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Abstract

The microstructural evolution of high-purity steel under irradiation is modeled including a dislocation density that

evolves simultaneously with void nucleation and growth. Analysis of the coupled microstructure sinks indicates the

evolving dislocation density shapes the rate of void nucleation and the void size distribution so as to enhance

steady-swelling behavior at high doses. The incubation dose, to roughly the point of transition to steady-state swelling,

is closely related to and even controlled by evolution of the dislocation structure. Incubation is thus a strong function

of both the irradiation temperature and the dose rate. The predicted swelling trends versus temperature, flux, and time

are closer to experimental results than earlier calculations of void nucleation and growth with a fixed dislocation

density.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Irradiation-induced swelling in reactor steels com-

monly exhibits an incubation period during which the

volume change initially remains small despite the

increasing radiation dose. The duration of this incuba-

tion stage depends on temperature, dose rate, and initial

characteristics like dislocation density and solute con-

centrations [1–7]. Eventually, the swelling rate acceler-

ates to a value around 1%/dpa (displacement per

atom) for austenitic stainless steels. Once achieved, this

rate is fairly constant over many subsequent dpa of irra-

diation. It is also largely independent of temperature

and flux over wide ranges.
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Microscopically, all aspects of this evolution are dri-

ven by competition among dislocations, defect clusters,

and stable voids for the mobile defects created by dam-

age cascades. Much of the radiation damage subse-

quently annihilates, but some portion contributes to

persistent changes in the material, including swelling.

Stress-mediated interactions between defects lead to a

preferential segregation of interstitials (or mobile inter-

stitial clusters) at climbing dislocations, and a corre-

sponding net influx of vacancies at growing voids and

vacancy clusters [8–10]. Swelling does not occur absent

growing voids because dislocations then absorb equal

numbers of vacancies and interstitials on average.

Accurate modeling of this annihilation/segregation

behavior demands a self-consistent treatment of the

total defect population including the deposition of new

defects by irradiation and the results of mutual reactions

within the population. A complete account of the

radiation damage process should also include for the
ed.
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heterogeneous distribution of the cascade debris. For

example, cascade simulations indicate that interstitial

clusters are mostly deposited in a halo around a central

distribution of vacancy clusters [11]. In contrast, early

models of swelling deposit radiation damage as isolated

defect monomers and then solve mean-field reaction rate

equations for a simplified system of supersaturated de-

fect monomers, stable, TEM-visible voids, and disloca-

tions [8,12,13]. We will refer to this approach as the

�standard� rate theory. These standard rate theories have

not been entirely successful at reproducing experiment,

and it is widely believed that their principal shortcoming

is the neglect of defect clustering within the cascade, be-

fore any reactions occur with the pre-existing micro-

structure [14,15]. Other suggested limitations include

that the mean field approximation does not account

for persistent spatial variations such as inhomogeneous

microstructure [13], or that there are additional fluctua-

tions in mobile defect densities due to cascade damage

deposition events [16].

However, uncontrolled mathematical approxima-

tions have also been introduced into these models, be-

sides various assumptions about microscopic processes.

These numerical deficiencies may instead account for

discrepancies with experiment. For example, some early

solutions of the rate equations preclude any fluctuations

in cluster size. That is to say that like-sized clusters grow

or shrink in lock-step, remaining like-sized at all later

times [8,12,13,17]. This continuous, deterministic evolu-

tion is not a requisite of the mean field approximation.

Master equation approaches [18] employ mean field

reaction rates, but account for temporal fluctuations in

cluster size. Similarly, time-dependent fluctuations are

automatically included in the Fokker–Planck formalism

[18–20]. Whether or not the mean field approximation is

justified in cascade damage conditions; continuous,

deterministic evolution is known to be a poor approxi-

mation for small clusters [19].

Yet other uncontrolled approximations are com-

monly made by truncating the void size distribution in

rate theories of radiation damage [8,12,13,17]. The

aforementioned standard rate theory models ignore the

effect of sub-critical defect clusters entirely. This gives

an additional shortcoming; such models cannot provide

a self-consistent treatment of the nucleation of stable

voids. Standard rate theories with truncated void size

distributions (monomers plus stable voids) may be

solved (internally) self-consistently, but they are never

self-consistent theories of vacancy aggregation or void

nucleation. More recent models assume that these clus-

ters arise from the initial clustering of the defects within

the cascades, exclusive of the monomer aggregation that

drives the growth of large clusters [21]. These models

introduce stable voids by fiat (e.g., in accord with exper-

imental measurements) or by some plausible but limited

process. A self-consistent theory requires that the entire
population of vacancy clusters of all sizes be treated

together with the monomer (and any other mobile)

reactants, without artificial approximations as to the dis-

tribution or range of cluster sizes or as to the reaction

pathways leading to stable clusters. Rate equations for

vacancy absorption at large voids cannot be examined

in isolation from vacancy absorption at small voids or

even in isolation from direct vacancy-vacancy aggrega-

tion. (Obviously, non-equilibrium dimer and sub-critical

cluster formation is an inevitable consequence of a va-

cancy supersaturation. No fully self-consistent treatment

of cluster evolution can neglect this process, without first

proving that it is negligible.) At the very least, by failing

to include the presence of sub-critical clusters, standard

rate theory models will fail to describe transient behav-

ior at the onset of irradiation, when mostly vacancies

plus small voids are present [13].

Finally, while a recent Fokker–Planck study [21] ac-

counts for most sub-critical clusters, it does not appear

to be self-consistent. The study calculates cluster evolu-

tion rates assuming a time-independent vacancy and

interstitial concentration. In actuality, the monomer

concentrations rapidly adapt to reflect changes in the

aggregate sink strengths of the material microstructure.

Thus, the conditional probabilities in the integrands of

Eqs. (12) and (14) in Ref. [21] are themselves functional

of the entire, time-dependent defect cluster size distribu-

tion. The need for self-consistency imposes strict

requirements on any numerical solution. The density

of mobile monomers adapts rapidly, so the coupled rate

equations are stiff. This feature demands careful treat-

ment of the numerical evolution [22,23], or a scheme

for treating the monomers separately from the rest of

the system [18,19]. In addition, the exclusion of vacancy

dimers and trimers in [21] introduces an uncontrolled

approximation into the evolution equations. Older, clas-

sical nucleation theories include all sub-critical cluster

sizes, but similarly assume a time-independent concen-

tration of monomers [9,24], and so are not self-consist-

ent, either.

Given widespread misconceptions about the validity

of early rate theory approximations, it is entirely unclear

what the pre-dominant shortcomings are in the existing

numerical solutions. As a first step, accurate, complete

solutions of the mean field rate equations should be

obtained. A variety of improvements, modifications, or

embellishments may then be examined, in turn. Re-

cently, simulations of void evolution and irradiation

swelling behavior have been analyzed for a model with

a constant dislocation density [18]. This simplification

allowed study of void nucleation and growth in isolation

from other, concurrent changes in the microstructure.

This was the first completely self-consistent treatment

to high dose of any model of vacancy aggregation in

metals, the void size distribution being neither arbitrar-

ily truncated nor artificially initialized. The model suc-
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cessfully reproduced transient incubation-like behavior

followed by quasi-steady swelling. Based on these re-

sults, at least part of the incubation behavior may be

identified with the development of large, stable voids,

supporting the use of nucleation and growth simulations

[19,25,26] for transient swelling behavior. Significantly, a

good part of the incubation behavior could be repro-

duced without invoking preformed defect clusters within

the cascade of initial atomic displacements.

While such calculations give a plausible incubation

[18,27], they fail to reproduce other qualitative features

of experimental swelling. For example, much of the

acceleration of swelling during the experimental incuba-

tion period occupies only a fraction of its duration, to-

wards the end of the interval. In general, those

experiments with the longest incubation delays exhibit

the sharpest crossover to steady swelling [1]. In contrast,

the predicted swelling was found to rise smoothly during

incubation. The longest predicted delays were the most

gradual, where swelling exhibited a power-law behavior

versus time [27]. Additionally, while the experimental

swelling appears to be steady after incubation [1], the

predicted swelling rate declined with time. (The cal-

culated peak rate could fall by half at 100dpa [27].)

Finally, the experimental steady-swelling rates are

largely independent of temperature and flux over wide

ranges [1]. In contrast, the simulated swelling was visibly

dependent on the temperature and dose rate. The pre-

dicted swelling curves at different temperatures tended

to cross one another because the longer incubation cases

seemed to lead to higher peak swelling rates [27]. The

calculated incubation delays were very short, more con-

sistent with experiments on high-purity steel, but the ob-

served flux-dependence suggests that another process in

the overall microstructural evolution (besides void

nucleation and growth) must be involved.

It is well known that dislocation densities simultane-

ously evolve with the voids under irradiation bombard-

ment. The resulting time-dependent changes in the

dislocation sink strength will influence the predicted

swelling behavior. Thus, co-evolution of dislocations

must be included along with the careful modeling of

voids when comparing rate-theory simulations to obser-

vations. More realistic simulations of time-dependent

dislocation and void populations have recently been per-

formed, and a preliminary examination of a combined

dislocation/void evolution model shows encouraging re-

sults for swelling behavior [28].

In this paper, we report further on simulations

of void and dislocation co-evolution. We model a pure

austenitic stainless steel, with a starting dislocation

density of 6 · 1013m�2, corresponding to a solution an-

nealed condition. We examine incubation doses, quasi-

steady-swelling rates, and terminal void and dislocation

densities and their dependence on temperature, flux, and

dose. This co-evolution model does not include pre-
formed defect clusters. There are no separate interstitial

clusters or dislocation loops and no explicit loop forma-

tion or coalescence, although these processes are implicit

in the dislocation evolution model. This is not to argue

that such phenomena are not prominent in an irradiated

material, since loops are clearly visible in experiments.

The calculations presented here reveal how void nuclea-

tion and dislocation evolution can be critical factors in

the swelling of irradiated materials, but do not exclude

other processes from contributing. Having said this,

the qualitative successes of the co-evolution model sug-

gest that swelling behavior may not be so strongly influ-

enced by cascade defect clustering.

The full set of simulations reveals how the sink

strengths of dislocations and voids change self-consist-

ently with the mobile defect population and thus depend

on environmental parameters like temperature and flux.

The transient formation of many small clusters, their

occasional growth to stable size, the subsequent decrease

of the sub-critical population, and yet its overall persist-

ence even after nucleation is complete, all influences

the macroscopic swelling behavior. The final density of

(stable, visible) voids depends on the initial dislocation

density, besides environmental parameters. The terminal

dislocation density is mainly a function of temperature

and flux and the final void density; it is not directly

dependent on the original dislocation content. Unstable

or sub-critical clusters never reach a truly constant con-

centration; they are sustained at some elevated concen-

tration by the evolving vacancy supersaturation (itself

a function of the environment and the evolving void

and dislocation content). The competition among these

three temperature-, flux-, and time-dependent sinks

nevertheless creates a nearly constant swelling rate at

about 1%/dpa for a wide range of conditions. To under-

stand this result, the flow of radiation-induced defects

is analyzed by comparing total sink strengths of the

dislocations and voids. Based on this analysis, the

improved agreement with experiment as compared to

our earlier results [18] may be attributed to a reduced

nucleation of voids in the solution-annealed material,

followed by an increase of dislocation density (dislo-

cation sink strength) by approximately an order of

magnitude.
2. Time-dependent dislocation model

During irradiation, dislocation evolution depends on

thermal annealing processes, a net influx of radiation-

induced defects to pre-existing dislocations, and on loop

nucleation, loop growth, and loop coalescence into the

dislocation network. The overall behavior has been

examined in an earlier study, assuming that dislocation

segments in the initial network experience a range of dif-

ferent local environments which affects their bias factor



Fig. 1. Volumetric swelling versus dose to 100dpa for multiple

temperatures and for a dose rate of 10�6dpa/s. The tempera-

tures are listed in the figure legend.
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[29]. With one free parameter, the model obtains reason-

able results for the total dislocation density, q, versus
temperature, time, and irradiation flux as compared to

experiment. The result is expressed with separate annihi-

lation and production processes by the equation:

dq
dt

¼ �Aq2 þ Bq: ð1Þ

The quadratic term in Eq. (1) is consistent with dislo-

cation dipole annihilation. Its pre-factor is obtained

from a detailed model for the rate of dipole annihilation

under combined glide and climb of dislocation segments.

Segment motion is driven both by thermal annealing

and by the non-equilibrium flux of mobile defects due

to irradiation. Individual dislocation segments receive

different fluxes of vacancies or interstitials (even in the

absence of voids) because the local environments and

bias factors of the dislocation segments are assumed to

vary by random amounts. The separate term for produc-

tion of dislocation segments, Bq, models the process as

dislocation bowing between pinning points under the

net supersaturation of defects (the linear dependence

being consistent with production at Bardeen–Herring

sources). These curved dislocation segments also serve

to incorporate loop growth into the model in an approx-

imate manner. The pre-factor depends on an average

separation of pinning points, l (which is the only adjust-

able parameter). This parameter is fit to the measured

terminal dislocation density at some temperature and

dose rate. Ultimately, segment annihilation (creation)

is not simply quadratic (linear) in the density, since the

coefficients, A and B, are also functionally dependent

on q.
It had originally been assumed in the development

and application of this dislocation model that the void

sink strength remains constant over time. This restriction

has been lifted in the present implementation, resulting in

a dislocation evolution which couples self-consistently to

the void evolution [28]. The time-dependent defect flux to

dislocations is proportional to the instantaneous mono-

mer concentrations, and so depends indirectly on the

sink strength for the co-evolving voids, as well.

The computational method for treating void evolu-

tion has been previously described in detail [18]. Va-

cancy clusters are taken to be spherical sinks, and the

cross-section for monomer impingement taken to be

proportional to the sum of cluster and vacancy radii.

Stress-induced interactions and bias factors for voids

and dislocations are calculated in the mean field treat-

ment. Thermal vacancy emission rates are obtained from

a fit to cluster energies and detailed-balance arguments.

Cluster growth and evaporation are treated stochasti-

cally, to capture the nucleation of stable clusters includ-

ing transient behavior.

Vacancy and interstitial concentrations are calculated

in a quasi-stationary approximation, assuming that all
irradiation damage is introduced as defect monomers

and including the sink strength of the voids and disloca-

tions in the usual mean field approximation. Disloca-

tions are modeled as straight network segments at a

given density for purposes of the computing the biased

dislocation sink strengths for monomers. Aggregate void

sink strengths are calculated for the full size distribution,

including size-dependent bias factors. The entire, cou-

pled system of monomers, dislocations, and voids can

be self-consistently evolved to cumulative doses in excess

of 100dpa.
3. Results and analysis

The initial swelling behavior for void and dislocation

co-evolution in type-316 stainless steel is shown in Fig.

1. Model parameters are the same as were used for ear-

lier, constant dislocation density simulations. (Repre-

sentative swelling curves for that model may be seen in

Ref. [18].) In the simulations reported here, the swelling

curves at multiple temperatures appear to reach the

same asymptotic swelling rate, around 0.8%/dpa. The

exact value depends on the bias factor model chosen

for the dislocations. We recalculate the dislocation bias

factors at each time-step to reflect the time-varying dis-

location density. The highest temperature case shown

(660 �C) is still in the incubation stage at 25dpa; it in-

creases to a swelling rate of approximately 0.5%/dpa

by the end of the simulation at 100dpa. Incubation peri-

ods are visibly much shorter than are seen in commercial



M.P. Surh et al. / Journal of Nuclear Materials 336 (2005) 217–224 221
reactor steels. However, experiments on high-purity ter-

nary stainless steels have a much shorter incubation

delay than commercial steels [3–7]. Such pure materials

are closer to our model for precipitate and solute-free

steel. Our two principal results, namely, the incuba-

tion-like interval followed by steady swelling that is

uniform over a range of temperatures, are in good qual-

itative agreement with the experimental results of Okita

et al. [3–7] on pure austenitic alloys.

The predicted crossover from transient to steady

swelling is slightly more abrupt now that dislocation

evolution is included. The simulations may be numeri-

cally differentiated to obtain the swelling rate versus time

or dose, shown in Fig. 2, for the full duration of the sim-

ulation. There are three changes between the current re-

sults and those with a time- independent dislocation

model (Ref. [18,27]). First, the swelling takes longer to

reach its peak rate. Second, the swelling rate does not al-

ways show a single local maximum (versus time), which

it invariably does when the dislocation density is held

fixed. Finally, the peak swelling rates are better main-

tained at late times. (For example, the swelling rate at

500 �C remains between 0.7% and 0.9%/dpa from 1 to

100dpa.)

These differences are all consequences of the evolving

dislocation density, which increases from its solution-

annealed starting values to a temperature- and flux-

dependent terminal value. In a fixed dislocation density

model, the voids monotonically grow to become the
Fig. 2. Swelling rate versus dose for the same temperatures and

dose rates as Fig. 1. The roughly straight, declining segments

that follow the peaks (e.g., for the curves at 340–580�C between

20 and 100dpa) are a characteristic of void sinks that eventually

grow to dominate the asymptotic dislocation sinks (see also Fig.

3, Ref. [15]).
dominant sinks for vacancies and interstitials. The net

swelling rate is initially small when there are few voids

present, then increases (incubation behavior) to a maxi-

mum value as the stable voids nucleate and grow, and

finally declines (quasi-steady behavior) as the void sink

strength increases to dominate the dislocations. As this

occurs, interstitials increasingly annihilate at the stable

voids instead of contributing to dislocation climb, caus-

ing the swelling rate to diminish [30]. In contrast, when

the dislocation density is allowed to evolve from starting

solution-annealed values, the dislocation sink strength

also increases monotonically from initial values. The

sink strength ratio for voids and dislocations changes

more slowly. As a result, the swelling rate can have more

than one local extremum, and the peak rate of swelling

appears to be better maintained over time. Ultimately,

the dislocation density reaches saturation while the voids

continue to grow in size. The swelling behavior then

resembles the model with a constant dislocation density.

The co-evolution model predicts relatively simple

behavior for dislocation and void densities (Figs. 3 and

4). For most (moderate) temperatures, the dislocation

density increases from the starting value of 6 ·
1013m�2. Time-evolution is faster for higher tempera-

tures and dislocation mobility. The terminal dislocation

density declines with temperature (for a fixed irradiation

rate) as dipole annihilation increases in importance [29].

Visible voids (Fig. 4) nucleate rapidly and reach their

approximate terminal densities in fractions of a dpa.

Comparing Figs. 3 and 4 demonstrates that void nucle-

ation is completed before the dislocation density changes

appreciably. Terminal (stable) void density thus depends

on temperature, dose rate, and starting dislocation den-

sity, but is independent of terminal dislocation density.
Fig. 3. Dislocation density versus dose for various tempera-

tures and a dose rate of 10�6dpa/s.



Fig. 4. Visible void density versus dose for various tempera-

tures and a dose rate of 10�6dpa/s. This quantity is a reasonable

surrogate for the density of stable voids (i.e., those that

continue to grow under the supersaturation of vacancies).
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The ratio of the evolving void sink strength to the

dislocation sink strength is shown in Fig. 5. A unit ratio

is commonly considered to achieve steady swelling, by

providing for the most efficient segregation of vacancies

and interstitials. The simulations demonstrate that the

relative sink strength is essentially never close to unity.
Fig. 5. Ratio of the unbiased sink strengths of voids to

dislocations as a function of dose. The void sink strength

includes unstable vacancy clusters and vacancy monomers as

well as all of the stable voids.
Instead, the ratio transiently reaches large values due

to the formation of numerous small, unstable clusters.

Here, �unstable clusters� includes the vacancy monomers

as well as small voids. Thus, the unstable cluster sink

strength gives a measure of the direct vacancy–intersti-

tial annihilation plus vacancy–interstitial recombination

at small vacancy clusters. By the time the vacancy con-

centration falls and the unstable clusters are reduced in

density, the stable voids have grown to provide the dom-

inant sink strength.

Ultimately, the predicted steady-swelling rate lies

near 1%/dpa because the underlying defect production

rate (0.1 Frenkel pair per dpa) and stress-induced bias

factors reproduce the experimentally observed rate of

vacancy/interstitial segregation for the high ratio of sink

strengths. The swelling is quasi-steady because the defect

sinks stay in a narrow post-incubation range (near 2:1 to

4:1) for the length of the simulation and for a wide range

of temperature. Two factors help preserve this ratio.

First, for most temperatures, fewer stable voids nucleate

when the initial dislocation content is low (see Fig. 12,

Ref. [27]). Thus, for a given amount of swelling, solu-

tion-annealed initial conditions yield fewer, larger stable

voids. This better preserves the ratio of sink strengths

over subsequent volume changes. (This effect is easily

understood: Once stable voids have finished nucleating,

swelling increases their average volume essentially in

proportion to the macroscopic volume change. How-

ever, sink strengths increase proportionally to the void

radius. Thus, the total change in void sink strength for

a given volume change is less if there are few, large voids

in the system with initial aggregate volume DV1 that

grow to DV2 than if there are many, small voids which

grow from DV1 to DV2.) Second, the solution-annealed

dislocation density increases to a terminal value (typi-

cally by a factor of 10) after the stable voids have nucle-

ated. This makes the ratio of sink strengths even less

sensitive to the continuing void growth and thereby pro-

longs the quasi-steady-swelling behavior.

For example, the decrease from the peak rate in the

log-linear plots from Fig. 2 (e.g., for 340–580�C) have
approximately the same slope as Fig. 2 in Ref. [27].

However, the peak is here achieved much later (near

10dpa instead of 1dpa), so the cumulative decrease at

100dpa is much smaller.

Besides the steady-swelling behavior, we obtain

encouraging results on the temperature- and flux-

dependent trends in the incubation delay. Fig. 6 shows

the predicted incubation time for high-purity austenitic

stainless steel as a function of temperature and for three

different dose rates. The incubation curves qualitatively

resemble simulations where the dislocation density is

constrained at the approximate terminal density

(6 · 1014m�2, see Fig. 6, Ref. [27]), although the curves

seem to shift to slightly higher temperature here. As be-

fore [15], the family of curves in Fig. 6 shows that the



Fig. 6. Incubation dose versus temperature for three irradiation

dose rates, of 10�6, 10�7, and 10�8dpa/s. The incubation is

defined using a threshold swelling of 1%.

Fig. 7. Incubation dose versus temperature for three irradiation

dose rates, of 10�6, 10�7, and 10�8dpa/s. The incubation is

defined by linear extrapolation from the point of maximum

slope in the swelling curves back to zero swelling.

Fig. 8. Terminal density of visible voids (taken at 100dpa total

fluence) versus temperature for three irradiation dose rates, of

10�6, 10�7, and 10�8dpa/s.
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location of the peak swelling temperature (shortest incu-

bation) shifts to higher temperatures as the flux in-

creases. They also show a so-called dose-rate effect.

For moderate temperatures (less than 500–600�C), the
lower flux cases have shorter incubation doses. At higher

temperatures, the flux effect mainly acts to shift the

upper temperature boundary above which swelling is

greatly suppressed.

Fig. 7 displays another definition of the incubation

time, namely a linear extrapolation from the steady-

swelling portion of the curve back to the abscissa. This

definition of incubation gives a stronger dose-rate effect

near 400 �C. Experimental measurements on high-purity

ternary steel between 408 and 440 �C exhibit a dose-rate

effect of the same sign, namely, that the lower flux has

the smaller incubation dose [4,5]. However, the experi-

mental dependence is much stronger than predicted.

Fluxes around 10�8dpa/s possess incubation times of

less than 1dpa, while 10�6dpa/s shows incubation delays

of some 30dpa. Experiments in commercial steel show a

much weaker flux effect (i.e., more consistent with the

magnitude of the simulated effect), with longer incuba-

tion times [1].

Finally, the terminal void density is shown in Fig. 8.

This refers to clusters that should be �visible� to TEM

measurement, namely, those with radius r > 0.5nm, for

comparison with experimental measurements. The re-

sults differ from those shown in Fig. 7, Ref. [19], because

of changes in both the numerical treatment and in the

dislocation bias factors. The new results are in good

agreement with experiment.
4. Conclusions

The predicted swelling behavior changes significantly

when dislocation co-evolution is included along with

void nucleation and growth. The crossover from incuba-

tion behavior to steady growth is more abrupt than

when the dislocations are held constant. The simulations
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still do not fully reproduce the behavior seen in commer-

cial reactor steels. In part, this is because the model is

appropriate only for high-purity rather than commercial

alloys. The predicted temperature- and flux-dependent

incubation time is qualitatively consistent with observa-

tions for high purity ternary steel. However, the availa-

ble measurements suggest a stronger flux-dependence.

Once incubation is complete, the simulated quasi-

steady-swelling rate is now more nearly constant with

dose and shows a greatly reduced dependence on tem-

perature and dose rate. The evolution in dislocation den-

sity from the solution-annealed starting point towards

the terminal value is required to predict this more realis-

tic swelling behavior. At most temperatures studied, the

dislocation density increases from its solution-annealed

starting values, along with the growing void sinks. This

prolongs the period of steady swelling as compared to

calculations with a fixed dislocation content.

On the other hand, the predicted terminal void den-

sity is similar whether a fixed or time-dependent disloca-

tion density is used. This is because the stable voids

nucleate very quickly in the simulation, before the dislo-

cation density can change appreciably from its initial va-

lue. The predicted stable void density is also in good

agreement with experiment.

These dislocation and void co-evolution calculations

use time-independent (i.e., independent of the evolving

dislocation density) dislocation bias factors. This is an

approximation, since the bias factors will depend on

the details of the local dislocation arrangement, includ-

ing separation distance from nearby dislocation seg-

ments. The calculations appear to give good results for

the terminal void densities. However, they underesti-

mate the incubation times, even for experiments in

high-purity steel.

Further, separate modeling of network and loop dis-

location evolution may result in more realistic, time-

dependent dislocation bias factors. Such an improved

dislocation evolution model is planned for future work.

It will also encompass irradiation phenomena like pro-

duction bias [31], defect cluster mobility and coalescence

and loop adsorption at network dislocations. Currently

mobile interstitial clusters can be said to be approxi-

mated as if they have exactly the same mobility and bias

factors as interstitial monomers [32].
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