniques have been 
well-defined by ASTM Test for Plane-Strain Fracture Toughness of 
Metallic Materials (E-399-74). A maximum loading rate (/~) of 2.5 ksi 
(in.)~/2/s is required for a standard static test. The static Kic (g < 2.5 ksi 
~ )  testing was performed using a Materials Testing System (MTS) 
machine. After the precracking operation, the specimens were tested at 
various preselected temperatures. The temperature of the specimen prior 
to testing was monitored using copper-constantan thermocouples until the 
temperature stabilized with + 2 ~ Liquid nitrogen was used to cool the 
specimens below ambient temperature, and elevated testing temperatures 
were achieved using an electrical furnace. A complete description of the 
test apparatus as well as the design of  the grips and environmental 
chambers is given by Spewock and Ceschini [1]. Appendix G of the 
Summer 1972 Addenda to Section III of the ASME Code used a reference 
fracture toughness, K~R versus temperature curve, to define safe operation 
of reactor vessels. The Km curve was based on dynamic fracture tough- 
ness, K~d values. Unlike static K~ testing (ASTM Method E-399), dynamic 
fracture toughness validity criteria are not yet defined. The term Kxd is 
defined as the dynamic fracture toughness which is obtained from tests 
with a loading rate (/~) exceeding 2.5 ksi X/Tfi./s. The dynamic testing per- 
formed irr this program was consistent with the dynamic testing that 
generated the ASME Code K~R curve found in Appendix G of Section III. 

As in the static loading situation, the linear elastic stress field equations 
describe the dynamic stress field near the crack tip. Previous studies [2] 
conducted on the fracture toughness of mild steel plate indicate that high 
loading rates considerably decrease fracture toughness in the brittle/duc- 
tile transition region. As with the static tests, the dynamic tests were per- 
formed at various preselected temperatures after the precracking opera- 
tion. The temperature of the specimens prior to-testing was again moni- 
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tored using copper-constantan thermocouples until the temperature stabil- 
ized within _+ 2 ~ Testing was performed using a specially designed ap- 
paratus with a loading system capable of producing ram velocities of 60 
in./s and loads of  150 kip. Electrical strain-gage instrumentation and 
linear variable differential transformers (LVDT) were used to measure 
load and displacement, respectively. The outputs were recorded on a fre- 
quency-modulated magnetic tape recorder. A complete description of the 
testing apparatus and method of evaluation of the test results is given in 
Ref 3. 

Fatigue precracking procedures as recommended by ASTM Method E 
399 were followed closely. Prior to irradiation, 0.394 T-CT specimens 
were fatigue precracked at room temperature, 75 ~ (24~ The fact that 
neutron irradiation increases the yield strength of a steel complicates the 
advance prediction of the maximum allowable Ks level for fatigue pre- 
cracking, In the present study, the maximum Kt level for the tension-zero- 
tension fatigue cycle was 15 000 psi k/~.  

Irradiation Experiment 

Specimen irradiations were performed in the Union Carbide Research 
reactor (UCRR) A-4 fuel core position under the technical direction of the 
Naval Research Laboratory. Capsule design and fabrication, instrumenta- 
tion and specimens loading was by the Naval Research Laboratory under 
the technical direction of H. Watson. The encapsulated specimens were ir- 
radiated at 550~ (288~ to a fluence of 3 • 1019 neutrons (n)/cm 2 
(E > 1 MeV). 

Experimental Results 

Compact Tension ( CT) Specimens 

Because of the limited material available, the CT specimen size was 
such that valid K~c data were not obtained using the recommended ASTM 
Method E 399 validity criteria. The validity of fracture toughness test- 
ing as set forth in ASTM E 399 is unusual in that it is necessary to com- 
pare posttest data with pretest dimensions to determine if the fracture 
toughness measured (Ko) is the critical value for the material (Ktc). In 
other words, the validity of the test can only be determined after testing. 
The ASTM Method E 399 recommendation as to the validity of CT speci, 
men testing is based upon the spe~imeq thickness B and the crack length 
a. ASTM Method IE 399 recommends that both 8 and a be equal to or 
greater than 2.5 (K~/oys) 2. As the temperature increases, the yield str0ngth 
of the material decreases and the fracture toughness increases; thus the 
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specimen thickness B and the crack length a must be increased to meet the 
recommended validity criteria. 

Witt [3] proposed a method for using small CT specimens for obtaining 
lower-bound K~c data in the temperature range of interest (200 to 550~ 
(93 to 288 ~ The basis for the method of data analysis as set forth by 
Witt is the equivalent energy concept. In essence, equivalent energy con- 
cepts can be used to measure fracture toughness values, Ktc, from small 
specimens where a much larger specimen would be required for a valid 
Klc value. 

The procedure can be summarized as follows: 
1. Select any point of the linear portion of the load-deflection curve 

(Point B). Measure the area under the load-deflection curve up to maxi- 
mum load and divide this area by the area up to Point B. Call the ratio of 
areas B. 

2. Using the load at point B(PB), calculate KBd as follows 

B 2 p a  , a 

K ~  = bd(2bd) ~ f (~) 

If the specimen does not meet the ASTM Method E 399 size require- 
ments, Ksd as just calculated represents the lower-bound fracture tough- 
ness of a specimen of that size. Experimental verification of the equiva- 
lent energy concept was reported by Mager and Buchalet [4]. 

The preirradiated fracture toughness properties of Plate W6306-1 are 
summarized in Table 2 and Figs. 2 (static) and 3 (dynamic). The postirra- 
diated fracture toughness properties of Plate W6306-1 are summarized in 
Table 3 and Figs. 2 (static) and 3 (dynamic). 

Charpy-V Properties 

The postirradiation Charpy-V properties of Plate W6306-1 are summa- 
rized in Table 4 and Fig. 4. Also shown in Fig. 4 are the preirradiation 
Charpy-V properties and thus the extent of radiation-induced changes 
observed. The Charpy-V 30 ft-lb transition temperature was elevated by 
100~ (37.7~ and the upper-shelf level was lowered by 12 ft 'lb (14.5 
percent) for RW-oriented specimens and by 7 ft.lb (18 percent) for WR- 
oriented specimens. 

Discussion 
Mager and Buchalet [4] demonstrated that by utilizing the method as 

proposed by Witt [3], lower-bound fracture toughness data can be ob- 
tained from small compact specimens. As the specimen thickness is in- 
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TABLE 2--Preirradiated fracture toughness properties of Torino Plate W6306-1. 

Specimen Specimen Test Test Kicd, 
Number Size, in. Condition Temperature, ~ ksi V~. 

S-66 0.394 TCT 
S-67 0.394 TCT 
S-60 0.394 TCT 
S-65 0.394 TCT 
S-18 0.394 TCT 
S-70 0.394 TCT 
S-68 0.394 TCT 
S-19 0.394 TCT 
S-71 0.394 TCT 
S-72 0.394 TCT 
S-73 0.394 TCT 
S-75 0.394 TCT 
S-64 0.394 TCT 
S-80 0.394 TCT 
S-21 0.394 TCT 
S-62 0.394 TCT 
S-79 0.394 TCT 
S-77 0.394 TCT 
S-63 0.394 TCT 
S-61 0.394 TCT 
S-74 0.394 TCT 
S-78 0.394 TCT 
S-8 = 2 TCT 
S-5 = 2 TCT 
S-7 = 2 TCT 
S-12 = 2 TCT 
S-11 b 2 TCT 
S-6 c 2 TCT 
S-9 o 2 TCT 
S-I 4 TCT 
S-3 4 TCT 
S-4 4 TCT 
S-2 4 TCT 

static 
static 
static 
static 
static 
static 
static 
static 
static 
static 
static 
static 
dynamic 
dynamic 
dynamic 
dynamic 
dynamic 
dynamic 
dynamic 
dynamic 
dynamic 
dynamic 
static 
static 
static 
static 
static 
dynamic 
dynamic 
static 
static 
static 
dynamic 

+50 144.5 
+ 50 159.5 
+75 125.2 
+ 75 138.0 
+85 121.0 
+ 150 118.0 
+ 150 131.0 
+ 205 I 12.0 
+ 250 103.2 
+ 250 120.2 
+ 550 102.5 
+550 109.0 
+ 50 136.7 
+50 111.6 
+53 111.1 
+ 75 106.2 
+75 128.2 
+ 150 132.7 
+ 250 92.7 
+250 122.2 
+ 550 133.1 
+ 550 166.6 
_+0 119.4 
+53 142.0 
+85 159.0 
+85 137.6 
+ 205 138.0 
+93 187.1 
+ 205 154.0 
+ 0 96.0 
+85 166.1 
+205 153.0 
+ 205 205.5 

* Surface. 
b �90 thicknesS. 
c �88 thickness. 

creased, the lower -bound  toughness  approaches  the p lane-s t ra in  f racture  
toughness  K~c. As the data  shown in  Figs. 2 a nd  3 for  the un i r rad ia ted  
mater ia l  demonst ra tes ,  as the specimen size is increased the lower -bound  
fracture toughness  is increased. The  da ta  given in Figs. 2 and  3 would  
indicate  tha t  the 2T-CT  and  4T-CT  test results are approach ing  the plane-  
strain fracture toughness  K~c. Hence ,  the p lane-s t ra in  toughness  Kit o f  
Plate  W6306-1 is approximate ly  160 ksi V ~ .  

The  dynamic  fracture toughness  K~d is slightly higher t h a n  the static 
f racture toughness  KIr on  the upper  shelf. This  is characteristic o f  dy- 
namic  testing. 
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396 IRRADIATION EFFECTS ON METALS 

TABLE 3--Postirradiation fracture toughness properties of Trino Plate W-6306-1. 

Specimen Specimen Test Test K led, 
Number Size, in. Condition Temperature, ~ ksi X ~ .  

E-19 0.394 
E-23 0.394 
E-15 0.394 
E-13 0.394 
E-16 0.394 
E-17 0.394 
E-22 0.394 
E-20 0.394 
E-25 0.394 
E-11 0.394 
E-9 0.394 
E-4 0.394 
E-10 0.394 
E-18 0.394 
E-3 0.394 
E-I 0.394 
E-7 0.394 
E-5 0.394 
E-12 0.394 
E-6 0.394 
E-2 0.394 

static 
static 
static 
static 
static 
static 
static 
static 
static 
dynamic 
dynamic 
dynamic 
dynamic 
dynamic 
dynamic 
dynamic 
dynamic 
dynamic 
dynamic 
dynamic 
dynamic 

+75 71.3 
+75 81.8 
+ 150 106.3 
+ 250 114.2 
+ 250 84 
+ 350 107.5 
+ 350 100 
+ 550 74.6 
+ 550 96 
+75 59.5 
+ 75 52.9 
+ 150 123.7 
+ 150 107.8 
+ 200 105.1 
+ 200 137.8 
+ 250 142.6 
+250 138.9 
+ 350 116.2 
+ 350 137.8 
+ 550 134.5 
+550 111.0 

The postirradiation data summarized in Figs. 2 and 3 indicate that the 
neutron irradiation had little if any effect on the upper-shelf fracture 
toughness of Plate W6306-1. Without testing larger-size specimens in the 
postirradiation condition, one cannot conclude that the postirradiation 
fracture toughness is of the order of  160 ksi X/re. One can conclude, 
however, that the minimum fracture toughness of Plate W6306-1 is of the 
order of 100 ksi ~-h.  after exposure to a fluence of 3 • 1019 n/cm 2m 
recognizing, again, that the dynamic Kid fracture toughness upper shelf is 
generally higher than the static Kic upper shelf. 

Conclusions 

The fracture toughness of Trino reactor vessel Plate W6306-1 was 
evaluated in both the unirradiated and postirradiated conditions. The 
following conclusions are drawn from the test data. 

1. The preirradiation upper-shelf static Ktc and dynamic Kid fracture 
toughness based on the equivalent energy method are of the order of 160 
ksix/ . 

2. The postirradiation upper-shelf static K~c fracture toughness is of the 
order of  100 ksi x~-h.; the dynamic toughness is of the order of 135 
ksi / . 
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MAGER ET AL ON FRACTURE MECHANICS 399 

3. The 30 ft.lb transition temperature shift after an exposure to a 
fluence of 3 x 10 ~9 n/cm" (E>  1 MeV) is of the order of 100~ (38~ 

4. The postirradiation Charpy-V upper-shelf impact energy for WR- 
oriented specimens is approximately 30 ft" lb. 

5. Although Trino reactor vessel Plate W6306-1 exhibits an upper- 
shelf impact energy of approximately 30 ft" lb, the upper-shelf fracture 
toughness is 100 ksi in. Vqn. or greater. 
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Evaluation of the Maine Yankee 
Reactor Beltline Materials 

REFERENCE: Wullaert, R. A., Sheckherd, J. W., and Smith, R. W., "Evaluation 
of the Maine Yankee Reactor Beltline Materials," Irradiation Effects on the Micro- 
structure and Properties o f  Metals, A S T M  STP 611, American Society for Testing 
and Materials, 1976, pp. 4(X)-417. 

ABSTRACT: Tension and Charpy V-notch specimens of the base metal, heat-affected 
zone metal, and weld metal from the beltline region of the Maine Yankee pressure 
vessel (Type A533B-I steel) were irradiated in an accelerated surveillance capsule. 
The specimens were exposed to a fluence of 1.3 x 1019 neutrons (n)/cm 2 (>1 MeV) 
at 550 ~ (288 ~ Charpy V-notch specimens of a standard reference material (SRM) 
were also irradiated in the surveillance capsule as a correlation monitor for dosimetry. 
Irradiation increased the yield and ultimate strength and decreased the ductility of all 
of the Maine Yankee materials. The yield strength increased 50 percent for the weld 
metal and 35 percent for the base and heat-affected zone materials. Radiation-induced 
shifts in the Charpy V-notch curves at the 30 ft '  lb, 50 ft ' lb, and 35-mil levels were 
measured. The decrease in the Charpy upper shelf energy was also measured. The 
largest temperature shift occured at the 35-mil level for all materials, and this shift 
was used to determine the adjusted reference temperature. The increase in reference 
temperature ranged from 140~ (60~ for the base metal to 345~ (174~ for the 
weld metal. The weld metal also showed the largest drop in the Charpy upper-shelf 
energy (44 percent) versus 23 to 31 percent for the other materials. 

The critical beltline material for determining the new operating limit curves for the 
reactor was the weld metal, with an adjusted reference temperature of 315 ~ 057 ~ 
and a Charpy upper-shelf value of 57 ft '  lb. The high copper and phosphorus content 
of the weld (0.36 percent copper, 0.015 percent phosphorus) caused the irradiated 
Charpy data to fall above the general trend curve for Type A533B steel. A trend curve 
for the weld metal was constructed using independently generated irradiation data on 
the same weld metal. 

KEY WORDS: radiation, pressure vessels, nuclear reactors, irradiation, embrittle- 
ment, weld metal 

Pressure-temperature limitations for heatup and cooldown of the reac- 
tor coolant system during operation and test conditions are provided in 
the technical specifications for each plant. These pressure-temperature 

t President and manager, Testing Services, Fracture Control Corporation, Goleta, Calif. 
93017. 
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WULLAERT ET AL ON YANKEE REACTOR 401 

limits are imposed on the reactor coolant pressure boundary to provide 
adequate safety margins against nonductile or rapidly propagating failure 
of the ferritic pressure vessel materials. Appendixes G and H of 10 CFR 
503 specify the requirements for the reactor vessel pressure-temperature 
limits. These limits are based on the ASME Code, Section III, Appendix 
G, which provides a fracture mechanics basis for determining allowable 
limits. 

The operating limit curves in the plant technical specifications are based 
on the baseline mechanical properties of the reactor vessel adjusted by the 
anticipated embrittlement o f  the beltline region of the vessel due to neu- 
tron exposure. Trend curves of change in fracture toughness versus fluence 
are used to predict the embrittlement for the specific type of steel, resid- 
ual element content, and operating temperature of the reactor. The func- 
tions of a reactor pressure vessel surveillance program are to continually 
monitor the neutron embrittlement of  the ferritic materials and to use the 
data to verify the original operating limit curves. 

The Maine Yankee nuclear reactor is a pressurized water reactor built 
by Combustion Engineering. The surveillance program design, selection 
of  materials, specimen and capsule fabrication, and installation of  the 
capsules were performed by Combustion Engineering as part of the Maine 
Yankee construction contract [1]. 4 The unirradiated and irradiated me- 
chanical properties of the Maine Yankee surveillance materials have 
recently been measured [2,3]. The surveillance examination determined 
that the specimens were irradiated at 550~ (288 ~ to a fluence of 1.3 x 
10 ~9 neutron (n)/cm 2 (>1 MeV). Details of the surveillance material 
characterization, irradiation capsule configuration and location, capsule 
disassembly, and neutron dosimetry can be obtained from these reports 
and are not presented here. The purpose of this paper is to present the 
radiation-induced changes in mechanical properties and describe the deter- 
mination of the adjusted reference temperature RTr~DT. 

Mechanical Property Results 

The various materials and mechanical property test specimens contained 
in the first accelerated capsule are given in Table 1, along with the chemi- 
cal analysis of the materials. All tests were performed in accordance with 
appropriate ASTM standards [4] and internal procedures [5]. 

Tension Tests 

Three irradiated tension specimens of the Maine Yankee base metal, 
weld metal, and heat-affected zone (HAZ) material were obtained from 

3Amendments to Atomic Energy Commission (AEC) regulation Title 10, Part 50, published 
in Federal Register, 17 July 1973. 

4 The italic numbers in brackets refer to the list of references appended to this paper. 
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402 IRRADIATION EFFECTS ON METALS 

T A B L E  1--Materials, specimens, and chemistry for Maine Yankee Capsule Number 1. 

A533B-I  Submerged- 
Plate Arc Weld SRM = H A Z  

Specimen (D-8406-1) (D-8407-1 , -3 )  (HSST-01)  (D-8406-2) Total 

Charpy V-notch 12(L) b 12 12(L) 12 
Tensile (0.252 in.)  3 3 . . .  3 

Total 15 15 12 15 

Chemistry 
Si 0.22 0.22 0.22 . .  
S 0.013 0.012 0.008 . .  
P 0.013 0.015 0.008 . .  
Mn 1.27 1.38 1.37 . .  
C 0.22 0.14 0.22 . .  
Cr  0.11 0.07 0.15 . .  
Ni 0.59 0.78 0.66 . .  
M o  0.57 0.55 0.54 . ,  
B 0.0004 0.0002 . . . . . .  
Cb <0.01 <0.01 . . .  . .  �9 
V <0.001 0.003 0.02 . , .  
Co 0.010 0.013 . . . . . .  
N 0.006 0.012 . . .  . , .  
Cu 0.15 0.36 0.18 . . .  
A1 0.021 0.004 . . . . . .  
Ti  <0.01 <0.01 . . . . . .  
W 0.01 0.01 . . . . . .  
As  0.01 <0.01 . . . . . .  
Sn 0.009 0.001 . . . . . .  
Z r  0.001 0.002 . . . . . .  

48 
9 

57 

. .  

. .  

=Standard reference material, Type A533B-1 steel, plate 01 from the Heavy Section Steel 
Technology (HSST) program. 

b Longitudinal orientation. 

the surveillance capsule. The tension specimens were standard ASTM-type 
0.252-in.-diameter specimens with a 1-in. gage length. One specimen 
of each material was tested at room temperature, the reactor operating 
temperature (566~ (297 ~ and the reactor design temperature (650~ 
(343 ~ The crosshead rate through 0.2 percent yield strength was 0.005 
in./in./min. This crosshead rate was maintained after yielding. An exten- 
someter was used to obtain load-elongation curves through yielding and a 
load-time (crosshead travel) curve was obtained past this load. The tensile 
properties measured were 0.2 percent yield strength, ultimate tensile 
strength, total elongation, and reduction in area. A summary of the irra- 
diated tensile properties is given in Table 2 for comparison. An irradia- 
tion dose of 1.3 x 10 '9 n/cm 2 (>1 MeV) at 550~ (288~ produced an 
increase in the yield strength of  approximately 50 percent for the weld and 
35 percent for the base and HAZ material. 

It should be noted that irradiated tensile data play no direct role in deter- 
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WULLAERT ET AL ON YANKEE REACTOR 403 

TABLE 2--Tensile properties o f  irradiated Maine Yankee beltline materials 
[550~176 1.3 x 10 ~9 n / cm  2 (>1 MeV)] .  

Material 

0.2% Ultimate 
Yield Tensile Total Reduction 

Specimen Tempera- Strength, Strength, Elongation, in Area, 
No. ture, ~ ksi ksi 070 070 

Base (L) 1JP RT = 81.6 I03.7 27.6 54.8 
(61.6) b (84.4) (29.0) (71.3) 

Weld 3JT RT 102.2 116.9 24.2 52.1 
(71.1) (87.2) (28.5) (70.4) 

HAZ 4JU RT 83.7 104.7 22.7 55.4 
(61.5) (84.3) (22.5) (70.8) 

Base (L) I J4 566 73.9 95.3 22.5 45.8 
(54.8) (83.6) (23.8) (66,2) 

Weld 3J3 566 93.3 110.8 21.8 42,8 
(62.6) (85.2) (24.2) (59.3) 

HAZ 4KJ 566 78.6 97.8 20.2 47.6 
(55.7) (83.2) (20.2) (63.0) 

Base (L) IJM 650 69.2 92.0 25.0 49.9 
(53.5) (81.0) (28.8) (67.6) 

Weld 3K J" 650 ___ ix,104.1 ,x,18.2 ,'044.0 
(59.5) (81.7) (25.0) (61.0) 

HAZ 4K2 650 69.8 93.0 22.1 61.1 
(54.9) (81.6) (23.3) (68.2) 

"RT = room temperature. 
b Parentheses enclose average value for three tests on unirradiated material. 
"Accidental prestraining of specimen prior to testing resulted in unreliable yield strength 

measurement and questionable test results. 

mining the adjusted reference temperature RTNDT. However, the tensile 
results provide valuable backup information and are thus included in the 
paper. 

Charpy Impact Tests 

The surveillance capsule contained four Charpy impact compartments. 
Each compartment contained twelve Charpy V-notch specimens of a given 
material. All Charpy specimens were the standard 0.394-in. (10 mm) size. 
The Charpy V-notch tests were performed in accordance with ASTM 
Notched Bar Impact Testing of Metallic Materials (E 23-72). All tests 
were performed on a 220 ft ' lb impact machine at an impact velocity of 
16.7 ft/s. Army Materials and Mechanics Research Center (AMMRC) 
calibration specimens were tested prior to the irradiated specimens to 
ensure the calibration of the impact machine. The impact machine was 
instrumented to obtain additional test data. The instrumented Charpy 
results are not discussed here, but are presented in Ref 3. 
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404 IRRADIATION EFFECTS ON METALS 

Twelve irradiated Charpy V-notch specimens of  the base metal, weld, 
HAZ, and standard reference material (SRM) were tested over a range of 
temperatures to generate a full Charpy transition curve. Test temperature, 
dial energy, fracture appearance, and lateral expansion were recorded for 
each test, and the results for the various materials are plotted as a func- 
tion of temperature in Figs. 1 through 4. The transition curves for the 
unirradiated materials [2] are included in the figures so that the various 
transition temperature shifts can be calculated. Shown in the figures is 
the shift in the energy curve at the 50 ft" lb level (Ts0) and the shift in the 
lateral expansion curve at the 35-mil level (T35M). Vertical arrows indicate 
the drop weight-nil ductility transition (NDT) temperature for the unir- 
radiated materials and the reference temperature, RTNDT, for the unirradi- 
ated and irradiated materials. Also shown in the figures is the upper-shelf 
energy value for the unirradiated and irradiated materials. Table 3 sum- 
marizes the radiation-induced changes in the Charpy energy curve for the 
four materials in terms of the shift at the 30 ft ' lb level (T30), the 50 ft-lb 
level (Tso), and the upper-shelf energy. 

Discussion 

Adjusted Reference Temperature 

The fracture toughness tests required in surveillance programs are 
specified in Appendix H to 10 CFR 50, Section III. The adjusted reference 
temperature for the irradiated materials [RTNDT(i)] is established by 
adding to the unirradiated reference temperature [RTNDT(U)] the amount 
of the temperature shift in the Charpy V-notch test curves between the 
unirradiated material and the irradiated material, measured at the 50 ft" lb 
level (ATs0) or the 35-mil lateral expansion level (AT35M), whichever tem- 
perature shift is greater. The shifts in the 50 f t ' lb  and 35-mil Charpy 
V-notch levels for the Maine Yankee surveillance materials are given in 
Table 4. Note that for every material AT35M ~> ATs0. 

Thus, the adjusted reference temperature for the irradiated materials is 
calculated by 

RTNDT(i) = RTNDT(U) + AT35M (1) 

The unirradiated reference temperatures were reported in Ref 2 and 
were established according to Article NB 2300 of the ASME Code, Sec- 
tion III. Article NB 2300 requires that RTNDT be based on test results 
from transverse specimens. For all of  the unirradiated Maine Yankee sur- 
veillance materials, the transverse Charpy V-notch results exceeded 50 
ft ' lb and 35 mils at NDTT + 60~ (NDTT + 33~ Thus, the reference 
temperature for the unirradiated materials was controlled by the NDT 
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temperature, and RTNDT(U) = NDTT(u). Only longitudinal Charpy speci- 
mens of the SRM were available for the unirradiated tests, so the 50 ft-lb 
and 35-mil criteria could not be determined. For the SRM, it was assumed 
that RTNoT(U) = NDTT(u). 

The adjusted reference temperatures for the Maine Yankee surveillance 
materials were calculated using Eq 1, and the new RTNDT values are listed 
in Table 4. The AT35M values for the SRM and base material are based on 
shifts in longitudinal Charpy data, whereas the code specifies that the 
shift be based on transverse Charpy data. Although orientation influences 
the energy absorbed in a Charpy test, there are no published results that 
indicate that the radiation-induced shift in Charpy curves is orientation 
dependent. 

In addition to establishing the radiation-induced shift in the RTNDT, it is 
important to determine the influence of irradiation on the Charpy upper- 
shelf energy. Regulations in 10 CFR 50, Appendix G requires that the 
upper-shelf energy must be greater than 75 ft ' lb before irradiation and 
cannot drop below 50 ft ' lb during service (irradiation). Table 3 sum- 
marizes the upper-shelf behavior of the Maine Yankee materials due to 
irradiation. Note that the drop in the upper shelf ranged from 23 to 45 
percent, with the weld metal showing the greatest sensitivity to radiation. 
For a fluence of 1.3 • 1019 n/cm 2 (>1 MeV), none of the materials ex- 
hibited a Charpy upper-shelf energy less than 50 ft. lb. 

Standard Reference Material 

The standard reference material used in the Maine Yankee surveillance 
program was A533B Class 1 plate from the Heavy Section Steel Tech- 
nology Program (HSST plate 01). Berggren and Stelzman [6] have pub- 
lished a radiation embrittlement trend curve for this material. Figure 5 
shows the radiation-induced shift in the 32 ft ' lb Charpy level as a func- 
tion of irradiation temperature. The shift has been normalized to 1 • 
1019 n/cm 2 (>1 MeV). From Table 3, AT30 = 150~ (83~ for the Maine 
Yankee SRM irradiated at 550~ (288~ Figure 5 shows that the data 
point for the Maine Yankee SRM falls slightly above the trend band, in- 
dicating that the SRM experienced a fluence somewhat greater than 1 x 
10 '9 n/cm 2 (>I MeV). 

The Maine Yankee SRM Charpy specimens were taken from the quar- 
ter thickness of HSST plate 01 and in the longitudinal direction (1/4T, 
RW), If only the 1/4T, RW data points in the trend curve at 550~ 
(288 ~ are compared with the SRM data, there is an indication that the 
fluence obtained by the SRM was substantially greater than 1 • 10 '9 
n/cm 2 (>1 MeV). 

To resolve this question, a trend curve for HSST plate 01 irradiated 
at 550~ (288~ has been constructed using the I/4T, RW data just dis- 
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t, T3o = 150~ (83~ and ATs0 = 165~ (92~ for  the Maine Yankee 
SRM have been entered on the trend curve as horizontal dashed lines. 
Their intersection with the appropriate  trend curve defines a fluence range 
for the SRM of  1.65 to 1.85 x 10 '9 n / c m  2 (>1 MeV). Thus, a fluence of  
1.7 x 10 '9 n / c m  2 (>1 MeV) was used for  the SRM in evaluating the 
fluence for the Maine Yankee accelerated surveillance capsule. 

Fluence Estimates 

The neutron dosimetry and neutron fluence calculations for the first 
Maine Yankee accelerated surveillance capsule are presented in detail in 
Ref 3 and will only be summarized here. Fluence calculations using cur- 
rent ASTM practices and the ANISN computer  code s predicted a fluence 
of  9 x 10 '8 n / cm 2 (>1 MeV). Since the SRM indicated a fluence of  1.7 
• 1019 n / c m  2 (>1 MeV), the initial dosimetry was ed and addi- 
tional techniques for calculating fluence were tried. The nominal  calcu- 
lated fluence based on actual core operating history and rodded power 
distribution was estimated to be 1.33 • 10 '9 n / c m  2 (>1 MeV). This 
fluence value seems very acceptable when compared with the fluence of  
1.27 x 10 '9 n / cm 2 (>1 MeV) obtained f rom the Mn-54 activity and the 
1.7 x 10 '9 n / c m  2 (>1 MeV) fluence estimated f rom the SRM data. Also, 
the shifts in the Charpy curves for all o f  the irradiated Maine Yankee ma-  
teriais were more nearly in agreement with a fluence of  1.3 x 10 '9 n / c m  2 
(>1 MeV) than for a fluence of  9 x 10 's n / c m  2 (>1 MeV). Thus, the best 
estimate of  the fluence for the first Maine Yankee surveillance capsule 
is 1.3 x 1019 n / c m  2 (>1 MeV). 

Trend Curves 

Recently Bush [9] compiled a comprehensive data base on radiation 
damage in light-water reactor pressure vessel steels. Figure 7 shows the 
radiation-induced shift in the Charpy curves at the 30 ft" lb level for Types 
A533B and A508-2 steels. These steels had varying copper and phos- 
phorus contents and were irradiated over a wide range of  temperatures.  
The AT30 values f rom Table 3 for the Maine Yankee surveillance materials 
have been entered on this figure at a fluence level o f  1.3 • 10 '9 n / c m  2 
(>1 MeV). The Maine Yankee base metal (P) contained 0.15 percent cop- 
per and 0.013 percent phosphorus,  whereas the Maine Yankee submerged 
arc weld contained 0.36 percent copper and 0.015 percent phosphorus.  
Points representing the same chemistry and irradiation temperature  can be 
found in the near vicinity of  the Maine Yankee base metal  point (X-P). 

5 A one-dimensional discrete ordinate transport code with anisotropic scattering. 
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The high copper and phosphorus content of the Maine Yankee weld metal 
resulted in a AT 30 substantially higher than the general data base of points 
in Fig. 7. The only data point near the Maine Yankee value (X-W) that 
has the same irradiation temperature is just to the right of the Maine 
Yankee point. This point is for a weld with 0.23 percent copper and 0.011 
percent phosphorus irradiated at 550~ (288~ to a fluence of 2.5 x 
l0 19 n/cm 2 (>l MeV) [8]. This weld not only showed the same shift [AT 30 
= 270~ (150~ as the Maine Yankee weld, but also the same percent 
drop in the Charpy upper-shelf energy (44 percent, 125 to 70 ft-lb). 

Critical Bel t l ine Mater ia l  

Current federal regulations (10 CFR 50 Appendix H, Section II1) spec- 
ify that the highest adjusted reference temperature and the lowest upper- 
shelf energy level of all the irradiated beltline materials shall be used to 
establish the new operating limit curves. Based on the Maine Yankee 
surveillance results, the weld metal is the limiting or critical beltline mate- 
rial. 

By a rather fortunate coincidence, this same weld metal was studied as 
part of a radiation sensitivity study by the Naval Research Laboratory 
(NRL) and Combustion Engineering (CE) [10]. The NRL-CE Charpy 
curves for the unirradiated and irradiated Maine Yankee weld are shown 
in Fig. 8. Also included in the figure is the Charpy curve for the same 

180 l I I I I I I I I I I I I I I 245 

160 --  10 in A533-B S/A WELD (NO. 1) NRL-CE 5.3 X 10 TM n/cm 2 > 1 MeV --  Z18 

YS = 72.O ksi NRL-CE ~ m ~ w  3.0 X 10 TM n/cm 2 > 1 MeV 
P = 0.015% 1 4 0 - -  
Cu=0.36% MY . . . . .  1.3XlO19n/cm2>1MeV --  190 

120 -- -- 163 

�9 ~- 107 

100 - -  UN IRRADIATED ~ ~ 136 >" 

80 - -  (NRL-CE) / 
= / AT30 -- 109 

6 0  - 3 ~  ~  

40 \ ~ , f . ' /  I R R A D I A T E D  --  54 u= 
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FIG. 8--Charpy V-notch curves for Maine Yankee weld metal from surveillance program 
and NRL-CE study [10]. 
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416 IRRADIATION EFFECTS ON METALS 

weld obtained from the present surveillance program. Note that the unir- 
radiated curves obtained by both laboratories are very similar [NDTT = 
- 3 0 ~  ( -34~ Charpy upper shelf equals 105 f t ' lb  versus 107 ft ' lb; 
see Fig. 2]. Also note that the upper-shelf values after irradiation are 
essentially identical. It is certainly encouraging that different laboratories 
can have such close agreement on Charpy curves from completely inde- 
pendent studies. 

The shift in the Charpy curves at the 30 f t ' lb  level (AT30) has been 
indicated in Fig. 8 for the three fluences involved. These AT3o values are 
plotted as a function of fluence in Fig. 9, which has been reproduced 

FIG. 9--Radiation embrittlement trend curve reported by the NRL-CE with Maine Yankee 
surveillance data on weld added. 

from the NRL-CE study [10]. The data point for the weld irradiated in 
the first Maine Yankee surveillance capsule is indicated on the figure. The 
surveillance capsule fluence of 1.3 • 10 ~9 n/cm 2 (>1 MeV) seems appro- 
priate when compared with the NRL-CE data. It is obvious that the high 
copper content of the Maine Yankee weld causes the radiation-induced 
embrittlement to exceed the normal trend for Type A533B material. 
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Conclusions 

The following conclusions were reached concerning the irradiation 
response of the Maine Yankee reactor beltline materials: 

1. The base and heat-affected zone materials exhibited a radiation- 
induced embrittlement similar to the standard reference material and con- 
sistent with current embrittlement-fluence trend curves. 

2. The enhanced radiation sensitivity of the weld metal is consistent 
with current theories concerning the detrimental effects of high copper 
content. 

3. Radiation-induced shifts at the 35-mil level exceeded those measured 
at the 30 and 50 ft'lb levels for all materials. Thus, the 35-mil shift was 
used to determine the adjusted reference temperature. 

4. The critical beltline material for determining the new operating limit 
curves for the Maine Yankee reactor was the weld metal, with an adjusted 
reference temperature of 315 ~ (157 ~ and a Charpy upper-shelf value 
of 57 ft- lb. 
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Evaluation of the Effect of Chemical 
Composition on the Irradiation 
Sensitivity of Reactor Vessel 
Weld Metal 

REFERENCE: Biemiller, E. C. and Byrne, S. T., "Evaluation of the Effect of 
Chemical Composition on the Irradiation Sensitivity of Reactor Vessel Weld Metal," 
Irradiation Effects on the Microstructure and Properties o f  Metals, A S T M  STP 611, 
American Society for Testing and Materials, 1976, pp. 418-433. 

ABSTRACT: The effects of weld metal alloying constituents on the irradiation re- 
sponse of reactor vessel weld metal have been evaluated to determine why vessel welds 
tend to be more sensitive to irradiation damage than parent plate material. Weld 
data, collected from published reports, were compared on the basis of neutron radia- 
tion exposure; subsequent nil-ductility transition temperature (NDTT) shift (measured 
at the Charpy 30 ft '  lb energy fix); chemical composition; postweld heat treatment, 
and microstructure. The data comparison produced a correlation between NDTT 
shift with irradiation and a ratio of a weld's major alloying elements. The alloy ratio 
is designated A/B where the element content of the weld, by weight percent, is 
expressed: A/B = (Ni + Si)/(Mn + Cr + Mo). As the ratio increases for a weld, 
higher NDTT shifts with irradiation can be expected. Effects of postweld heat 
treatment and microstructure are also related to the NDTT shift-A/B correlation. 
The known effects of copper content on NDTT shift with irradiation have been 
found to be separate from the effects of the A/B ratio. Both copper and A/B effects, 
however, contribute to the total NDTT shift experienced by the weld with irradiation. 

KEY WORDS: radiation, irradiation damage, neutron irradiation, pressure vessel weld- 
ments, vacancies, carbon, copper, nickel, ductility, transition temperature 

Plate and weld materials used in the fabrication of  nuclear reactor 
pressure vessels should be selected to optimize resistance to neutron 
irradiation-induced changes in mechanical properties. Early research 
programs [1-4] 2 demonstrated that reduction of copper, present as a 

1Development engineer and senior development engineer, respectively, Metallurgical Ser- 
vices, Nuclear Power Systems, C-E Power Systems, Combustion Engineering, Inc. Windsor, 
Conn. 06095. 

=The italic numbers in brackets refer to the list of references appended to this paper. 
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BIEMILLER AND BYRNE ON REACTOR WELD METAL 419 

residual element in the steel, improved resistance to irradiation-induced ef- 
fects. Data from a joint Combustion Engineering (C-E)/Nuclear Regula- 
tory Commission (NRC)/Naval Research Laboratory (NRL) program [5] 
supported previous research concerning the effect of copper; however, 
out of many specimens that were irradiated, only one heat of weld metal 
(Weld 1) exhibited an anomalous nil-ductility transition temperature 
(NDTT) shift, based on a Charpy 30 ft" lb energy fix. A subsequent review 
of published data [6] indicated results in which some heats of weld metal 
were more sensitive to neutron-irradiation effects than parent plate 
material. One such weld, whose chemistry and fabrication history were 
similar to welds from the C-E program, was Weld 50, evaluated in the 
Heavy Section Steel Technology Program (HSST) [7]. A comparison be- 
tween Weld 1, another weld from the C-E/NRC/NRL program (Weld 2), 
and HSST Weld 50 demonstrated an effect of nickel on irradiation 
behavior. Weld 2 experienced a much lower NDTT shift than Weld 1 or 
HSST Weld 50, yet had a copper content similar to that of Weld 50. The 
nickel contents were 

Weld 1 

HSST Weld 50 

Weld 2 

0.78 weight percent nickel 

0.68 weight percent nickel 

0.04 weight percent nickel 

As a result of this preliminary observation, a search for weld metal 
irradiation data was undertaken to determine if other trends based on nickel 
content and NDTT shift with irradiation could be ascertained. 

The evaluation that followed established a correlation between alloy con- 
tent and irradiation sensitivity for weld metal whose metallurgical structure 
was predominately ferrite. The correlation is based on the supposition that 
carbon atoms have the ability to pin irradiation-induced vacancies. The ef- 
fects of copper on the irradiation sensitivity of weld metal were found to be 
separate from the effects of a weld's alloy content, but additive in terms of 
predicting NDTT shifts for irradiation weldments. This paper presents these 
findings. 

Analysis 

Work by Beeler and Beeler [8] concerning the stability of vacancies in 
neutron-irradiated metals showed that carbon atoms form bound com- 
plexes with vacancies in cubic transition metals. The configuration energy 
of such complexes is low and this makes it energetically favorable for car- 
bon atoms, either free or those emitted from precipitates by thermal or 
neutron collision events, to attach themselves to vacancies. The presence of 
these vacancy complexes causes irradiation hardening and thus high NDTT 
shifts. 
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420 IRRADIATION EFFECTS ON METALS 

Indirect evidence for the carbon-vacancy complex hardening mechanism 
comes from several sources. Weld 1 from the C-E/NRC/NRL program ex- 
perienced a large NDTT shift of 315~ (175~ compared with a predicted 
shift of 250~ (138~ based on copper content. Prior to irradiation, this 
weld contained numerous carbide precipitates which could act as sources of 
carbon for formation of carbon-vacancy complexes. Furthermore, Weld 1 
contained high nickel, and Smith [9] had shown that nickel increases the 
thermodynamic activity of carbon in iron. With the activity of carbon so in- 
creased, the probability of vacancy complex and precipitate formation also 
increases. 

Because the nickel content of Weld 1 and HSST Weld 50 were high, and 
because these factors seemed to be the cause of the unusually high NDTT 
shifts experienced by the welds, other elements affecting carbon activity (or 
the apparent effect of nickel) were evaluated. Smith [10] also had demon- 
strated that silicon raised carbon activity in iron, whereas manganese 
lowered it. Molybdenum has been found to counteract the effect of nickel in 
temper-embrittlement of steels [11] and has also been found to suppress 
irradiation hardening [12]. Finally, chromium was considered because it 
had been suggested that chromium might reduce the effects of nickel on 
radiation sensitivity [13]. Also, it is known that molybdenum and 
chromium are strong carbide formers and thus would tend to remove car- 
bon from solid solution. The various elements mentioned were combined 
into two groups as follows: 

A--Adverse effect B--Beneficial (opposing A) 

nickel, silicon manganese, molybdenum, chromium 

Ratios were formed for the weld chemistry data by summing the weight per- 
cent values of elements in the A-group and dividing by the summation of 
elements (weight percent) in the B-group. The weld data were also separated 
into two groups according to copper content to take into consideration the 
known effects of copper on irradiation damage. 

Correlation of the formed A/B ratios with reported NDTT shift and 
irradiation fluence was accomplished by normalizing the NDTT shift values 
to a fluence of 3.0 x 1019 neutrons (n)/cm 2, >1 MeV. This was ac- 
complished by plotting the weld NDTT shift data versus neutron fluence 
(log-log axes) and drawing straight lines through the data representing 
NDTT shift versus fluence trends. The slopes of the trend lines were taken 
and averaged, the average slope being 0.43. The normalization point of 
3.0 • 1019 n/cm 2, >1 MeV was chosen because most of the data were 
grouped near this fluence, and, therefore, normalizing to this point 
reduces potential error. 
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The relation used for normalization is 

l o t  \0.43 
ANDTT, = ANDTT,| ~  

\o , , /  

where 

ANDTT = NDTT shift, 
O, = neutron fluence, 

subscript i = initial values, and 
subscript n = normalized values. 

The weld chemistry data are reported in Tables 1 and 2 (high and low cop- 
per content groups, respectively). The weld heat treatments employed are 
listed in Table 3. The weld irradiation data, A/B ratios, and normalized 
NDTT shift values are reported in Table 4. These data represent all known 
550 ~ (288 ~ irradiation data for welds available at this time. The referen- 
ces given in the tables refer to the present paper. 

Results 

Figure 1 depicts the (normalized) 6~NDTT versus A/B ratio plot for weld 
data belonging to the high-copper group (~0.15 weight percent). The line 
drawn through the data of Fig. 1 represents the general rise in ANDTT, ex- 
perienced as the A/B ratio increases. Data Points PS3 and 64 lie below the 
trend line; this is attributed to rapid cooling from stress relief annealing or 
short time of anneal, or both (Table 3). Short annealing times hinder carbon 
diffusion in the weld metal. The importance of carbon diffusion is ad- 
dressed in a later section, but is related with the need for carbon atoms to be 
in certain lattice positions in order to form vacancy complexes. Data Point 
CF48 demonstrates the effect of long heat treatments on NDTT shift. In ad- 
dition to containing high nickel and copper, the material represented by 
CF48 was heat-treated for a total of 80 h. The A/B trend curve was drawn 
below CF48 because Point 3N5 (30-h heat treatment) was thought to be 
more representative of the general heat treatments given to weldments. 

In Fig. 1 (Copper)0.15), the nickel-silicon effects cannot be ignored. 
Weld 2 had the lowest A/B ratio and the lowest ANDTT,. Its copper level 
was 0.20 weight percent compared with Points 49 and N44, which contained 
less copper (0.19 and 0.16 weight percent, respectively) but experienced 
higher shifts commensurate with their A/B ratios. Data Point E, Weld 50, 
Weld 1, and W51 contained variable copper levels, yet when plotted as a 
function of A/B ratio the four points fall close together at a normalized 
shift around 300~ (166~ The copper level for Points E and Weld 50 
was 0.23 weight percent; for Weld 1, 0.36 weight percent; and WS1 Was 
reported as being between 0.15 to 0.33 weight percent copper. Data Point 
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424 IRRADIATION EFFECTS ON METALS 

TABLE 3--Heat treatment. 

Data Material Weld Postweld Heat  Treatment  
Point  Welded M e t ho& Reference Unless Specified Differently 

52 A533-B S / A  [25] 
53 A533-B S / A  [25] 
Weld-1 A533-B S / A  [4] 
Weld-2 A533-B S / A  [4] 
Weld-3 A533-B S / A  [4] 
Weld~ A533-B S / A  [4] 

C1934 A543 M [3] 
C1936 A543 M [3] 
C1938 A543 M [3] 
C1948 A543 M [3] 

CF24 A543 S / A  [3] 
CF48 A543 S / A  [3] 

N23 Ni-Cr-Mo S / A  [14] 
N40 HY-80 S / A  [14] 
N41 HY-80 S / A  [14] 
N39 HY-80 S / A  [14] 
N43 HY-80 S / A  [14] 
N45 HY-80 S / A  [14] 
N42 HY-80 S / A  [14] 
3N5 3.5 Ni-Cr-Mo M [18] 

Weld-50 A533-B S / A  [7] 

64 A533-B S / A  [19] 
49 A533-B E/S  [211 

54 A533-B E/S  [26] 

48 A533-B S / A  [21] 
3C2 A533-C S / A  [21] 
E A508-2 . . .  [20] 
B A543 S / A  [16] 

D A543 S / A  [16] 

PS2 Mn-Ni-Mo-V S / A  [241 

N44 HY-80 S / A  [14] 

1150 ~ + 2 5 ~  for 40 h; furnace cooled 
to below 600 ~ 

interstage stress relief--1100 ~ to 1150 ~ 
for 15 min; f i n a l - - l l 5 0 ~  for 40 h, 
furnace cooled to 600 ~ 

1125 ~ to 1150 ~ for 30 h; furnace cooled 
to 600~ 

1050 o to 1075 ~ for 65 h; furnace cooled 
to 600~ 1075 ~ for 15 h; furnace 
cooled to 700~ 

l I50~  for 8 h; furnace cooled 

1100 ~ + 2 5 ~  for 30 h; furnace cooled 
to 600~ at 100~ max  

1150 ~ =1= 25 ~ for 12 h; furnace cooled 

1148~ for 27 h; air cooled 

austenitized at 1675 ~ to 1725~ for 6 
h, brine quenched; reaustenitized at 
1660 ~ to 1650~ for 6 h, brine 
quenched; tempered at 1200 ~ to 
1225~ for 6 h, brine quenched; 
stress-relief annealed at 1115 ~ to 
1135~ for 30 h, furnace cooled at 
40 ~  (max) 

same as Data Point 49 except quenching 
medium was water 

1125 ~ for 20 h; furnace cooled 

I I00~ for 11 �88 h; furnace cooled 

1135~ for 6.5 h; fan cooled 1135 ~ to 
600~ in 70 min 

1135~ for 6 h, still air cooled 

1022~ for 5 h, furnace cooled; + 
1022~ for 50 h, furnace cooled; 
+ 1148 ~ for 15 h, furnace cooled 

I150~ for 8 h as specimen blanks in 
a laboratory tube furnace. Rapidly 
cooled in an argon steam (1150 ~ to 
75 ~ in 30 min) 
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TABLE 3--Continued. 

Data Material Weld Postweld Heat Treatment 
Point W e l d e d  Method = Reference Unless Specified Differently 

WSI A533-B S/A [22] 1150 ~ _+25~ for 37 h, furnace cooled 
to 600~ 

PBV A302 S/A [23] unknown 
PSI A533-B S/A [24] 1148 ~ for 15 rain/air cooled + 1148 ~ 

for 12 h/furnace cooled to 600~ 
PS3 Ni-Cr-Mo S/A [24] 1112 ~ for 3 h, furnace cooled 
PS4 Ni-Cr-Mo S/A [24] 1022~ for 50 h, furnace cooled; + 

1112~ for 15 h, furnace cooled 

=S/A = submerged arc; M = manual; E/S = electroslag. 

CF24 contained less copper (0.24 weight percent) than Weld 1, yet ex- 
perienced a higher shift due to its higher A/B  value. Thus, the use of  the 
A /B  ratio satisfactorily explains the irradiation behavior of  welds which 
cannot be explained by copper content alone. 

Figure 2 presents the weld data for the low-copper group containing 0.15 
weight percent copper or less. As in Fig. 1, there are certain data points 
which do not lie on the trend curve of  Fig. 2. The majority of  these points 
represent weld metal whose structure is other than ferrite. The weld metal of  
Data Point N23, used initially in a study by Hawthorne,  Former,  and 
Grant,  [14], was reported by Smidt and Sprague [15] to have a metallurgical 
structure of  tempered martensite interspersed with a small amount  of  tem- 
pered bainite. Based on this information, it is assumed that other welds 
f rom the initial Hawthorne,  Fortner,  and Grant  study (Data Points N40, 
N39, N41) also had structures other than ferrite. The largest anomaly of  
Fig. 2 is Data Point B. The weld metal of  Point  B contained 2.40 weight per- 
cent nickel, [16]. When nickel is present in steel in large amounts,  it lowers 
the austenite to ferrite transformation temperature (nickel is an austenite 
stabilizer). As a result, the structure of  the weld metal of  Point  B upon 
cooling probably contained martensite or bainite, or both, along with 
ferrite. The specific microstructure of  Data Point B was not reported in 
Ref. 16. Another difference with Point B is the method of  cooling from the 
stress relief anneal and annealing time. This weld had a short annealing time 
of  6.5 h and was fan cooled from its stress-relief annealing temperature, 
1135~ (613~ to 600~ (316~ in 70 min. Again, this hinders carbon 
diffusion during stress-relief anneal. 

The effect of  the stress-relief annealing treatment is demonstrated by 
referring back to Data Points CF24, CF48, and 3N5 (Fig. 1). These points 
also contained large amounts of  nickel and could therefore have contained 
mixed structures. Their stress relief annealing times, however, were much 
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longer than for B. Points CF24 and CF48 were stress-relief annealed for 65 
h, cooled, and then reannealed for 15 h; 3N5 was annealed for 30 h (Table 
3). The differences in annealing times support evidence of the effects of car- 
bon diffusion on subsequent irradiation sensitivity. 

The nickel-silicon effects on irradiation sensitivity are again evident in 
Fig. 2. Data Point PS2 contained minimal copper (0.05 weight percent) and 
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had a normalized shift of 376~ (208.8~ This shift is considerably higher 
than that exhibited by Points 52 and 53 containing 0.14 weight percent 
copper [ANDTT, ---- 225 ~ (125 ~ The shifts, however, are commensur- 
ate with the A/B ratios of the data points. The ratio for Point PS2 was 
1.07 versus the 0.63 ratio of Points 52 and 53. 

Discussion 

The effects of nickel and silicon on the irradiation behavior of weld metal 
are clearly evident in Figs. 1 and 2. Regardless of copper content, as the 
weld A/B ratios increase, the ANDTT values increase. 

Copper Effects 

To demonstrate the separate, but additive effects of copper and the A/B 
ratio on NDTT shift, Fig. 3 was developed. Figure 3 depicts the ANDTT 
versus A/B weld data separated into three copper weight percent groups 
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ratio (weight percent values)--trends relative to copper content. 

It can be seen that while the A/B ratio curves predict ANDTT trends, the 
trend curves start at and indicate higher shift values corresponding to in- 
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430 IRRADIATION EFFECTS ON METALS 

creases in residual copper content. Thus, copper and A/B effects on weld 
metal irradiation sensitivity are separate, but additive. 

Effects of  Heat Treatment 

In most cases, when the postweld heat treatments consisted of short times 
at annealing temperatures, short cooling times from the annealing tem- 
peratures, or both, the welds experienced lower NDTT shifts than predicted 
by the trend lines of Figs. 1 and 2. These shorter times at temperature hinder 
the diffusion of carbon through the structure to preferred sites. Beeler and 
Beeler [8] have indicated that the carbon-vacancy complex in a-iron (ferrite) 
has a carbon atom positioned a finite distance from the vacancy along a 
<100> line. In order for the carbon atoms to arrive at these sites, diffusion 
of carbon through the structure, which is time and temperature dependent, 
must occur. Therefore, long postweld heat treatments and slow cooling 
rates aid the diffusion process. When irradiation events take place, the car- 
bon atoms would be in position to pin the vacancies. The activity of the car- 
bon atom would be affected by its nearest neighbor, that is, a silicon, 
nickel, manganese, etc. substitutional atom. The high carbon activity 
resulting from increased nickel and silicon promotes the formation of 
vacancy complexes which produce irradiation hardening and therefore 
higher NDTT shifts. 

Effects of  Metallurgical Structure 

The metallurgical structure of the weld also affects the position of carbon 
atoms and it is for this reason that the nickel-silicon effects seem to apply 

only to ferrite-structured welds. Five data points in Fig. 2 (N23, N39, N40, 
N41, B), which lie below the trend line, were associated with weld metal 
whose structure was martensite or bainite, or both, or a combination of 
these with ferrite. In all cases, the data points exhibited lower NDTT shifts 
than that predicted by their respective A/B ratios. Martensite is a body- 
centered tetragonal (oct) structure, and carbon atoms are trapped in the 
structure by the martensitic transformation. The formation of bainite oc- 
curs by the nucleation of ferrite with carbide rejected. The resulting struc- 
ture of carbides in ferrite has a very fine particle size. Before carbon- 
vacancy complexes can form in bainite, the carbon atoms must be knocked 
out of the carbides by an irradiation collision event, and the carbon atoms 
must diffuse into the ferrite. The effects of structure on the irradiation sen- 
sitivity of material were investigated earlier by Hawthorne and Steele [17]. 
In studies with HY-80 and A350-LF3 materials, they found that quenched- 
and-tempered structures, notably tempered martensite, had lower radiation 
sensitivity than that of higher-temperature transformation products such as 
ferrite. For both of the materials used in the study (HY-80 and A350-LF3), 
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BIEMILLER AND BYRNE ON REACTOR WELD METAL 431 

when the heat treatment produced equiaxed ferrite, the irradiated ANDTT 
was highest. 

Summary and Conclusions 

The empirical evaluations of weld metal irradiation behavior conducted 
here have shown that definite trends exist among the weld metal alloy con- 
tent (nickel plus silicon versus manganese plus molybdenum plus chrom- 
ium), the postweld heat treatment, the weld microstructure, and sub- 
sequently the weld's NDTT shift with irradiation. Because these factors act 
collectively, it is suggested that carbon atoms and their known ability to pin 
irradiation defects (vacancies) play the dominant role in the irradiation sen- 
sitivity of a weld. It should be emphasized, however, that these effects are in 
addition to the known effects caused by residual element content, primarily 
copper. The following patterns and effects were noted. 

1. Nickel and silicon act together to increase the sensitivity of welds con- 
taining ferrite to neutron-irradiation by affecting the activity of  carbon in 
solid solution. It is suggested that the carbon atoms subsequently form car- 
bon-vacancy complexes similar to those proposed by Beeler and Beeler [8]. 

2. Manganese, molybdenum, and chromium tend to counteract the ef- 
fects of nickel and silicon in ferrite-structured welds. 

3. The postweld heat treatment affects the irradiation behavior of welds. 
Those welds experiencing longer times at annealing temperature generally 
had higher NDTT shifts. This has been related to the longer heat treatments 
allowing carbon atoms to diffuse to preferred sites for the formation of car- 
bon-vacancy complexes. 

4. The metallurgical structure of the weld plays a dominant role, since 
the nickel-silicon effects appear to apply only to ferritic-structured welds. 
This again has been related to carbon positioning in the structure. 

5. The effects of nickel and silicon on the irradiation sensitivity of 
ferrite-structured welds are separate from those effects produced by copper. 
This is shown by the nickel-silicon trends exhibited by low-copper- 
containing welds. When copper is present, however, the effects of nickel- 
silicon and copper are additive. 
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Annealing of Irradiation Damage in 
High-Copper Ferritic Steels 
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Irradiation Damage in High-Copper Ferritic Steels," Irradiation Effects on the 
Microstructure and Properties o f  Metals, A S T M  STP 611, American Society for 
Testing and Materials, 1976, pp. 434-448. 

ABSTRACT: The postirradiation annealing response of one SA 302 Grade B plate 
material and two high-copper weld metals irradiated at 550~ (288~ was measured 
for annealing temperatures in the range 600~ (316~ to 850~ (454~ and anneal- 
ing times up to 1 week (168 h). Recovery of pre-irradiation microhardness was fol- 
lowed for all three steels. In addition, recovery of ductile-brittle transition tempera- 
ture (DBTT) was measured for the SA 302 Grade B material. Optical and transmis- 
sion electron microscopy (TEM) were utilized to characterize the microstructures of 
the irradiated and annealed SA 302 Grade B. plate material. Small fracture specimens 
of all three steels were broken in an Auger spectrometer. Auger analyses were per- 
formed on the fracture surfaces, which were subsequently characterized with scanning 
electron microscopy (SEM). Microhardness measurements indicated that the weld 
metal with the highest copper content (0.31 weight percent) and lowest fluence (5.7 x 
10 ~8 neutrons (n)/cm 2) was the most resistant to softening under postirradiation an- 
nealing. The recovery of ductility as measured by the DBTT shift of the SA 302 
Grade B material paralleled the recovery as measured by microhardness. All three 
steels showed increased recovery with higher annealing temperatures and longer 
annealing times. No visible microstructural changes accompanied irradiation or an- 
nealing. Some evidence for a 5 to 10 percent increase in copper concentration at the 
fracture surfaces of irradiated specimens was obtained. No significant segregation of 
any element to the fracture surfaces, however, was observed to result from irradiation 
or postirradiation annealing. The measured annealing response of these steels agreed 
well with the values predicted by a previously developed theoretical model based on 
the dissolution of copper-vacancy aggregates. 

KEY WORDS: radiation, neutron irradiation, radiation effects, microhardness, ducti- 
lity, microstructure, solute-vacancy clusters, ferritic steels, annealing, recovery, 
model, theory, Auger spectrometry, segregation, precipitation 

Embrittlement of  ferritic steels under neutron irradiation has been 
studied extensively for the past ten years. The mechanisms, however, are 

Senior engineers, Westinghouse Research Laboratories, Pittsburgh, Pa. 15235. 
2 Engineer, Westinghouse Pressurized Water Reactors, Systems Division, Pittsburgh, Pa. 

15235. 
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not well understood. The loss of ductility of commercial steel such as 
ASTM Type A302 Grade B and Type A533 Grade B is usually manifested 
by a shift in the ductile-brittle transition temperature (DBTT), a drop in 
the "upper shelf" energy as measured in the conventional Charpy V- 
notch test, or a decreased fracture toughness (Kit). The magnitude of the 
change in toughness or ductility loss depends on the composition of the 
steel, the irradiation temperature, and the spectrum-averaged fast neutron 
fluence. Rapid embrittlement results from lowering the irradiation tem- 
perature, increasing the fluence, or increasing the concentration of certain 
solutes, especially copper. The ductility loss as measured by the DBTT 
shift is usually accompanied by increases in yield strength and hardness. 

The possibility of restoration of preirradiation toughness and strength 
levels through postirradiation annealing treatments has not received much 
attention, however. Recovery of yield strength, hardness, notch ductility, 
and fracture toughness for Type A533 Grade B Class 1 steel have been 
measured by Smidt et al [1], 3 Hawthorne [2], Williams [3], and Mager 
and Hawthorne [4]. The data are as yet insufficient, however, to permit 
an accurate assessment of the combined effects of neutron fluence, 
neutron energy spectrum, irradiation temperature, and annealing condi- 
tions (time and temperature) on the recovery of preirradiation properties. 
Published data on earlier commercial steels (HY-80, A212B, A302B) as 
well as on weld and heat-affected zone (HAZ) material are scarce [5-7]. 
This study was undertaken to assess the postirradiation annealing re- 
sponse of high-copper SA 302 Grade B steel plate and weld metal and to 
permit a comparison of the measured recovery with that predicted by the 
vacancy-solute cluster dissolution model developed previously [8,9]. 

Experimental Procedure 

Most of the specimens used in this investigation were prepared from 
irradiated and unirradiated 0.394 by 0.394 by 2.115 in. (1 by 1 by 5.375 
cm) Charpy V-notch specimens and 0.394-in. (1 cm) compact tension 
specimens previously tested at temperatures below 200~ (93 ~ Rectan- 
gular specimens 0.394 by 0.394 by 0.250 in. (1 by 1 by 0.635 cm) were cut 
with a diamond saw from broken specimens (�88 T locations) of one high- 
copper SA 302 Grade B plate and two high-copper welds for microhard- 
ness measurements. Chemical analyses of the steels are given in Table 1. 
Preirradiation heat treatments are given in Table 2. Irradiated and unir- 
radiated microhardness specimens and several unbroken Charpy speci- 
mens were annealed in a muffle furnace at temperatures from 600~ 
(316~ to 850~ (454~ for times up to 168 h. Table 3 summarizes the 

3 The italic numbers in brackets refer to the list of references appended to this paper. 
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TABLE 1--Chemical composition of plate and weld metal. 

SA 302 Grade B 
Element Base Metal (Plate) Weld Metal 1 Weld Metal 2 

C 0.20 0.076 0.077 
Mn 1.38 1.26 1.51 
P 0.013 0.011 0.017 
S 0.035 0.018 0.013 
Si 0.24 0.66 0.47 
Ni 0.14 0.57 0.55 
Cr 0.11 0.14 0.064 
V 0.003 0.002 0.39 
Mo 0.47 0.42 0.003 
Co 0.008 0.001 = 0.001 = 
Cu 0.16 0.31 0.28 
Sn 0.027 0.004 0.004 
Zn 0.005 0.003 0.003 
A1 0.056 0.015 0.030 
N2 0.006 0.012 0.014 
Ti 0.016 0.001 = 0.001 = 
Sb 0.008 0.001 0.001 
As 0.008 0.005 0.003 
B 0.003 = 0.003 = 0.003 = 
Zr 0.001 ~ 0.001 = 0.001 = 

* Not detected. The number indicates the minimum limit of detection. 

TABLE 2--Preirradiation heat treatment of plate and weld metal. 

Material 
Identification Heat Treatment 

SA 302 Grade B = 

Weld Metal 1 c 
Weld Metal 2 c 

1600~ h/water quenched 
1225 ~ h/air cooled 
1150 ~ h/furnace cooled b 
1125 ~ h/furnace cooled to 600~ 
1125 ~ h/furnace cooled to 600 ~ 

= 9 . 5 - i n . - t h i c k  plate. 
b Simulated stress-relief anneal. 
cSubmerged-arc weld. 

i r r a d i a t i o n  h i s t o r y  a n d  p o s t i r r a d i a t i o n  a n n e a l i n g  t imes  a n d  t e m p e r a t u r e s  

u sed .  

Sma l l  f r a c t u r e  s p e c i m e n s  a p p r o x i m a t e l y  0 .100  b y  0 .100  b y  0.394 in.  

(0.25 b y  0.25 b y  1 cm)  w e r e  cu t  f r o m  severa l  a s - i r r a d i a t e d  s p e c i m e n s  f o r  

ana lys i s  w i t h  a n  A u g e r  s p e c t r o m e t e r .  S o m e  o f  t h e s e  s p e c i m e n s  were  a l so  

a n n e a l e d  a n d  a re  l i s ted  in  T a b l e  3. 

F o l l o w i n g  a n n e a l i n g ,  o n e  s u r f a c e  o n  e a c h  m i c r o h a r d n e s s  s p e c i m e n  was  

m e t a l l o g r a p h i c a l l y  p o l i s h e d  t h r o u g h  6 - g m  d i a m o n d  a b r a s i v e ,  a n d  Vicke r s  

h a r d n e s s  ( V H N )  w a s  d e t e r m i n e d  a t  r o o m  t e m p e r a t u r e  w i t h  a Le i t z  m i c r o -  

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  S u n  D e c  2 7  1 3 : 1 1 : 1 3  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .
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TABLE 3--Irradiation history and postirradiation annealing conditions. 

Material 

Neutron 
Irradiation Fluence, Annealing 

Specimen Temperature, n/cm 2 Temperature, Annealing 
Type ~ (~ (E > 1 MeV) ~ (~ Times, h 

SA 302 B microhardness 550 (288) 3.0 x 1019 

We|dMetal  
1 

Weld Metal 
2 

6oo (316) 1, 16, 168 
660 (343) 1, 16, 168 
700 (371) 1, 16, 168 
750 (399) 1, 16, 168 
850 (454) I, 16, 168 

Charpy V-notch longi- 
tudinal orientation" 550 (288) 3.0 • 1019 700 (371) 168 

800 (427) 168 
transverse orientation b 550 (288) 3.0 • l0 .9 700 (371) 1, 168 

800 (427) 1, 168 
Auger fracture 550 (288) 3.0 x 1019 700 (371) 168 

specimens c 800 (427) 16 

microhardness 550 (288) 5.7 x 1018 600 (316) 1, 16, 168 
700 (371) 1, 16, 168 
800 (427) 1, 16, 168 

Auger fracture 550 (288) 5.7 x 10 Is 700 (371) 168 
specimens c 800 (427) 16 

microhardness 550 (288) 2.5 x 1019 600 (316) 1, 16, 168 
700 (371) 1, 16, 168 
800(427) 1, 16, 168 

Auger fracture 550 (288) 2.5 x 1019 700 (371) 168 
specimens ~ 800 (427) 16 

= Long axis of Charpy specimen parallel to rolling direction of the plate (two specimens). 
b Long axis of Charpy specimen perpendicular to rolling direction of the plate (nine speci- 

mens). 
"Subsized, notched cantilever beam specimens for use with the fracture stage supplied 

with the Physical Electronics Industries Scanning Auger Microprobe. 

hardness attachment to an Epivert microscope using a 400-g load. Charpy 
specimens of the SA 302B steel were tested at temperatures from 0~ 
(-17.8~ to 200~ (93~ following procedures outlined in ASTM 
Notched Bar Impact Testing of Metallic Materials (E 23-72). Optical 
microscopy and transmission electron microscopy (TEM) were conducted 
on metallographic cross sections and thin foils, respectively, prepared 
from SA 302B plate material. The Auger fracture specimens were clamped 
in specially designed stainless steel fixtures and notched on two adjacent 
faces with a small file. They were then placed in the Auger spectrometer, 
cooled below 0~ (-17.8~ and fractured under a vacuum of approxi- 
mately 10 -9 torr (1.33 x 10 -7 Pa). Auger analyses of the fracture surfaces 
were performed with a Physical Electronics Industries Scanning Auger 
Microprobe. The fracture surfaces were subsequently observed with a 
scanning electron microscope (SEM). 
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The experimentally determined recovery behavior for each material was 
compared with the theoretically predicted values using the RANEL com- 
puter code developed previously [9]. 

E x p e r i m e n t a l  R e s u l t s  

Microhardness Measurements 

The results of  the microhardness measurements on unirradiated an- 
nealed control samples, as irradiated, and irradiated plus annealed speci- 
mens are shown in Figs. 1 through 3. An attempt was made to cut all 
irradiated specimens for any one annealing temperature from the same 
previously broken Charpy or compact tension specimen to minimize the 
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F I G .  l--Microhardness changes at 68~ (20~ resulting from postirradiation annealing 
of SA 302 Grade B plate material. 
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FIG. l--Continued 

experimental scatter. The points plotted represent the average of at least 
six measurements per specimen. Error bars reflect the range of hardness 
values determined for each specimen. Unirradiated control specimens 
were annealed with the irradiated specimens, and, since no statistically 
significant changes in microhardness resulted from their exposure to ele- 
vated temperatures, the average Vickers hardness value was plotted for 
every case. 

The scatter in the data is large for all three steels and all annealing 
conditions. A definite trend toward increased recovery with higher anneal- 
ing temperatures and longer annealing times, however, is seen for both 
the SA 302 Grade B plate and weld metals. Weld Metal 1 with the highest 
copper content and lowest fluence exposure exhibited the least recovery at 
all temperatures up to 800~ (427~ Surprisingly, even 168 h at 700~ 
(371 ~ failed to produce significant softening relative to the as-irradiated 
condition. Weld Metal 2 and the SA 302 Grade B, however, showed mea- 
surable recovery after one week (168 h) of annealing at temperatures as 
low as 600 ~ (316 ~ and 660 ~ (349 ~ respectively. 

Charpy V-notch specimens of the SA 302 Grade B plate used in this 
investigation showed markedly different energy absorption characteristics 
for longitudinal or transverse orientations during previous tests. The 
initial orientations of the previously broken Charpy specimens from 
which the microhardness specimens were cut is shown in Fig. 1. There is 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



440 IRRADIATION EFFECTS ON METALS 

290 

270 

290 

23O 

210 

190 _o 

,~ 290 

~ 270 
E 

~ 25o 

~: 230 

~, ZlO 

~ 190 

29O 

270 

250 

2N 

210 

190 

Weld Metal 1 Annealing Temperature 
0. 31 Wt~ Cu 800 ~ F (42P C) 
5. 7 x 1018 n/cm 2 E> 1 MeV �9 Irradiated and Annealed 

Average U_nirradiated Control 

4 7 1  ~ I I L l I H I  I i i ~ l l  ~ i , l l l l l ]  

700~ 371~ 

. . . . .  . . . .  - 

\As Irradiated 

Average Unirradiated Control 

. ~  J I I = l l l = l  I I l i l t  J l  * o i i l l i l  [ 

600OF (316oC) 

k•-,•s• I r  radiated 

Aver_age Unirradiated Control 

-L 

1 i i ( I I l l l l  I I I I l l  I I  I I I l l l l l l  J I  

�9 ' 1 10 100 1000 
Annealing Time h 

FIG. 2--Microhardness changes at 68~ (20~ resulting from postirradiation annealing 
of Weld Metal I material. 

some indication that postirradiation annealing response as measured by 
the shift in DBTT may vary slightly with specimen orientation, as discussed 
in the following section. It is unlikely that this difference would be detec- 
table, considering the scatter in the microhardness data, but the orienta- 
tion information is included for completeness. 

Charpy V-Notch Measurements 

Charpy test results for unirradiated, as-irradiated, and irradiated plus 
annealed % T specimens of  the SA 302 Grade B plate material are shown 
in Fig. 4. Specimens taken from the transverse orientation exhibited very 
low "upper  shelf" values even in the unirradiated condition. Irradiation 
at 550~ (288~ to a fluence of  3.0 • 10 lg n /cm 2 (E > 1 MeV) produced 
estimated DBTT shifts of  112~ (44~ and 142~ (61 ~ for longitudinal 
and transverse specimens, respectively, at the 30 f t ' lb  (40.7 J) level. Very 
little recovery was obtained after 1 h at 700~ (371 ~ which agrees well 
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F I G .  3--Microhardness changes at 68 ~ (20 ~ resulting from postirradiation annealing 
of  Weld Metal 2 material. 

with the microhardness results, Fig. 1. One week (168 h) anneals at 700~ 
(371 ~ however, produced approximately 58 and 77 percent recovery in 
specimens of transverse and longitudinal orientations, respectively. Ap- 
proximately 90 percent recovery was achieved for specimens of both 
orientations after annealing at 800~ (427~ for 168 h. The results nor- 
malized in terms of percent recovery are shown in Table 4. 

Optical and TEM Observations 

Polished and etched cross sections of unirradiated SA 302 Grade B 
Charpy specimens annealed for 168 h at 600~ (316~ 700~ (371~ 
and 850~ (454~ showed no significant microstructural changes from 
the annealing treatments. This was further confirmed by TEM. The 
microstructure remained essentially a tempered martensite with a disper- 
sion of very fine precipitates, presumably Mo2C. 
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TABLE 4--Comparison of experimental and theoretical annealing responses. 

Anneal ing Percent Recovery 
Specimen Temperature,  Annealing 

Material Type ~ (~ Time, h Experiment = Theory b 

SA 302 Grade B microhardness 600 (316) 168 0 41 
660 (349) 168 27 58 
700 (371) 168 33 69 
750 (399) 168 42 84 
850 (454) 1 74 68 
850 (454) 168 95 99 

Charpy V-notch c 
longitudinal 700 (371) 168 77 69 
orientation 800 (427) 168 89 94 

transverse 700 (371) 1 0 37 
orientation 700 (371) 168 58 69 

transverse 800 (427) 1 61 58 
orientation 800 (427) 168 90 94 

Weld Metal 1 microhardness 600 (316) 168 0 13 
700 (371) 168 0 33 
800 (427) 1 21 19 
800 (427) 16 48 49 
800 (427) 168 64 63 

Weld Metal 2 microhardness 600 (316) 168 17 18 
700 (371) 168 17 40 
800 (427) 1 27 34 
800 (427) 16 68 51 
800 (427) 168 78 74 

= Calculated on the following basis: percent recovery = 

as-irradiated value - test point value 
• 100O7o 

as-irradiated value - unirradiated value 

b Calculated with RANEL code (Ref 9). 
cPercent recovery calculated from DBTT shift at the 30 ft" lb (40.7 J) level when the an- 

nealing data were sufficient to generate a complete Charpy curve. For isolated data points, 
the percent recovery was calculated at the energy level of  the da tum point. 

Auger Analyses and SEM Observations 

Portions of the Auger spectra and corresponding SEM micrographs of 
the analyzed areas of several miniature fracture specimens of the SA 302 
Grade B steel are shown in Figs. 5 and 6, respectively. At least four areas 
were randomly selected for analysis on each fracture surface. All fracture 
surfaces of the SA 302 Grade B material showed numerous sulfur-rich 
regions under scanning conditions. It is thought that these represent man- 
ganese sulfide inclusions in the steel. The areas corresponding to the 
Auger electron energy spectra of Fig. 5, however, encompassed very few 
sulfur-containing particles. 

The approximate locations of the principal Auger peaks of interest in 
these steels are given by the chemical symbols in Fig. 5. Although care 
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444 IRRADIATION EFFECTS ON METALS 

FIG. 5---Auger spectra f rom fracture surfaces o f  small-fracture specimens o f  SA 302 
Grade B plate material: (top) unirradiated control; (center) as-irradiated to 3.0 • 10 ~9 n/cm z 
(E > 1 MeV)  at 550~ (288~ (bottom) irradiated plus annealed at 800~ (427~ for  16 h. 
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SPITZNAGEL ET AL ON FERRITIC STEELS 445 

FIG. 6--SEM's  o f  fracture surfaces corresponding to the Auger analysis o f  Fig. 5: (top) 
unirradiated control; (center) as-irradiated to 3.0 x 1019 n/cm 2 (E > 1 MeV)  at 550~ 
(288 ~ (bottom) irradiated plus annealed at 800 ~ (427~ 16 h. 
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446 IRRADIATION EFFECTS ON METALS 

was taken to normalize the energy and current of the exciting electron 
beam, amplifier gain, etc. for each analysis, no appropriate standards 
were available, and any quantitative analysis utilizing these spectra would 
be unreliable. Some inferences as to relative concentrations, however, can 
be drawn from relative peak heights. For example, the copper concentra- 
tion at the fracture surface of the unirradiated specimen was below the 
detectability limit. A definite copper signal was obtained, however, for 
the fracture surfaces of both the as-irradiated and irradiated plus an- 
nealed specimens. From a comparison of relative peak heights normalized 
to the 703 eV iron peak, it is estimated that the concentration of copper 
is 5 to 10 percent higher at the fracture surfaces of the irradiated and 
irradiated plus annealed specimens compared with the unirradiated speci- 
men. This is much less than a monolayer and does not represent appreci- 
able segregation. Auger analysis of a lightly ion-sputtered area of the 
irradiated specimen well removed from the fracture surface showed essen- 
tially the same spectrum as the unirradiated specimen fracture surface. No 
copper signal was observed. Similar results were obtained for the weld 
metals. No appreciable segregation of any element was observed for either 
the SA 302 Grade B steel or the weld metals following irradiation at 
550~ (288~ or postirradiation annealing at temperatures up to 800~ 
(427 ~ 

The SEM micrographs of Fig. 6 indicate that the failure mode of these 
small fracture specimens was primarily transgranular cleavage. This is 
similar to the fracture appearance of the 0.394-in. (1 cm) Charpy V-notch 
specimens tested in the ductile-brittle transition region. 

Comparison of Experimental Results with Theoretical Model 

A brief outline of the theoretical model for the annealing of radiation 
damage in ferritic pressure vessel steels has been given previously [8], and 
a more comprehensive description of the model and analysis of existing 
annealing data will be published elsewhere [9]. Briefly, the kinetic equa- 
tions derived by Dollins [10] have been used to follow the dissolution of 
copper-vacancy aggregates detected and analyzed with an atom probe in a 
neutron-irradiated iron-copper binary alloy [11]. The only adjustable 
parameter in the model is the effective surface energy of the cluster or 
the binding energy of a vacancy to the solute-vacancy complex. In prac- 
tice the model is fitted to one or two data points and then a digital com- 
puter is used to map out the predicted time-temperature-percent recovery 
response of the steel over any range. Excellent agreement has been ob- 
tained between the calculated and measured annealing response of Type 
A533 Grade B Class 1 steel [9]. 

Comparisons of the model calculations with the measured annealing 
response of the SA 302 Grade B steel and two high-copper weld metals 
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used in this investigation are given in Table 4. Considering the scatter in 
the microhardness data, the agreement between theory and experiment is 
very good for the weld metals. For the SA 302 Grade B plate material, 
good agreement was obtained for the Charpy V-notch and high-tempera- 
ture microhardness data. The choice of vacancy binding energy required 
to get good agreement with the lower-temperature hardness data gave 
unacceptably small values for recovery in microhardness and DBTT at 
the higher temperatures. The reason for this discrepancy is not known at 
present. 

Summary of Results and Discussion 

Many possible mechanisms including solute segregation, radiation-en- 
hanced precipitation, and the formation of complex solute-defect aggre- 
gates may contribute to the irradiation-induced hardening and embrittle- 
ment of commercial steels. The recovery of preirradiation strength and 
ductility levels by postirradiation annealing is thus expected to be a com- 
plex function of heat chemistry, welding practice, irradiation history, and 
annealing conditions. The different annealing responses observed for the 
SA 302 Grade B steel and two high-copper weld metals used in this invest- 
igation are consistent with this supposition. All three steels, however, 
showed increased recovery of preirradiation microhardness with higher 
annealing temperatures and longer annealing times. The Charpy V-notch 
results for the irradiated and annealed SA 302 Grade B material paralleled 
the recovery in microhardness in this respect. The lower apparent recovery 
for specimens of the low-shelf transverse orientation following the 700 ~ 
(371 ~ h anneal relative to that measured for the specimens of the 
longitudinal orientation will require additional testing for verification. 

The optical microscopy, TEM, and Auger results suggest that no pro- 
found microstructural changes occurred in these steels from irradiation at 
550~ (288~ or postirradiation annealing at temperatures from 600~ 
(316~ to 850~ (454~ for times up to one week (168 h). Some evi- 
dence that a slight copper enrichment can occur at the fracture surfaces of 
irradiated specimens was obtained with the Auger spectrometer. However, 
no appreciable segregation of any element was observed to result from 
either irradiation or postirradiation annealing in these steels. The fact that 
the copper signal was still present in the 800~ (427 ~ speci- 
mens when microhardness and impact properties had recovered nearly 
80 percent suggests that local copper enrichment contributed little to the 
increased hardness or loss of ductility resulting from irradiation. 

The evidence suggests that most of the irradiation-induced mechanical 
property changes in these steels result from defects whose sizes or strain 
fields are smaller than the practical resolution limit of TEM. Previous 
atom-probe observations of copper-vacancy aggregates in neutron-irradi- 
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448 IRRADIATION EFFECTS ON METALS 

ated iron-copper alloys [11], and the good agreement between the mea- 
sured annealing responses of these steels and those predicted by the clus- 
ter dissolution model, suggest that similar copper-vacancy aggregates may 
be responsible for most of the observed radiation-induced hardening and 
embrittlement. 
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ABSTRACT: Displacement spike annealing computer experiments were done for body- 
centered cubic (bcc) and face-centered cubic (fcc) iron using five different annealing 
models. Each model predicted a greater number of free interstitials than free vacancies. 
The number of annihilation events was increased by an increase in cluster migration and 
decreased by an increase in the clustering interaction radius. The largest number of sur- 
viving defects occurred when clusters of four or more defects were immobile and a small 
clustering interaction radius was assigned. 

KEY WORDS: radiation, displacement spikes, defect annealing, computer ex- 
periments, irradiation, irradiation hardening, radiation effects, damage units, damage 
saturation, steel, nuclear reactor materials, precipitation 

A displacement spike is a collection of interacting vacancies and in- 
terstitials produced directly by a collision cascade. Computer experiments 
indicate that it has two distinguishing features: (a) The concentration of 
vacancies and interstitials is saturated, and (b) the defect deployment con- 
sists of a vacancy-rich region partially surrounded by an interstitial-rich 
region. Dynamical-method computer experiments indicate that the number 
and the arrangement of defects in a displacement spike are nearly in- 
dependent of the irradiation temperature. From an engineering standpoint, 
the most important aspects of irradiation-induced defect production in 
nuclear reactor structural components are those concerned with the produc- 
tion of and the thermal annealing of displacement spikes. 2 The prime 
measures of defect production in this context are the number ,of mobile 

~Professor, Materials Engineering and Nuclear Engineering, and research assistant, respec- 
tively, North Carolina State University, Nuclear Engineering Department, Raleigh, N.C. 
27607. 

2 Beeler, J. R., Journal o f  Testing and Evaluation, Vol. 3, No. 3, May 1975, pp. 230-237. 
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450 IRRADIATION EFFECTS ON METALS 

vacancies and mobile interstitials (free defects) produced per displacement 
spike and the number of vacancies and interstitials per spike that are con- 
tained in immobile clusters. The free defects provided by spikes are the 
source of "uniformly" distributed vacancies and interstitials used in dif- 
fusion model calculations and simulations of void growth, dislocation loop 
growth, and the growth of new precipitates (radiation-induced precipita- 
tion). The immobile defect clusters provided by spikes can serve as nuclea- 
tion sites for voids, dislocation loops and new precipitates. In addition, 
an immobile vacancy or interstitial cluster can serve as a trap or sink for 
impurity atoms and develop into an impurity-defect complex which has a 
sufficiently large binding energy to act as a hardening agent, that is, a dis- 
location barrier. 

A collision cascade produces a displacement spike in about 10 -12 s. At 
temperatures in the range 500 to 600~ (932 to 1112 ~ short-term an- 
nealing of a displacement spike occurs within about 10 -6 s ip iron and 
nickel. In the displacement spike annealing simulation computer ex- 
periments we have performed, the number of vacancies (interstitials) 
present after short-term annealing of a displacement spike is 15 to 50 per- 
cent of the number initially present in the spike at the start of short-term an- 
nealing. The 15 percent survival fraction pertains to displacement spikes 
produced by cascades in the 100-keV range, and the 50 percent survival frac- 
tion pertains to spikes produced by cascades in the 1-keV range. Of those 
vacancies (interstitials) which survive short-term annealing, from 2 to 40 
percent are free defects, depending upon the annealing parameters ap- 
propriate to the physical circumstances under which annealing proceeds. 

This paper describes how the defect distribution changes as a 20-keV 
displacement spike is annealed at 560~ (1040~ in iron. This is done for a 
wide range of annealing models. The results for each of these models sup- 
port the appropriateness of the short-term annealing (STA) concept. These 
results also indicate that the populations of vacancies and interstitials, and 
their spatial distribution at the end of STA, are the basic defect production 
measures pertinent to irradiation effects assessments in reactor engineering 
design. Given these populations, a simple diffusion model calculation can 
be used to assess the pertinent irradiation effects in a reactor structural com- 
ponent. Annealing of a uniform, saturated distribution of vacancies and in- 
terstitials is described first, to characterize the particular influence of the 
initially saturated defect concentration on displacement spike annealing. 
Annealing of 20-keV displacement spikes in body-centered-cubic (bcc) iron 
and face-centered-cubic (fcc) iron is then described. 

Computational Method 

The RINGO Program 3 was used to perform the annealing computer ex- 

3 Beeler, J. R., U.S. Progress Report ORO-3912-19, Energy Research and Development Ad- 
ministration, Oct. 1972. 
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periments described in this paper. RINGO is a Monte Carlo program which 
simulates the simultaneous random walks of up to 1000 defects in cubic 
metals. At each time step in the simulation, each mobile defect is given the 
opportunity to jump to a different site. The jump probabilities are 
designated as V JUMP for vacancies and Z JUMP for interstitials. After each 
defect jump the distribution of defects is scanned to monitor defect 
clustering and annihilation events. The jump distance for a cluster of one, 
two, or three elemental defects is the interatomic distance (ID). A cluster 
containing a population (POP) of elemental defects greater than three can 
be assigned either a zero jump length or reduced jump length ID/POP. This 
particular reduced jump length recipe for clusters was suggested by the 
results of atomistic dynamical simulations of defect duster migration. It can- 
not be simply related to continuum theory diffusion model results for 
cluster motion. The upper limit on the size of mobile clusters is an input 
variable. The time unit used in all of the computer experiments described 
here is the average time for an interstitial jump. 

Annealing of Saturated Defect States 

A 0 K saturated defect state containing equal numbers of vacancies and 
interstitials was set up by running the RINGO Program in the Frenkel pair 
production mode with V JUMP = Z JUMP = 0. This was done (Run NC- 
1806) using a 6750 atomic volume (av) cell for a bcc crystal and a 37-av 
vacancy-interstitial annihilation region. The cell was a cube with side L = 
30 half-lattice constant (hlc). The number of elemental defects (179) and the 
defect state diameter (30 hlc) are comparable to their counterparts in a 15 to 
20 keV displacement spike in bcc iron. 

This defect state was annealed in two different environments. In one in- 
stance, the annealing simulation was done using L -- 30 hlc cell with 
periodic boundary conditions. This type of computer experiment shows 
how a high-concentration defect state anneals when it is in contact with 
images of itself on all sides. This approximates the conditions under which 
the central part of a large displacement spike anneals. In the second in- 
stance, the annealing simulation was done using L = 300 hlc cell with 
periodic boundary conditions. This cell size so much exceeds the size of the 
initial defect state that the annealing simulation corresponds to annealing in 
an otherwise defect-free environment. The defect interaction radii used in 
the annealing runs were the same as those used in preparing the initial 
saturated defect state. They are defined in Table 1. All defects in the initial, 
saturated distribution were mobile and a common clustering radius was 
used for vacancies and interstitials to give equivalent defects with respect to 
clustering behavior. 

Discussion is centered on the first run in the series of ten annealing 
simulations (NC-1873 Series) because the annealing time and the surviving 
defect fraction for this run were closer to the average for the series than 
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452 IRRADIATION EFFECTS ON METALS 

TABLE 1--Annealing parameters used in the saturated- 
defect state annealing runs. 

Parameter Assigned Value 

Interstitial clustering 
radius 2.86 hlc a 

Vacancy clustering 
radius 2.86 hlc 

Annihilation interaction radius 3.29 hlc 
Largest mobile 

cluster size b 3 

a Half-lattice constant. 
b Size means number of defects in a cluster. 

were those for any other run. A plot o f  the number o f  vacancies (NVAC) 
versus annealing time (T) is given in Fig. 1. Table 2 lists the defect size 

1 2 0 - - -  

10( _ ! 
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~ : ~ N C - 1 8 7 3  
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FIG. l - -Number  o f  vacancies during saturated-defect state annealing in bcc iron. The time 
unit is the average time between interstitial jumps.  Part  (a) VJUMP = 1.0; Part (b) VJUMP = 
0.1. 

distributions at selected times during annealing. Defect annihilation took 
place in two clearly defined stages. The first stage occurred between T = 0 
and T = 15, during which 80 percent o f  the defects initially present were an- 
nihilated. The defect population remained nearly stationary between T = 
15 and T = 40. At  T = 40, a second annihilation stage began and continued 
until T = 80. From T = 80 to T = 350, the only annealing activity consisted 
o f  defect clustering. At  T = 350 all defects had collected into immobile 
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T A B L E  2--Defect size distributions at times (a) T = 1, (b) T = 15, (c) T = 80, and (d)  
T = 344, during annealing o f  the saturated-defect state. L = 30 hlc and VJUMP = Z J U M P  

1. 0 (Run NC-1873). 

(a) T = 1 N V A C  = 92 . ( b ) T  = 15 N V A C  = 36 
P O P I  No .  P O P V  N o .  P O P I  N o .  P O P V  No .  

1 50 l 32 1 8 1 4 
2 9 2 14 2 1 2 4 
3 4 3 6 3 2 3 0 
4 3 6 1 4 1 4 2 

. . . . . .  8 1 5 2 5 2 
6 1 6 1 

N I D  = 66 N V D  = 54 
P C M I  a = 87 P C M V  b = 85 N I D  = 15 N V D  = 13 

P C M I  = 44  P C M V  = 33 

(c) T = 80  N V A C  = 24  (d) T = 344 N V A C  = 23 
P O P I  N o .  P O P V  No ,  P O P I  N o .  P O P V  No .  

1 3 4 2 4 1 5 2 
4 1 5 2 5 1 6 1 
5 2 6 1 6 ! 7 l 
7 1 . . . . . .  8 1 . . . . . .  

N1D = 7 N V D  = 5 N I D = 4  N V D  = 4 
P C M I  = 12 P C M V  = 0 P C M I  = 0 P C M V  = 0 

" P e r c e n t  mob i l e  intersti t ials:  f r ac t ion  o f  all  interst i t ials  c o n t a i n e d  in clusters  wi th  P O P I  < 3, 
b P e r c e n t  m o b i l e  vacanc ies :  f r a c t i o n  o f  al l  v a c a n c i e s  c o n t a i n e d  in c lus te rs  wi th  P O P V  ~< 3. 

dusters and the annealing run terminated. There were 23 surviving vacancies 
(interstitials) of  the 179 vacancies present at the beginning of  annealing. 
This constitutes a 13 percent survival fraction. It  is characteristic o f  an- 
nealing at the center o f  a large displacement spike. 

Figure 2 describes the fraction of  vacancies in immobile clusters and in- 
terstitials in immobile clusters during annealing. One sees that clustering ac- 
tivity occurs between T = 0 and T = 22. Between T = 22 and T -- 41 there 
is a lull in clustering activity. Clustering begins anew at T = 42 and all 
vacancies become collected in immobile clusters at T = 72. All interstitials 
become collected in immobile clusters at T = 350. 

In this particular run, vacancies collected themselves into a set of  im- 
mobile clusters sooner than did the interstitials. This was purely accidental 
since each of  the two defect types was assigned an identical clustering in- 
teraction radius, annihilation interaction radius, and jump rate. In another  
run it would be just as likely that interstitials would fo rm the first set o f  im- 
mobile defect clusters. In the ten-run NC-1873 Series, there was an even 
split between vacancies and interstitials as the first species to form a set o f  
immobile clusters. The equivalence of  the two defect types shows up in the 
final defect size distribution given in Table 2. Note that the average cluster 
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F I G .  2--Fraction o f  vacancies and interstitials in immobile clusters during saturated-defect 
state annealing in bcc iron when VJUMP = 1.0. The time unit is the average time between in- 
terstitial jumps. 

size is 5.75 elemental defects for both  vacancies and interstitials. A common 
average defect cluster size for vacancies and interstitials occurred in each of  
the ten runs. 

A second series of  ten runs (NC-1929 Series) was made to explore the ef- 
fect of  reducing the vacancy jump rate f rom V JUMP = 1.0 to V JUMP = 
0.1 while retaining the interstitial j ump rate at Z JUMP = 1.0. The number  
of  vacancies versus annealing time is plotted in Part  (b) of  Fig. 1, and the 
fractions of  vacancies and interstitials in immobile clusters are plotted in 
Fig. 3. Note that the slope of the initial trend line AB for the V JUMP = 0.1 
data points in Fig. 1 is less than that for the V J U M P  = 1.0 data points 
trend line DE. Examination of  defect position maps shows that the in- 
tersection of  the initial and final trend lines on an NVAC versus annealing 
time plot corresponds approximately to the time at which the initial an- 
nihilation stage sets up a locally segregated defect state. Reduction of  the 
vacancy jump rate delays the onset o f  segregation, appears to extend the 
time required to complete the second annihilation stage, and increases the 
average number  of  surviving defects. The average number  of  surviving 
defects was 26 for V J U M P  = 0.1 and 24 for V JUMP = 1.0. 

The time required to collect all defects into immobile clusters increased 
f rom T = 350 to T = 2264. Clustering activity is described in Fig. 3. In this 
instance, the vacancy curve lags the interstitial curve by roughly a factor o f  

C o p y r i g h t  b y  A S T M  I n t ' l  ( a l l  r i g h t s  r e s e r v e d ) ;  S u n  D e c  2 7  1 3 : 1 1 : 1 3  E S T  2 0 1 5
D o w n l o a d e d / p r i n t e d  b y
U n i v e r s i t y  o f  W a s h i n g t o n  ( U n i v e r s i t y  o f  W a s h i n g t o n )  p u r s u a n t  t o  L i c e n s e  A g r e e m e n t .  N o  f u r t h e r  r e p r o d u c t i o n s  a u t h o r i z e d .
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F I G .  3--Fraction o f  vacancies and interstitials in immobile clusters during saturated-defect 
state annealing in bcc iron when VJUMP = O. 1. 

eight on the time scale. This separation occurred for each of the ten runs in 
the series and demonstrates that, given equal clustering and annihilation in- 
teraction radii, the defect with the largest jump rate exhibits the greatest 
clustering rate. 

The nature of the NVAC versus annealing time curves and the fraction of 
defects in immobile clusters curves are not changed by annealing in a defect- 
free environment. The major effect of the defect-free environment is to 
enhance the number of surviving defects. This enhancement comes about by 
way of defect escape into the defect-free region. There appears to be an in- 
crease also in the fraction of the defects which are free defects. Table 3 

T A B L E  3--Saturated-defect state annealing. Number o f  surviving 
vacancies ( interstitials). Annealing parameters are given 

in Table 1. 

V J U M P  = 1.0 V J U M P  = 0.1 
E n v i r o n m e n t  Z J U M P  = 1.0 Z J U M P  = 1.0 

S a t u r a t e d  24 26  
Defec t - f r ee  36 42  

describes the surviving defect populations for defect-flee and saturated- 
environment runs. 

Saturated-defect state annealing simulations also were done using 
V JUMP/Z JUMP ratios of 0.05 and 0.0. The principal effect of decreasing 
the V JUMP/Z JUMP ratio is to increase the fraction of free vacancies and 
the defect survival fraction. At 600~ (ll12~ for example, the thermal 
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equilibrium jump ratio would be about V J U M P / Z  JUMP = 0.01. At 
this ratio, interpolation gives survival fractions of  0.19 and 0.23 for an- 
nealing in saturated and defect-free environments, respectively. Because the 
number of  free defects is determined largely during the first 15 to 100 defect 
jumps, the free vacancy fraction does not change significantly as 
VJUMP/ZJUMP changes from 0.01 to 1.0. During the initial annihilation 
stage, defect interactions make the effective vacancy jump rate larger than 
that for an isolated vacancy in a thermal equilibrium environment, relative 
to the interstitial jump rate. This is shown in dynamical computer ex- 
periments on vacancy and interstitial movement in an initially saturated 
defect state. In view of  these order of  magnitude considerations, the use of  
the ratios V J U M P / Z  JUMP = 0.1 and 1.0 was decided for the present 
discussion. 

Displacement Spike Annealing (,4) 

Annealing computer experiments for 20-keV spikes C05 and C11 are con- 
sidered in this section. These spikes were generated in bcc iron by the 
CASCADE-CLUSTER Program. 4 The annealing parameters used are iden- 
tical to those used in the saturated-defect state annealing computer ex- 
periments. Each spike was annealed for l0 s time steps with V JUMP = 0.1 
and Z JUMP = 1.0. The initial defect cluster size distributions for spikes 
C05 and C11 are typical for 20-keV displacement spikes in bcc iron. At the 
onset, 41 percent of  the vacancies in spike C05 were in immobile clusters 
and 28 percent of  the vacancies in spike C11 were in immobile clusters. All 
interstitials in each spike were in mobile defect configurations. 

The trend lines for the C05 spike NVAC plot intersect at about  T = 300 
in Fig. 4. Of the two spikes, C05 has the largest fraction of  vacancies in im- 
mobile clusters at T -- 0. Although not shown in this paper, the trend lines 
for the C11 spike intersect at T = 1000. The defect survival fractions at T = 
l0 s are 25 percent and 22 percent, respectively, for spikes C05 and C11. 

The defect type with the largest jump rate also had the largest fraction of  
elemental defects in immobile clusters in the defect-free environment an- 
nealing computer experiments for a saturated, random distribution of  
vacancies and interstitials. As a consequence, the curve for the fraction of  
vacancies in immobile clusters always fell below that for interstitials when 
V JUMP was less that Z JUMP. Equal clustering interaction radii were 
assigned to vacancies and interstitials in the C05 and C l l  spike annealing 
simulations, and V JUMP = 0.1 and Z JUMP -- 1.0 were assigned as well. 
As shown in Fig. 5, however, the curve for the fraction of  vacancies in im- 
mobile clusters always exceeded that for interstitials in the C05 annealing 
runs. This relative standing is opposite to that which occurred in the 

4 Besco, D. G. and Baumbardt, N. R., General Electric Report GEMP-356, April 1965. 
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FIG. 4--Number o f  vacancies during 20-keV displacement spike annealing in bcc iron when 
V JUMP = O. 1. 
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FIG. 5--Fraction o f  vacancies and interstitials in immobile clusters during 20-keV 
displacement spike annealing in bcc iron when VJUMP = 0.1. 

saturated-defect state annealing runs. We conclude that this reversal occurs 
because the influence exerted by the initial centralized vacancy distribution 
and peripherally dispersed interstitial distribution in a displacement spike 
on the vacancy immobile duster content overrides the influence of  a slower 
vacancy jump rate for 0.1 x< VJUMP/ZJUMP ~< 1.0. Table 4 describes how 
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458 IRRADIATION EFFECTS ON METALS 

T A B L E  4--Defect size distributions at (a) T -- 1, (b) T = 100, (c) T = 104, and 
(d) T = 10 s, during the annealing o f  Spike C05 in bcc iron in a defect-free environ- 

ment. The annealing parameters are given in Table 1. 

(a) T = 1 N V A C  = 186 (/7) T = 1130 N V A C  = 84 
P O P I  No.  P O P V  No.  P O P I  No.  P O P V  No.  

1 150 1 40 1 28 1 17 
2 15 2 26 2 8 2 6 
3 2 3 5 3 6 3 2 

4 4 4 3 
N I D  = 167 4 3 6 1 5 4 

P C M I  = 100 5 4 7 1 
6 1 N I D  = 47 10 1 
7 3 P C M I  = 74 
9 1 

11 1 

N V D  = 84 
P C M V  = 58 

NVD = 34 
P C M V  = 42 

(c) T = 104 N V A C  = 62 (d) T = 105 N V A C  = 57 
P O P I  No.  P O P V  No. P O P I  No.  P O P V  No. 

1 7 1 1 1 6 3 3 
2 6 2 1 2 5 4 3 
3 1 3 2 3 1 5 1 
4 4 4 3 4 4 6 2 
5 1 5 2 5 2 7 1 
6 2 6 2 6 2 12 1 
7 1 7 1 

- -  - -  12 1 N I D  = 20 N V D  = 11 
P C M I  = 33 P C M V  = 16 

N I D  = 22 N V D  = 13 
P C M I  = 35 P C M V  = 14 

the defect cluster size distributions change as annealing proceeds. The most 
durable portion of the vacancy cluster distribution is that for clusters of six 
or more vacancies. 

Displacement Spike Annealing (B) 

This section concerns the annealing of 20-keV displacement spikes in fcc 
iron generated by the COLLIDE Program.5 Five spikes were annealed for 
105 time steps for each of four different annealing parameter assignments in 
this study. The annealing parameter assignments for each case are defined 
in Table 5. The example selected for discussion is that from Case I in which 
the number of surviving defects was closest to the average of 38 out of 201. 

5 Beeler, J. R. ,  U.S.  P rogress  Repor t  ORO-3912-21,  Ene rgy  Research  and  Deve lopment  Ad-  
min i s t r a t ion ,  Apr i l  1973. 
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TABLE 5--Annealing parameters used in a four-case study on displacement 
spike annealing behavior in fcc iron. 

Parameter Case I Case II Case III Case IV 

Interstial clustering radius 6 hlc 6 hlc 3 hlc 3 hlc 
Vacancy clustering radius 2.8 hlc 2.8 hlc 2.8 hlc 2.8 hlc 
Annihilation interaction 

radius 3 hlc 3 hlc 3 hlc 3 hlc 
Largest mobile cluster size 20 3 20 3 

Many of the conditions for this run are different from those in the bcc iron 
displacement spike study. There is an imporant difference in the initial 
cluster size distribution, the average cluster size in the fcc displacement 
spike instance being smaller than that for the bcc displacement spike in- 
stances. There are, in addition, three important differences in the annealing 
parameter assignments: (a) the interstitial clustering interaction radius ex- 
ceeds the annihilation interaction radius in Case I; (b) defects with 3 > POP 
~< 20 can move in Case I, but with a very small jump length; and (c) V JUMP 
= Z JUMP. 

NVAC versus the annealing time is plotted in Fig. 6 and the fraction of 
vacancies and interstitials in immobile clusters is plotted in Fig. 7. The 
average final trend line for Case I spikes is at NVAC = 38. The trend line 
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FIG. 6--Number of vacancies during 20-ke V displacement spike annealing in fcc iron when 
VJUMP = 1.0. 
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FIG. 7--Fraction o f  vacancies and interstitiais in immobile clusters during 20 -keV  dis- 
placement  spike annealing in f cc  iron when V J U M P  = 1.0. 

intersection for the present spike is at 2.5 x 104, the maximum intersection 
time observed. This feature is pertinent because it appears to represent a 
tendency for the large cluster migration option (model) to delay the local 
segration of  defects. 

The fraction of vacancies and interstitials contained in various cluster 
sizes and the total elemental defect population after 30 000 jumps appear in 
Tables 6 and 7 for vacancies and interstitials, respectively, for all four cases. 
The results in these tables show the following: 

1. Cluster mobility enhances defect annihilation. Note that the number of 

TABLE 6--  Vacancy dus ter  size distribution and number of surviving vacancies after 
annealing for 30 000 time steps with V J U M P  = Z J U M P  = 1.0, f o r  each of the 

four cases def ined in Table 5. 

Fraction of Vacancies 
Cluster 

Size Case I Case II Case III Case IV 

1 to 3 0.107 0.023 0.122 0.088 
4 to 10 0.274 0.913 0.554 0.754 

11 to 20 0.358 0.063 0.221 0.158 
> 20 0.260 0.0 0.103 0.0 

Number of Vacancies 

Case I Case II Case III Case IV 

NVAC 43 85 38 52 
FV 4.6 2.0 4.6 4.6 
IMV 38.4 83.0 33.4 47.4 
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TABLE 7--1nterstitial cluster size distribution and number o f  surviving interstitials 
after annealing for  30 000 time steps with VJUMP = Z JUMP = 1.0 for  each o f  

the four cases defined in Table 5. 

Fraction of Interstitials 
Cluster 

Size Case I Case II Case III Case IV 

1 to 3 0.144 0.106 0.394 0.323 
4 to 10 0.595 0.749 0.465 0.677 

11 to 20 0.139 0.146 0.141 0.0 
> 20 0.121 0.0 0.0 0.0 

Number of Interstitials 

Case I Case II Case III Case IV 

NINT 43 85 38 52 
FI 6.2 9.0 15.0 16.8 
IMI 36.8 76.0 23.0 35.2 

surviving vacancies (interstitials) is greatest for the two cases (II and IV) 
with the smallest upper bound on the mobile cluster size. 

2. An increase in the interstitial clustering interaction radius enhances 
defect survival. Note that the number  of  surviving vacancies in Case I is 13 
percent larger than that for Case III .  These two cases differ only in that  a 
larger interstitial cluster interaction radius is assigned in Case I. 

3. An increase in the interstitial cluster interaction radius causes an in- 
crease in both  the average interstitial cluster size and the average vacancy 
cluster size. 

4. In each case there are more free interstitials than free vacancies. 
5. Small clustering radii and cluster immobili ty enhance the number  of  

free defects (Case IV). 
6. Large clustering radii and cluster immobili ty enhance defect survival 

(Case II); hence, impurity a tom trapping at clusters should enhance defect 
survival. 

Summary and Conclusions 

Displacement spike annealing is a cyclic process in which vacancies and 
interstitials alternately become mixed together and then experience localized 
segregation as a consequence of  annihilation events that occur during the 
mixing stage. The result of  annealing an infinite spike is a collection of im- 
mobile defect clusters. For  this reason, annealing normally t ransforms the 
center region of  a large displacement spike into a collection of  immobile 
clusters. Free defects occur when a spike is annealed in a defect-free en- 
vironment.  Because the displacement spike vacancy populat ion initially is 
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centralized and its interstitial population initially is peripherally dispersed, 
all annealing models explored thus far predict a greater number of free in- 
terstitials than free vacancies. Cluster migration increases the number of an- 
nihilation events as well as increasing the average cluster size. An increase in 
the clustering radius for any defect species lowers the number of an- 
nihilation events and increases the number of defects contained in immobile 
clusters. 

All annealing models explored thus far indicate that displacement spike 
annealing divides naturally into two distinct regimes: (a) a short-term an- 
nealing regime, covering a span of 10' to lO s jumps per interstitial; (b) a 
long-term annealing regime. In short-term annealing, the migration of each 
defect is heavily influenced by interactions with neighboring defects in the 
parent spike. In long-term annealing, however, each defect migrates in- 
dependently of other defects until its migration history ends at a sink. In 
somewhat less exact terms, a mobile defect loses its identity with its parent 
displacement spike during short-term annealing and becomes part of a 
general, uniformly distributed source of mobile defects. As a member of 
this general source, it diffuses isotropically during the long-term annealing 
regime until it is captured by a sink, usually a sink not related to its parent 
displacement spike. 

Acknowledgments 

This work was supported by U.S. ERDA Contract AT-(40-1)-3912 and by 
computer funds supplied by North Carolina State University. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



D.  G. D o r a n  I a n d  N.  J. Graves  ~ 

Neutron Displacement Damage 
Cross Sections for Structural Metals 

REFERENCE: Doran, D. G. and Graves, N. J., "Neutron Displacement Damage 
Cross Sections for Structural Metals," Irradiation Effects on the Microstructure and 
Properties o f  Metals, A S T M  STP 611, American Society for Testing and Materials, 
1976, pp. 463-482. 

ABSTRACT: Irradiation test data on reactor structural materials should include, in 
addition to fluence, the displacing dose expressed as displacements per atom (dpa) or 
damage energy per atom (depa). This provides a spectrum-dependent parameter that 
serves as a starting point for data correlations, as well as an exposure unit that is 
common to both neutron and charged-particle irradiations. To make this possible, 
displacement damage cross sections for neutrons have been calculated for aluminum, 
vanadium, chromium, iron, nickel, copper, zirconium, columbium, molybdenum, 
tantalum, tungsten, lead, and stainless steel using evaluated nuclear data flies 
(ENDF/B-IV) data and the Lindhard energy partition model. These data extend to 
20 MeV, hence cover the energy ranges of primary interest for both fission and 
fusion reactor applications. Tables are given in a standardized energy group structure. 
Figures are included to show the relative contributions of the various neutron scat- 
tering processes to both the primary knock-on atom spectra and the damage cross 
sections. A brief description of calculational procedures is given. 

KEY WORDS: radiation, neutron irradiation, cross sections, radiation damage, 
structural metals, displacement damage 

A major challenge in radiation damage studies of structural metals is 
the control of all the significant variables in the experimentation phase 
and the proper accounting for differences in these variables in the analysis 
phase. One of these variables is neutron spectrum. While some selection 
of spectra is possible, it is not generally feasible to match the test spectra 
to the spectra to which a material will be exposed. Important current 
examples are pressure vessel surveillance for thermal reactors and mate- 
rials development for liquid metal fast breeder reactors (LMFBR's). In 
the former, accelerated surveillance specimens are exposed not only to a 
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higher flux but also to a different neutron spectrum than seen by the 
vessel. In the latter case, many of  the data are being obtained in the 
Experimental Breeder Reactor-II (EBR-II) spectra which are harder than 
the design spectra, due in part to the need for high-fluence data; high flux 
implies hard spectrum in EBR-II. Another  example, of  increasing impor- 
tance, is the unavailability of  high-flux neutron sources that are hard 
enough to simulate many of  the spectra anticipated in fusion reactors. 

The need to account for the neutron energy dependence of  radiation 
damage has spawned two developments. One is the use of  spectrum- 
dependent exposure units and the other is the development of  semi-empir- 
ical effective damage functions (EDF) to describe the energy dependence 
of  a particular damage state [1]. 2 The former has evolved steadily from 
Ot(E > 1 MeV) to Ot(E > 0.1 MeV) to total displacements per atom (dpa). 
The energy dependence of  an EDF is determined by experimental data if 
sufficient data exist; if not, the shape of  the EDF is influenced by the 
a priori assumed energy dependence. Under conditions such that helium 
production is not considered a dominant damage mechanism, the assumed 
EDF shape is generally a displacement cross section. Thus both develop- 
ments have in effect converged on the need for displacement cross sections 
for various materials and their application to define displacement rates 
in existing and proposed irradiation facilities. 

Building on earlier work of  Jenkins [2] and Sheely [3], displacement 
cross sections for several materials were developed [4-7]. These cross 
sections have been subsequently modified to include additional reactions 
and to reflect new cross-section evaluations. This paper includes results 
for a number of  common metals based on the most recent version of  the 
evaluated nuclear data files (ENDF/B-IV). 

C a l c u l a t i o n a l  P r o c e d u r e s  

General Approach 

The approach used is generally as described previously [4] and will not 
be repeated in detail here. The general expression for the displacement 
cross section at neutron energy E due to a reaction of  type i is 

�9 /" ~max 
oai(E) = o'(E) J_  l p(E, ta)vIr(E, /a)]d/a (1) 

where T is the kinetic energy in the laboratory system of  the primary 
knock-on atom (PKA) which is scattered at a center-of-mass angle + = 
cos -~/~ with the probability p(E, ta). The value of  ]Amax can be taken as + 1 
except for low-energy elastic scattering for which/amax = 1 -- (2 Ta/Tm~x); 

2 The italic numbers in brackets refer to the list of references appended to this paper. 
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Tmax = 4AE/(1 + A)  2, the maximum knock-on energy in an elastic colli- 
sion of a neutron with an atom of atomic weight A. Ta is an effective 
displacement energy. The function v(T) describes the number of sec- 
ondary displacements produced by the PKA in coming to rest. As in 
earlier work [4], the Lindhard energy partition model was used to define 
the fraction of energy not dissipated to electrons and hence available to 
cause displacements. Designating this energy by TOAM, the conversion 
to displacements was b y a  simple proportionality factor [8,9] 

v ( T ) =  --'0"8 TDAM (2) 
2Ta 

Because this assumption of proportionality is questionable and because 
there is not universal agreement on Td values, a damage energy cross 
section (adam) can be defined by replacing v(T) in Eq 1 with TDAM(T). 

The tables included in this paper contain such cross sections. The advan- 
tage of this presentation is that the tabulated values are independent of Td 
for sufficiently high E (namely, 2 TJTm~x ~. 1). Since this independence is 
not complete, the values of Td used in the computations are given in 
Table 1. Clearly, adam can be converted to oa by multiplying by 0.8/2Ta. 

TABLE 1--Effective displacement energies and estimated damage energies 
due to (n, y) recoils. 

Metal Mat" Ta, eV TDAM v, eV 

AI 1193 25 640 
V 1196 40 380 
Cr 1191 40 590 
Fe 1192 40 420 
Ni 1190 40 530 
Cu 1295 30 380 
Zr 1284 40 140 
Nb 1189 60 97 
Mo 1287 60 100 
Ta 1285 90 3 
W 1128-1131 90 13 
Pb 1288 25 '140 

"ENDF/B material designation. 

Both aa and adam, when multiplied by a fluence, have been used as irra- 
diation exposure indices. The former provides a useful physical model 
lacking in the latter and has become universally used in radiation damage 
studies with charged particles. When either index is used as a correlation 
parameter, the basic assumption is that the damage is indeed proportional 
to the so-called damage energy. 
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Treatment o f  Specific Reactions 

1. (n, y). This is the only reaction type omitted in the current work. 
Past experience has indicated this contribution to be negligible in various 
fast and thermal reactor spectra. However, an upper-bound estimate to 
the damage energy cross section can be easily obtained [4] by multiplying 
the energy-dependent (n, y) cross section by TDAM v = f ' T  v where the recoil 
energy Ty due to gamma ray emission is given by 

Ty = [Ey(MeV)12/(O.OO186)(A + 1) (3) 

The numerator of Eq 3 is the mean square gamma energy determined 
from the gamma-ray energies and abundances tabulated by Orphan et al 
[10]. The damage energy fraction f ranges between 0.8 and 1. Values of 
TDAM Y a r e  included in Table 1. The recoil energy is taken here to be in- 
dependent of the neutron energy; when the neutron energy is high enough to 
invalidate this assumption, the (n, y) contribution can be neglected rela- 
tive to other reactions. 

2. Elastic (n, n), and inelastic (n, n '). These were treated as described 
previously [4]. Anisotropy was included in all cases where appropriate 
data were given in the ENDF/B files. 

3. (n, 2n) and (n, 3n). The secondary neutron emission spectra given in 
the ENDF/B file for (n, 2n) and (n, 3n) reactions do not distinguish 
between the emitted neutrons. An approximate treatment of the (n, 2n) 
case was given previously [4]. An analogous treatment was used for n, 3n 
reactions. It turns out that the results in both cases do not differ greatly 
from the simpler one-neutron treatment. 

4. Charged-particle-out reactions (n, c). Some estimates of contribu- 
tions of  (n, c) reactions to displacement cross sections were made pre- 
viously by simply approximating the number of displacements per reac- 
tion at a given neutron energy by the (n, n ') value at that energy [5]. 
(This is quite reasonable so long as alpha particle emission is minor.) 
Subsequently, calculations were made using an evaporation model similar 
to that used for energetic (n, n ') reactions [11]. The (n, c) reactions differ 
from (n, n ') reactions in that first, the emitted particle must overcome a 
Coulomb barrier, and second, there is a reaction Q-value accounting for 
the difference in masses of  the target and product nuclei. In particular, 
if Q < 0, there is an energy threshold for the reaction given by E '  = 
(,4 + 1) Q/A .  The presence of a Coulomb barrier effectively shifts the 
spectrum of emitted particles to the higher energies needed to overcome 
the barrier. It also causes the cross section to drop rapidly at lower ener- 
gies, creating an apparent threshold even for exoergic reactions. Another 
distinction between (n, n ') and (!1, c) reactions is that the mass of the 
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charged particle may exceed that of  a neutron and thereby enhance the 
recoil of  the residual nucleus. 

The model used here assumes compound nucleus formation with iso- 
tropic particle emission. The energy W available in the center-of-mass 
system (CM) for kinetic energy of  the products is assumed to be dis- 
tributed as 

f (E ,  W ) =  We-W/~ (4)  

where E is the energy of  the incident neutron (laboratory system) and I is 
a normalization constant. The nuclear temperature 0 can be expressed in 
terms of  the excitation energy E* of  the residual nucleus 

O(E) = (E*/s) '/~ (5) 

Assume for the moment that E* is large and that, for a particle to escape, 
its energy must exceed an effective Coulomb barrier given by 

fEb = xZ,,Zce2/(R + O) (6)  

where 

Zr,e and Zce = charges of  the residual nucleus and emitted particle, 
respectively, 

R = the nuclear radius (=  1.5 x 10 -'5 A z/~ cm), and 
0 = a correction for the finite size of  the emitted particle. 

The constant x, which varies between 0.4 and 1 depending on Z,, and 
Zc, is evaluated empirically to fit cross-section data [12]. The mean energy 
(in CM), E~, of  the emitted particle (atomic weight Ap) is then approxi- 
mately 20 + XEb. Now 

A 
E* = - - E  + (2 - E ,  (7) 

A+I 

Then, using Ep ~- Ep in Eqs 5 and 7 yields the high excitation energy 
approximation [12] 

O(E) = 

1 + Q - f e b  

S 

(8) 
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From Eq 8, the effective neutron energy threshold is E '  = (A + 1) x 
(X~Eb -- Q)/A. The reaction cross section, however, generally vanishes 
at a lower energy than this. The reason is that a charged particle can 
escape at a lower energy than f eb ,  although the barrier transmission 
probability decreases rapidly with decreasing energy. When E is low, the 
excitation of the compound nucleus is low, the energy spectrum of the 
charged particle becomes softer, and the approximation for E,  used in 
deriving Eq 8 is no longer appropriate. It is inconsistent with the evapora- 
tion model to permit the excitation energy of  the residual nucleus to ap- 
proach zero. Hence, as a rather arbitrary treatment at low neutron energies, 
the numerator of Eq 7 was not permitted to fall below 1 MeV. For these 
low-energy cases the energy spectrum of  the emitted particle was extended 
to 0. 

The values of s were calculated following Newton [13] as 

0.06204 [ (2JZ + 1) + (2JN + 1)] Arn 2/3 S (9) L J 2 

using effective spin values for the residual nucleus (atomic weight At . )  
tabulated by Pearlstein [14]. The normalization constant is 

i ~  02{(1 .. ]_ ['Vomia)e_Wmin/O_ (1 .3t_ Wmax,0 )e--Wmax/0} (10) 

The displacements are due predominantly to the recoil energy of the 
residual nucleus. Conservation of momentum leads to 

T Ap Ep A , ,  E (4ApEpE) ~ = = ta (I1) 
A,.n (A + 1) 2 A + 1 

Assuming isotropic emission, that is, p(E, Ep,/a) = �89 a generalized Eq 1 
becomes 

C'm  f' Od n" c(E) = o.. c(E) JWmi n f (E ,  W) vt T(E, Ep, la)ldladw (12) 

The foregoing treatment was used for reactions in which only one 
particle is emitted. The (n, n 'p) and (n, n 'a) reactions were included by 
simply adding the cross sections to the (n, p) and (n, a) cross sections, 
respectively. 

Results 

PKA Spectra 

The codes used in this work provide for specific calculation of PKA 
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spectra at a preselected set of neutron energies. A few spectra for iron 
are shown in Fig. 1 to illustrate their general energy dependence. As the 

1000 

0 0 

120 

>. 

0 r  

IRON 
E - 0.0/7 MeV 

IRON 
E " 2.55 MeV 

160 [ 
I RON 

0.006 0 

I RON 
E - 13.5 MeV 

4 

o 
0.20 o 

0.06 

2.5 
1". MeV 1", MeV 

FIG. 1--PEA spectra for  iron at several neutron energies. Below n~O.1 MeVneutron 
scattering is elastic and isotropic, resulting in a flat PEA spectrum. The anisotropy increases 
with increasing energy and nonelastic scattering processes become important. The various 
contributions are designated by A(n, n), B(n, n '), C(n, 2n),  and D(n, c). For clarity, the 
(n, n) contribution was omitted and the (n, c) contribution multiplied by 10 at 13.5 MeF. 

neutron energy is increased, the elastic scattering contribution to the PKA 
spectrum shifts strongly to low energies although still providing the highest- 
energy PKA's,  while the intermediate PKA energy range becomes dom- 
inated by nonelastic scattering events. At still higher energies, the (n, a) 
reactions provide a high-energy tail to the PKA spectrum. 

Dissected Displacement Cross Sections 

The contributions of each reaction type to the displacement cross sec- 
tions of  several materials are shown in Fig. 2. At high Z, (n, c) reactions 
are absent (high Coulomb barriers) but (n, xn) thresholds are low. The 
situation is reversed at low Z. 

Damage Energy Cross Sections 

Damage energy cross sections (in eV-barns) are presented in Table 2 
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FIG. 2--The composition o f  displacement cross sections for  (top left) aluminum, (bottom 
left) iron, and (top right) tungsten. Contributions are designated by 1 (n, n), 2(n, n '), 3(n, 2n), 
4(n, 3n), and 5(n, c). (Bottom right) A comparison o f  the present displacement cross 
section f o r  18/10 stainless steel with that o f  R e f  4. The latter has been multiplied by 0.66 
to satisfy the recommendations o f  Refs 8 and 9. 

for the metals listed in Table 1 and for an 18Cr-10Ni stainless steel (appli- 
cable to Type 300 series steels). All cross-section data are from ENDF/B-IV. 
As indicated in the foregoing, the currently accepted procedure for con- 
verting a damage energy cross section to a displacement cross section is 
to multiply by the factor 0.8/2Td. Except for possible applications to 
soft spectra, the use of reasonable values of Td other than those in Table 
1 will have a negligible effect on relative magnitudes of spectral-averaged 
displacement cross sections for a given material. The group structure used 
in Table 2 was recommended by the Reactor Shielding Information Cen- 
ter at Oak Ridge. No spectrum weighting was used in collapsing the point- 
wise calculated data to this group structure. 

Comparison With Previous Work 

The Hanford Engineering Development Laboratory (HEDL) displace- 
ment cross section for 18Cr-10Ni stainless steel published earlier [4,9] 
has been used extensively in LMFBR program applications; hence, it is 
of interest to compare the earlier version with that given here. Such a 
comparison (see Fig. 2, bottom right) shows that the major differences 
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are at high energies, due both to changes in cross sections and to inclusion 
of more reactions in the new calculation. This was corroborated by find- 
ing that spectral-averaged values for a number of fast and thermal reactor 
spectra were unchanged. On the other hand, the value for a pure fission 
spectrum increased from 923 to 941 barns, and the value for a conceptual 
fusion reactor (UWMAK-1) [15] first wall spectrum increased from 855 
to 1030 barns. 

Summary 

Damage energy cross sections, employing the Lindhard energy partition 
model, have been developed for a number of common metals based on 
ENDF/B-IV data. Tabulations of these cross sections are included in a 
relatively fine group structure. Examples of PKA spectra and displace- 
ment cross sections are given to illustrate the contributions of various 
nuclear reactions. 

A more extensive compilation [16] will be available shortly that will in- 
dude graphical presentations of all the displacement cross sections, a number 
of PKA spectra, EBR-II displacement rate maps for several metals, and 
other items omitted here due to space limitations. 

Acknowledgment 

This work.was supported by the U.S. Energy Research and Develop- 
ment Administration under Contract E(45-1)-2170. 

References 

[1] McElroy, W. N., Simons, R. L., Doran, D. G., and Odette, G. g., Journal of Testing 
and Evaluation, Vol. 3, 1975, p. 220. 

[2] Jenkins, J. D., Nuclear Science and Engineering, Vol. 41, 1970, p. 155. 
[3] Sheely, W. F., Nuclear Science and Engineering, Vol. 29, 1967, p. 165. 
[4] Doran, D. G., Nuclear Science and Engineering, Vol. 49, 1972, p. 130. 
[5] Doran, D. G., Nuclear Science and Engineering, Vol. 52, 1973, p. 398. 
[6] Doran, D. G. and Graves, N. J., "Displacement Cross Sections for Fe, Cr, Ni, 18/10 

SS, Mo, V, Nh, and Ta," Technical Report HEDL-TME 73-59, Hartford Engineering 
Development Laboratory, Richland, Wash., July 1973. 

[7] Kulcinski, G. L., Doran, D. G., and Abdou, M. A. in Properties of Reactor Structural 
Alloys After Neutron on Particle Irradiation, ASTM STP 570, American Society for 
Testing and Materials, 1975, pp. 329-351. 

[8] "Recommendations for Displacement Calculations for Reactor/Accelerator Studies in 
Austenitic Steel" formulated by IAEA Specialists' Meeting on Radiation Damage 
Units, Seattle, Wash., Oct. 1972; Nuclear Engineering and Design, Vol. 33, 1975, p. 91. 

[9] Doran, D. G., Beeler, J. R., Jr., Dudey, N. D., and Fluss, M. J., "Report of the 
Working Group on Displacement Models and Procedures for Damage Calculations," 
Technical Report HEDL-TME 73-76, Hanford Engineering Development Laboratory, 
Richland, Wash., Dec. 1973. 

[10] Orphan, V. J., Rasmussen, N. C., and Harper, T. L., "Line and Continuum Gamma- 
Ray Yields from Thermal Neutron Capture in 74 Elements," Technical Report GA- 
10248, DASA-2500, Gulf General Atomic, 1970. 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



482 IRRADIATION EFFECTS ON METALS 

[11] "Controlled Thermonuclear Progress Report HEDL-TME 75-24," D. G. Doran and 
H. H. Yoshikawa, Compilers, Hanford Engineering Development Laboratory, Rich- 
land, Wash., Feb. 1975. 

[12] Kikuchi, K. K. and Kawai, M., Nuclear Matter and Nuclear Reactions, American 
Elsevier Publishing Company, New York, 1968. 

[13] Newton, T. D., Canadian Journal of  Physics, Vol. 34, 1956, p. 804. 
[14] Pearlstein, S., Nuclear Data, Vol. A3, 1967, p. 327. 
[15] Fusion Feasibility Study Group, Kulcinski, G. L., Director, "UWMAK-I, A Wisconsin 

Toroidal Fusion Reactor Design," Technical Report UWFDM-68, University of Wis- 
consin, Madison, Wis., March 1974. 

[16] Doran, D. G. and Graves, N. J., "Displacement Cross Sections and PKA Spectra: 
Tables and Applications," Technical Report HEDL-TME 76-70, Hanford Engineering 
Development Laboratory, Richland, Wash.~ Sept. 1976. 

NOTE--A paper discussing more rigorous kinematic descriptions of several nonelastic 
reactions has been published recently by Odette and Dairon (Nuclear Technology, Vol. 29, 
1976, p. 346). For slightly different approaches to the calculation of damage energy cross 
sections, see also the papers by Parkin and Goland (Radiation Effects, Vol. 28, 1976, p. 1) 
and Gabriel et al (Nuclear Science Engineering, Vol. 61, 1976, p. 21). 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



STP611-EB/Nov. 1976 

Index 

A 

Activation energy, 64 
Aging, 77, 157, 166, 184, 308, 321, 

355 
Aluminum, 211,331,465 
Anneal, 173,443 
Auger spectroscopy, 141,150, 441 
Austenitic alloys, 6, 33, 35, 37, 72, 

92, 101,120 

Cottrell atmosphere, 260 
Cracks, 389 
Creep, 12, 23,294 

Coefficients, 25, 35 
In-reactor, 10 
Irradiation, 10, 37,285 
Model, 12 
Transient, 28 

D 

B 

Blue brittle, 54 
Burst test, 103 

C 

Carbides, 82, 119, 228,274 
Carbon, 55, 67, 150, 197, 211,301, 

420 
Cavities, 111 
Channel fracture, 130, 133 
Charpy-V notch test, 392, 397, 403, 

435,440 
Chromium, 151,270, 420, 465 
Cladding, 6, 101,107, 209, 220 
Clusters, 242,286, 375,452 
Cold working, 6, 35, 72, 84 
Columbium, 211,242, 465 
Columbium alloys, 243 
Compact tension, 389 
Composition, effect of, 196, 199, 211 
Control rod thimble, 120 
Copper, 211, 415,426, 465 

Damage energy cross section, 471, 
480 

Damage function, 187, 189, 470 
Decarburized steel, 67 
Defects, 451 
Delta phase, 362,365 
Density, 73,220, 273 
Diffraction patterns, 359 
Diffusion, 380 
Dislocations, 82, 133, 143,234, 245, 

257,285,300, 302, 340, 375 
Climb-glide mechanism, 291 

Displacement spikes, 449 
DPA models, 230 

Kinchin and Pease, 230, 317,339 
Ductility, 94, 108, 129, 132, 160, 179 

E 

Electron diffraction, 359 
Electron vacancy, 270, 278 
Elongation 

Uniform, 165,179, 182 
Total, 179, 182, 185 

483 

Copyright�9 by ASTM International www.astm.org 
Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



484 IRRADIATION EFFECTS ON METALS 

Eta phase, 367 

F 

Failure 
Strain, 104 
Stress, 104 
Temperature, 104 

Fast Flux 
E > 0.1 MeV, 7, 20, 35, 55, 73, 93, 

101,120, 140 
Ferritic alloys 

EM-12, 228 
HT- 19, 228 

Fluence effect, 127,412 
Foil, 73,229, 243 
Fracture 

Intergranular, 130 
Mode, 111,128 
Strength, 1 
Toughness, 111,388,404 
Transgranular, 130 
Transition, 136 

Fuel cladding transient tester, 102 
Fuel column, 115 
Fuel pin, 101,130, 172, 220 

G 

Gamma heated, 271 
Gamma prime, 143, 271, 315, 321, 

355,382 
Grain boundaries, 156, 234 

1 

Impact testing, 389, 392, 397, 403, 
435,440 

Impurities, 244, 259, 267 
Incoloy 800, 280 
Inconel 706, 354 
Incone1718,156, 354 
Interstitials, 244, 266, 292, 298, 449 
Iron, 270, 450, 465 
Iron-nickel chromium alloys, 315, 

337 
Irradiation 

Alpha particle, 285 
Deuteron, 285 
Electron, 213,243 
Ion, 195,229, 279, 300, 317, 338, 

354, 371 
Neutron, 20, 35, 55, 73, 93, 101, 

120, 140, 157, 176, 238, 391 
Temperature, 20, 35, 73, 92, 103, 

120, 140, 156, 182, 295,300 

K 

KIr 390 
Knoop hardness, 176, 178 

L 

Laves phase, 367 
Luders band, 59, 64 
Luders strain, 56, 64 

H 

Hardening 
Percipitation, 143,370 
Work, 59, 80 

Hastelloy-X, 280 
HAZ, 401 
Heating rates, 109 
Helium, 75, 95, 132, 154, 174, 190, 

224, 317,338 

M 

M23 C6, 82 
Manganese, 420 
McVetty relationship, 38 
Mechanical properties, 12, 23, 75, 

92, 95, 101, 120, 146, 160, 
171,185,402 

Metallography, 175 
Microhardness, 174, 438 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



INDEX 485 

Microscopy 
Optical, 441 
SEM, 111, 129, 141,149, 441 
TEM, 78, 141,231,286, 317, 343, 

354, 372, 441 
Microstructure, 82, 141, 179, 233, 

284, 288, 298, 340, 357 
Mild steels, 55 
Molybdenum, 420 
Mu phase, 367 

N 

Nickel, 151,285,420, 465 
Nickel alloys 

PE16, 33,140, 271,354 
GAB, 286, 271 

Nickel-aluminum alloys, 372 
Ni3 A1, 378 

Nimonic alloys, 33,140, 271,354 
Nitrogen, 150, 197,203 

O 

Overaging, 362 
Oxygen, 246, 301 

P 

Pauling's model, 278 
Percipitates, 82, 143, 300, 305,317, 

321,365,373 
Phosphorus, 151,203,415 
Point beach nuclear, 172 
Point defects, 258,266, 349 
Polygonization, 84 
Pressure vessel, 389, 401 

R 

Reactors 
CRBRP, 182, 195 
CTR, 189 
DFR, 35, 27! 

DMTR, 35 
EBR-II, 20, 35, 73, 92, 103, 120, 

140, 156, 182, 209, 225,238, 
464 

ENEL, 387 
FFTF, 91,103,195 
FTR, 182, 209, 225 
HFIAR, 55 
HFIR, 182, 224 
LAMPF, 188 
LMFBR, 72, 91, I01, 156, 353, 

463 
Maine Yankee, 400 
UCRR, 391 

Recovery, 438,441 

S 

Serrations, 59 
Sigma phase, 276 
Silicon, 211,420 
Simulation, of neutron irradiation, 

195,213,229, 243 
Stainless steels 

316 SS, N-lot, 92, 209, 217,271 
M316, 33, 37,271 
316L SS, 271 
316 SS, 6, 35, 72, 92, 101,195, 209 
321 SS, 271 
FV548, 33, 37,271 
G 68,271 

Strain 
Rate effects, 98, 126 
Ratio, 105 

Stress 
Maximum fiber, 10 
Relaxation, 8, 33 

Structural steels 
A302-B, 388,422, 435 
A508-2, 422 
A533-B, 413,422 
A533-C-2, 422 
A543, 422 
HY80, 422 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



486 IRRADIATION EFFECTS ON METALS 

NiCrMo, 422 
MnNiMoV, 423 

Sulfur, 151,203 
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Thermal transients, 104, 108 
Thompson effect, 260 
Titanium effects, 197, 211,331 
Transition temperature increase, 

DTT, 411,419, 426 
Tubing, 92, 271 

Slit, 13 
Tungsten, 465 

U 

Ultimate strength, 75, 95, 124, 125, 
178, 182 

Upper-shelf energy, 392, 411 

u 

Vacancies, 253,257,292, 449 
Vanadium, 298 
Vanadium alloys, 298 
Voids, 73, 82, 111, 142, 220, 231, 

256, 270, 300, 302, 322, 340, 
347,375 

W 

Welds, 157,401,416,419, 436 
Wisconsin Electric Company, 172 
Wrought, 159 

Y 

Yield strength, 75, 95, 124, 164, 178, 
182,391 

Z 

Zircaloy, 171 

Copyright by ASTM Int'l (all rights reserved); Sun Dec 27 13:11:13 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.




