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ABSTRACT

A rate~theory-based model has been developed which includes the
simultaneous evolution of the dislocation and cavity components of the
microstructure of irradiated austenitic stainless steels. Previous work
has generally focused on developing models for void swelling while
neglecting the time dependence of the dislocation structure. These models
have broadened our understanding of the physical prccesses that give rise
to swelling, e.g., the role of helium and void formation from critically-
sized bubbles. That work has also demonstrated some predictive capability
by successful calibration to fit the results of fast reactaor swelling data.
However, considerable uncertainty about the values of key parameters in
fhese models limits their usefu]ﬁesé as predictivé tools. Hence the use of
such models to extrapolate fission reactor swelling data tc fusion reactor
conditions is cormpromised.

The present work represents an effort to remove some of these uncer-

tainties by self-consistently generating the time dependence of the dislo-

*Research sponsored by the Division of Materials Sciences, U.S.
Department of Energy, under contract DE-AC05-840R21400 with Martin Marietta
Energy Systems, Inc. and the Office of Fusion Energy, U.S. Department of
Energy, under contract AMO03-765F00034 with the University of California at
Santa Barbara. Partial support for one of the authors (Stoller) was pro-
vided by the U,S, NOE Magnetic Fusion Energy Technology Fellowship Program
administered by the 0Oak Ridge Associated Universities.

By acceptance of this article, the

publisher or recipient acknowl_cdqenlsrmﬂunm OF THIS DOCUMENT IS UNLIMITED

the U.S. Government's right to
retain a nonexclusive, royaity-free
license in and to any copyright
covering the article,




cation structure, both faulted loops and network dislocations. The model's
predictions reveal the closely coupled nature of the evolution of the
various microstructural components and generally track the available fast
reactor data in the temperature range of 350—700°C for doses up to 100 dpa.
As the theoretical model has become more complex, parameter choices were
constrained to a more limited range of values in order to obtain this
agreement between theory and experiment. While the model remains approxi-
mate in many respects, it should ultimately provide a more useful tool for
understanding microstructural evolution under irradiation and permit more

confident predictions of void swelling in future fusion reactors.

INTRODUCTION

The task of predicting the observable effects of neutron irradiation
of stainless steel is hindered by the complex interactions of numerous
microscopic phenomena (1,2). A rigorous treatment requires that one con-
sider the simultaneous evolution of the various microstructural features
and microchemical effects such as solute segregation and irradiation
induced phase instabilities. Parameters such as effective point defect
Hiases are difficult to quantify brécise]y, yet they play a major role in
determining the nucleation and growth rates of the various extended
defects.

Development of theoretical models is further hindered by an incomplete
data base and large heat-to-heat variations in microstructural data. Such
variations may in part be related to effects such as reactor duty differen-
ces during various experiments or uncertainties in the temperature, flux,

and fluence at which the experiment was conducted. However, type 316



stainless steel has also shown a significant sensitivity to subtle changes
in minor alloying elements (e.g. carbon, titanium, and silicon) (3) and
details of thermo-mechanical treatment. Such sensitivity increases the
uncertainty in determining values for certain critical physical parameters,
such as "effective" diffusion coefficients and the recombination coeffi-
cient. Further, model predictions are not unique in that various combina-
tions of mechanisms and parameters can result in "reasonable" agreement
with the data. This is particularly a problem if interpretation of limited
data sets, containing intrinsic uncertainties, are interpreted in terms of
single or few mechanisms. Unfortunately such interpretations are often
further compromised by only qualitatively considering the underlying mecha-
nisms and by failing to consider the statistical significance of so-called
data trends. Single mechanism models can be very important in developing
an understanding of individual processes; however, they can justifiably be
applied in quantitative analysis only if both rigorous control over experi-
mental variables is maintained and if it can be shown that the interaction
of multiple mechanisms is not important. This is not often the case in
practice. However, empirical approaches may still provide an engineering
expedient for data correlation and some limited extrapolation of data.

More complex quantitative models allow for competition and interagtion
of mechanisms which have been identified, but they suffer from the proli-
feration of non-unique parameters as noted above. Hence, they are most
effective as analytical tools only if the possible ranges of parameter com-
binations are identified and considered in any extrapolation. Two impor-

tant components of any data analysis effort are the explicit recognition of



the Tikely non-uniqueness of any single calibration and a quantitative
effort to ascertain the consequences of this in extrapolated predictions.
This general problem has been discussed in some detail previously (1).

The model described below is part of an overall effort to develop a
quantitative understanding of microstructural evolution in irradiated
alloys. The model focuses on the coupled evolution of the major
microstructural features observed in irradiated austenitic stainless
steels; bubbles, voids, faulted dislocation loops and network dislocations.
The effects of second phase precipitate particles are included to a limited
degree. The effects of microchemical evolution, which is known to occur
and is likely to be of importance, are not explicitly treated. However,
the influence of microchemical evolution is approximately accounted for in
the various rate theory parameters. The major approximation here is in the
use of material parameters (e.g. biases and diffusivities) which are not
altered to reflect either spatial or temporal fluctuations in the alloy

composition.

DESCRIPTION OF THE MODEL

The model developed here is an extension of previous work which exa-
mined primarily the evolution of the cavity component of the irradiated
microstructure (4-8). That work helped to establish the generally accepted
sequence of events which lead to void swelling; viz., that bubbles nucleate
and slowly grow by accumulating both vacancies and helium until they reach

a critical size, r*, which is determined by the vacancy supersaturation, S,



the material parameters vy, the surface energy and Q, the atomic volume and

temperature, T.

o* = f{an $) s (1)

The function f(&n S) is a non-ideal gas correction factor (8); for an ideal
gas f = 4/3 and k is Boltzman's constant. After reaching this critical
size the bubbles are converted to voids and begin to grow primarily by
vacancy accumulation. Similar theoretical work by others has also con-
firmed this general scenario (9-11). Since references 6 and 7 describe the

cavity evolution model in detail, it will not be discussed further here.

Calculation of Point Defects Concentrations
The approach used to calculate the point defect concentrations

follows the familiar rate theory (7,12). The conventional rate equations

which describe the vacancy and interstitial concentrations are slightly
modified due to the dislocation evolution models. The following assump-
tions are implicit in the mathematical description:

1. The concentrations of vacancies and mono-, di-, tri-, and tetra-
interstitials are calculated as if they were at steady state during a
given time step.

2. Only the mono-defects are mobile. Mobility of small clusters has been
shown to have no significant effect on the point defect calculations

(13). A relatively high interstitial migration energy (0.85 eV) is



used. This value is consistent with recent measurements of this para-
meter in austenitic steels (14,15). Solute-interstitial trapping

could account for this value,

The tetra-interstitial is the stable nucleus for Frank faulted loop growth
The di- and tri-interstitials may thermally dissociate by emitting singie
interstitials.

The point defect sinks included are bubbles, voids, subgrain struc-

ture, transient vacancy clusters in the form of microvoids as a result

of cascade collapse, network dislocaticons and Frank faulted loops.

The sink strengths are calculated using a first order effective medium
approach as described previously (7). The faulted loop and network
dislocations preferentially absorb interstitials; all other sinks are

unbiased.

The rate equations then are:
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In Eqs. (2-6) C,, C3, and Cy are concentrations of di-, tri-, and tetra-

interstitials, the Bq
i,v

defects on interstitial clusters of size j and the *thermal dissociation of di-

and E;,3 are rate constants for the impingement of point

and tri-interstitials, respectively, Sz is the faulted Toop sink strength and

i,v
T, Will be discussed below. The other terms have their normal meaning (see

Table 1).
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The Z?’V(rz) are faulted loop bias factors for interstitials and vacancies and
e ard r are the dislocation core radius and the outer cutoff radius, respec-
tively. The outer cutoff radius is taken as the mean dislocation spacing, ro =

(npn)-l/Z, and the core radius is twice the Burgers vector, r. = 2b, (16,17).

Values for the binding energy of the second and third interstitial in a cluster

(52,3) and for the combinatorial numbers (Zg;v) in Eq. (7) are given in

Table 2. The choice of these values will be discussed below.



The vacancy generation rate (G,) is computed by summing the contributions

from each sink type (Sj)'
= - J
G, ndea(l x) +D, y sjcV (10)

The Cﬂ in Equation (10) are the vacancy concentrations in equilibrium with the
appropriate sink. These have been given previously (7) with the exception of

Cz, the value for faulted Toops.
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The first term in the exponential in Eq. (11) is the elastic energy opposing
Toop growth due to the increasing dislocation line length while the second term
is due to the stacking fault; GS is the shear modulus (18), v is Poisson's
ratio, Yo is the stacking fault energy and b2 is the magnitude of the

Burgers vector (b, = ao//§).

Faulted Loop Evolution

The present model distinguishes between the small interstitial clusters and
the larger faulted ioops by treating their evolution differently. The T, term
in Eq. (6) is the lifetime of a tetra-interstitial against growth to the size of
the first fault~d loop size class. If ry is the radius of the tetra-
interstitial and r% is the radius of loops in the first size class,

4
Ty =f rl(ﬂ)‘l drz
r, dt
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in which A = 2n/2n(ro/rc) and Cs js given by Equation (11).

The use of the term Cyty,~! in Eq. (6) permits a transition between regions
in which alternate descriptions of interstitial Toop evolution are used. As
shown in ktqs. (4-6), a discrete clustering calculation is done for sizes up to (
the tetra-interstitial. However, this description would necessitate integrating
greater than 10% rate equations if it were used for loops up to the maximum size
observed experimentally. The evolution of the larger Toops is instead given by
equations of the form

an}

B A S 23!
a = Nt - Nt (14)

where N? is the number of loops in a given size class with radius r% and the
T; are given by Eq. (12) with the appropriate radii used as the limits of the
integration. The Toop size distribution between ry and the maximum loop radius
is divided into a histogram which presarves the essential Teatures of the
distribution. The number of size classes required can be determined numeri-
cally. Figure 1 is a plot of the loop density and loop line length at 450°C as
é function of the number of size classes used. These predictions are essen-
tially independent of the number of size classes when more than about 15 size
classes are used.

It remains to be shown that Eq. (6) provides a numerically appropriate
boundary condition between the two regions. This can be done by comparing the

net forward current (J+) from Eq. (6) with a more rigorous calculation based on

the continuity equation. The continuity equation yields the following result:
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where Eq. (13) has been substituted for r(C,). Alternately, J, from Eq. (6) is

given by Cyty~!.

L
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where the integral has been approximately evaluated by the values of the
integrand at the lower limit times dr. In the Timit as r% approaches rg (the
radius of the penta-interstitial), Eqs. (17) and (19) are equal by inspection.
This equality is subject to the assumption that the integrand in Eq. (18) is
only a weak function of r. This condition is met by noting that Dvct(rz) ~0

for small loops and that in the present model the biases are not size dependent
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as discussed elsewhere (19). Finally, it is worth noting that the values in

Fig. 1 for 32 size classes correspond to the case where r% = Ige

Network Dislocation Evolution

The modetr for the evolution of the dislocation structure includes four com-
ponents, two of which are solely due to the irradiation and two of which are
thermal. The thermal coriponents are a high temperature climb source term
(Bardeen-Herring sourc.es) and a thermal annihilation term due to stress-assisted
directional diffusion of vacancies. Models of this type have been developed for
the study of creep processes (20,21). Network dislocations can be recovered by
c¢limb and glide processes leading to annihilation. The present model assumes
that climb is the rate contrclling process. The climb velocity of an edge

dislocation subject to a stress, o, is given by Nix et. al. (22) as

g

Vel =£nTF'7r—)'bKTDCG'

Adopting the model of Gibbs (23), the stress is assumed to be an internal (back)

(20)

stress due to a population of immebilized dislocations

= AGbpil/Z (21)

where A is nominally 0.4 and o is the density of pinned dislocations. The

average climb distance is taken as the mean dislocation spacing

d.y = (npn)"I/2 . (22)

Using Eqs. (20—22) one obtains a lifetime against annihilations due to this

climb-glide process as
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In Eg. (23) Ap%/2 has been set to A‘prll/2 and the parameter A was used to fit

thermal recovery data.

The Bardeen-Herring sources for network dislocations are similar to the
Frank-Read source except that the former are climb driven while the later are
glide driven (24). The source is shown schematically in Fig. 2 in which a
pinned dislocation segment is bowed due to an applied stress. After climbing a
sufficient distance, the source will collapse leaving a dislocation loop and the
original line segment which can generate succeeding loops. For simplicity, the
source may be assumed to generate 2nl of new dislocation line length after
climbing a distance L. The time to generate this new line Tength (Tgen) is
defined by analogy with Eq. (23). The climb velocity is given by Eq. (20) and

the generation rate is then

Pn - 2L = 2mlves
Rth "+~ Sp =~ — % (24)
gen
Dn_ g
Rth = Z"Vcl SD . (25)

in which SD is the source density. In cold worked materials potential sources
of this type include not only the dislocation network but also the subgrain
structure. The parameter SD was also used as a fitting parameter,

The thermal dis]ocation.source and annihilation terms were calibrated using
tensile data ohtained at 450°, 550°, and 650°C for AISI 316 stainless steel.
This data included yield strength measurements (2% offset) for both 20% cold-

worked and solution annealed material as well as 20% cold worked material aged
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for 4000 hours at the test temperature (25). Assuming that the hardening incre-
ment due to network dislocations varies as (pp)-1/2 (26) and that this is the
primary cause of the increased yield strength of the cold-worked material rela-
tive to the solution annealed material, the ratios shown in Table 3 are obtained
from the data. The model's predictions for these same ratios are also listed
and the agreement is very good. These values are also consistent with
transmission electron microscope observations on the same heat of steel after
thermal aging (27). These were obtained by computing the dislocation evolution
with dea = 0 in the model. The parameters used to obtain these results are
listed below in Table 4. They are discussed further in the section on Model
Predictions.

Under irradiation, the growth and unfaulting of Frank loops provides an
additional source of dislocations. The model assumes that the maximum loop size
is governed by the geometrical constraint that the loop unfaults upon contacting

another Toop or network dislocation, hence
-1/2 (26)

where pt is the total dislocation density (28). As the loops grow into this

size class, they are no longer considered Frank loops and a dislocation line
J AN )
uanun
this process is given by Eq. (12) with the appropriate limits of integration.

length 2mr £ is added to the dislocation network. The time constant for
The rate at which new disloccation line Tength is generated by this mechanism
is:

RPN = 2np® Wb -1 (27)
irr unf unf
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Network dislocations can also be annihilated by bias driven climb of point

defects generated by irradiation. The climb velocity for this process is

irr _ 1 n n
vep =% [Z23DsCy - 20D (C

Ny~
cl g 1 - Cv)J : (28)

v

where the superscript n denotes the relevant parameter for network dislocations.
By reasoning similar to that which leads to Eq. (23), the dislocation lifetime

for this process is

T, = (non )1/ [z.c. - 2™ (c. - cM] (29)
irr Ed 7174 v vy v *
The lifetimes given in Eqs. (23) and (29) are added using an electrical

resistance analog to yield the total lifetime of network dislocations,

e (e Yo (30)

This finally leads to a rate equation describing the evolution of the disloca-

tion network as

a 21T(Vg1SD ¥ rﬁanﬁnfTaéf ) - panl g (31)
MODEL PREDICTIONS AND COMPARISON WITH DATA
Parameter Choices

There are at least two general goals in developing models such as have just
been described. One is to try to develop an understanding of the important phy-
sical processes that lead to microstructural evolution under irradiation and

the other is to ultimately provide some predictive capability. The satisfaction
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of both of these goals is frustrated by a lack of well known material parameters
for austenitic stainless steel. . In some cases, measurements made on pure metals
can be used to provide initial estimates, but key parameters are known to be
sensitive to alloy composition and perhaps impurities (12,13,29-32). Simple
void swelling models have been successfully used to explain much of the
available swelling data and have provided considerable insight into the mecha-
nisms responsible for this phenomenon (4-10); however, the ability to do predic-
tive work with these models 1is compromised by uncertainty about parameter
values. For example, when bulk recombination is ignored and dislocations are

the major point defect sink, the vacancy supersaturation takes the following

simple form (5).

n G
dpa,,n
e (2] - 1) (32)

Sinvcv

Values of the cascade efficiency (n) between 0.1 and 1.0 have been used by
various workers (7,10,33) and values of the interstitial/dislocation bias (Z?)
have varied between ~1.02 to > 1f5 (7,34,35). Dgpending on the values chosen
for these two parameters, the computed supersaturation can vary significantly.

The parameters used to compute the results given below are listed in Tahles
2 and 4. The initial choice for most of these parameters was the value used
previously (7); these values generally fall within the range of what might be
termed "typical" for the void swelling models which have been referred to

above. A notable exception is the relatively high activation energy for
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interstitial diffusion. Measurements of E? in pure metals have indicated a
Tower value, <0.5 eV (36). Such a value has normally been.used in void sweliing
models already discussed; however, the results obtained from these models are
not sensitive to the value of E? (37). The results obfained with the present
model are dependent on E? via its influence on the predicted faulted loop
population and their subsequent effect on network dislocation density. The
value of E? = 0.85 given in Table 2 is in agreement with recent measurements

of this parameter in austenitic steels (14,15). The fact that the model
requires such a value is encouraging. As the model became more complex, through
the introduction of additional physical mechanisms, more parameters were intro-
duced. However, the modal also became somewhat "stiffer” with respect to
arbitrary parameter choices. The example, reference to Eq. 32 indicates that
relative changes in Z? and n can be used to offset one another in a simple
model. This is no Tonger the case in the present model since the various sinks
have different dependencies on these parameters. The cavity and dislocation
evolution are not independent but are coupled in a complex way via their mutual
effect on the point defect concentrations.

There are several parameters used in the present work which have not been
included previously., These include the thermal dislocation evolution parameters
in Equations 20—25 and the parameters used in the rate equations for intersti-
tial clusters, Equations (26, 9-11). The choice of the values for interstitial
clustering parameters was guided by the results of more detailed nucleation
calculations (13,38,39). The model's predictions are not too sensitive to the

values of the combinatorial numbers while the di- and tri-interstitial binding
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energies affect primarily the temperature dependence of the faulted loop den-
sity. The predicted dislocation density is sensitive to the thermal dislocation
evolution parameters (Table 2) only for temperatures above about 550°C when
faulted Toops cease to contribute significantly to the dislocation network. To
a first approximation, the source density, Sp, should be about equal to L-3
where L is the mean spacing of dislocation pinning points. If cther disloca-
tions provide the primary pinning sites, then L should be roughly proportional
to pal/z. In this case, the maximum and minimum values of Sp given in Table 4
would correspond to pinned dislocation densities of 1.6 x 101* and 7.4 x

1012 -2,

Model Predictions

The results given here were obtained using the parameter values given iﬁ
Tables 1, 2 and 4 and using a computational method diccussed previously (6.

The parameters have not been thoroughly optimized to date but the overall
behavior of the model is very encouraging.

Predicted values for void swelling, network disTocation density and faulted
lToop density are shown in Figure 3, a-c¢ as a function of temperature at two
doses for 20% cold-worked material. A comparison with fast reactor data is pro-
vided in Figs. 4-6. Values of these key microstructural features are well
tracked by the model over this fairly broad temperature range. The swelling
data shown in Fig. 4 is from the RS-1 experiment in the Experimental Breeder
Reactor-II (EBR-II) (40,41). This experiment included several heats of AISI 316
stainless steel which had been developed to meet the specifications for com-
ponents in the first core of the Fast Flux Test Facility (FFTF). The tem-

peratures shown in Fig. 4 reflect a downward revision from the original design
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temperatures (42). The model predicts both incubation times and peak swelling
rates (~1%/dpa in the peak swelling region) which are similar to the data. The
model predictions of swelling at temperatures greater than 650°C in Fig. 3a are
also consistent with recent observations (41).

There is much less data with which to compare the model's predictions of
dislocation and faulted Toop densities. Figure 5 compares dislocation densities
for M316 stainless steel irradiated in the Dounreay Fast Reactor and the DO-heat
of 316 stainless steel irradiated in the EBR-II (27,43). The agreement is quite
good. The results are also consistent with other reported values for AISI 316
stainless steel irradiated in the EBR-II (43). Predicted faulted loop densities
are compared witi data from several sources in Fig. 6. The data are for AISI
316 stainless steel irradiated in both the solution annealed and cold-worked
conditions at doses between about 6 and 16 dpa (28,44-47). The data from
Ref. 27 includes varying stress levels. The predicted curves reflect the
peak faulted loop density for both solution annealed and 20% cold worked start-
ing conditions. The data is reasonably well represented by the predictions
except at low temperatures where the loop density is somewhat low.

The fluence dependence of the model predictions at 500°C is shown in Fig.
7a_and 7b for 20% cold worked and solution annealed material, respectively. The
coupling of the evolution of the various microstructural features is clearly
seen, After an initial transient the microstructure reaches a state which is
independent of the initial condition. The incubation time for swelling is not
primarily associated with the dislocation transient but rather with the time

required for the cavities to accumulate the critical number of helium atoms
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(3-8). Following the initiation of void swelling, additional recovery occurs as
the cavity sink strengths begins to increase. A regime in which the swelling
rate is approximately constant and fairly high occurs when the cavity and dislo-
cation sink strengths have similar values. When such parity occurs the maximum
theoretical swelling rate is observed (48). Although it is not shown in Fig. 7,
at high doses the cavity sink strength exceeds the dislocation sink strength and
the swelling rate begins to decrease as predicted by theory (48). The precise
coincidence of the values for the solution annealed and cold-worked material at
such Tow doses may be somewhat artificial. The model does not include an expli-
cit cavity nucleation calculation and the same initial cavity densities were
used for both materials. Some data indicates that void densities at low doses
are higher for solution annealed material (46) and neglecting this difference
may influence the model's predictions at low doses.

The evolution towards a saturation microstructure has been observed (49,50)
and has bheen discussed elsewhere (1). The predicted low dose peak in the
faulted loop number density in solution annealed material has also been ohserved
(46); however, Brager and Straaisund have reported similar high values at low
doses in 20% cold worked stainless steel (51) in conflict with the predictions
shqwn in Fig. 7. While the initial recovery of the network dislocation density
in the 20% cold-worked material appears to be in agreement with the available
data (49,51), the initial transient appears to occur too quickly in the solution
annealed material (49). The thermal dislocation source term may be the cause of
the too rapid buildup of the network disTocation density for the solution

annealed simulation. The source density (Sp) values were developed for 20%
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cold-worked material and implicitly reflect a near steady state value for the
network dislocation density as discussed above. Hence for the solution annealed
material, the values of Sy may be too high at low doses. Explicit dislocation
density dependence in Sp may be required to improve the agreement with the

solution annealed data.

SUMMARY

The theoretical model described herein provides a vehicle for studying the
evolution of the important microstructural features in fast neutron irradiated
stainless steel. A prominent feature of the model is a new description of
dislocation evolution in which Frank faulted loops nucleate, grow, and unfault
to provide a source for network dislocations while network dislocations are
simultaneously annihilated by climb/glide processes. Faulted loop evolution is
simulated using a novel scheme in which discrete cluster equations are used to
describe the smallest loops and a discretized continuum distribution is used to
describe the larger loops. It has been shown by a rigorous analysis that the
joining of these two quite different descriptions is self-consistent when the
prescription applied here is fo]}owed. This schgme greatly reduces the number
of equations necessary to describe the loop distribution. The model also
1né1udes components which describe the evolution of the dislocation network in
the absence of irradiation. This dislocation evoiution model has been linked
with a previously developed model of cavity evolution which had been used to
analyze the problem of void swelling (5,7).

The predictions of the model indicate that the individual features do not

evolve independently but are coupled via their mutual influences on the point
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defect concentrations. Although the model incorporates the time dependence of
only three major microstructural components (cavities, faulted loops, and net-
work dislocations), good agreement has been obtained with a variety of experi-
mental data. It was encouraging to note that as more microstructural features
were added to the current model, the parameter space in which one could obtain
"reasonable" results became more limited. Even fairly small changes in parame-
ters such as certain of the activation energies could not be accommodated
without significantly altering the predictions. This appears to indicate the
robustness of the rate theory as a tool for investigating radiation effects and
suggests that the relative importance of microstructural evelution may be
greater than that of effects such as microchemistry (52). While microchemical
changes are known to occur, their effect may be obscured globally by the use of
the various rate theory parameters which are effective averages over times énd
distences greater than the scale of the microchemical variations. In such a

case the role of micrechemistry may be primarily to influence microstructural

evolution.
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TABLE 1--Variable Definitions

Parameter

Lattice parameter, a0

Atomic volume, Q

Network dislocation Burgers vector magnitude, bd
Faulted loop Burgers vector magnitude, b2
Vacancy diffusivity, Dv

Interstitial diffusivity, Di

Vacancy concentration, Cv

Thermal equilibrium vacancy concentration, CS
Interstitial concentration, Ci
Di-interstitial concentration, C,
Tri-interstitial concentration, Cj

Tetra-interstitial concentration, C,

Extended defect sink strengths, Sg’v

J

Extended defect equilibrium vacancy concentrations, Cv

"

where: J c for cavities

n for network dislocations

2 for faulted loops

g for subgrains

vcl for microvoids

Value/Units

3.58 x 10-10

1.15 x 10-29 3 (33/4)
2.53 x 10-10 (ao//2]
2.07 x 10-19 (ao//§)
m2/sec

m?/sec

#/atom

#/atom

#/atom

#/atom

#/atom

#/atom

=2

#/atom



TABLE 2. Typical Material and Input Parameters

Parameter
Vacancy migration energy, g™

Vacancy formation energy, Es

Interstitial migration energy, E?

Di-interstitial binding energy, Eg

Tri-interstitial binding energy, E-

Helium-divacancy binding eneragy, Ege

Vacancy diffusivity pre-exponential, Ds

Interstitial diffusivity pre-exponential, D

Recombination coefficient, a

Displacement rate, Ggpa

Helium generation rate GHe

Cascade efficiency, n

Fraction of cascade vacancies collapsed
into microvoids, x

Interstitial/vacancy combinatorial number
for interstitial clusters

Surface free energy, Y
Stacking fault energy, vgf
Initial dislocation density, p, (O)

Network dislocation/interstitial bias, Z?

Faulted loop/interstitial bias, Z?

Value

1.4 eV

1.6 eV

0.85 eV

1.35 eV

1.75 eV

0.5 eV

8.0 x 10~5 m?/sec
8.0 x 10-% m2/sec
1017 p; sec-!

10-8 dqa/sec
x 10-13 He/atom/sec

z% =90 73 =38
Z? =110 Z* = 42
.
Zi 130
3.24 - 1.4 x 10-3 T(°C) J/m?
1.5 x 10-2 J/rl2
3.0 x 1015 m=2 - 20% cold worked
3.0 x 1013 m-2 - solution annealed
1.25
1.50



Table 2 (Continued)

Parameter Value
Subgrain size, d T < 500°C 1.0 x 10-8 m
9 = 550 1,25 x 10-5 m
= 600 3.0 x 105 m
= 650 7.75 x 10-% nm
= 700 1.70 x 10~5 m
Microvoid radius, r T = 350°C 10-10

7.0 x
400°C 7.5 x 1010
450°C 8.0 x 10-10 n

Iv u o

Total cavity density, N .53 x 1026 exp(-0.023 T(°C)) m"

2
Precipitate associated cavity fraction, fp 0.1
Precipitate sink strength, Sp 4 x 101% p=2
Precipitate nucleation time, ™ 0.16 (700 - T(°C)) dpa
matrix ppt. associated
Cavity volume factor, 3FV(B)/4 n 1.0 0.40

Cavity surface area factor, FS(B)/4w 1.0 0.434




TABLE-~-3 Results of thermal dislocation evolution calibration

Dislocation Density Ratio:

Test Temperature

T (°C)

Cold Worked + 4000 h at T

450
550
650

As Cold Worked

Model

0.99
0.41
0.053

TABLE--4 Thermal dislocation evolution parameters

Modified back stress term, A~ 0,05

Temperature

550°C
600°C
650°C

700°C

Source density, SD

x 1021 p-3
X 1020 m"3
X 1020 m—s

X 1019 m-3



FIGURE CAPTIONS

FIGURE 1. Faulted loop density (Nl) and loop line length (pl) as a function of
the number of loop size classes.

FIGURE 2. Schematic drawing of Bardeen-Herring dislocation source (after Ref.
23).

FIGURE 3. Temperature dependence of model predictions of swelling, network
dislocation density and faulted loop density at 50 and 100 dpa.

FIGURE 4, Comparison of predicted swelling and fast reactor data at an inter-
mediate and high fluence (39,40).

FIGURE 5. Comparison of predicted network dislocation density and fast reactor
data at 40 dpa (Ref. 25,42).

FIGURE 6. Comparison of predicted faulted Toop density and low fluence fast
reactor data (27,43-46).

FIGURE 7. Dose dependence of pradicted swelling, network dislocation density,
ane descriptions for the 500°C for 20% cold worked and solution

annealed material.
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