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Abstract

A recently developed master equation and Fokker—Planck method for cluster-nucleation and growth simulations is
applied to a model of impurity-free type-316 stainless steel under irradiation. The evolution of the void size distribution
is treated in full generality, although the dislocation density is held constant versus time and temperature. The simu-
lations reproduce several observed characteristics of irradiation swelling, involving a brief incubation delay followed by
quasi-steady swelling. The predicted incubation period shows a clear dose-rate response — lower irradiation flux requires
less total fluence to complete the incubation process. This trend is consistent with some recent experimental reports.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

With more than three decades worth of data from
irradiated austenitic stainless steels, it has become clear
that void swelling eventually (after accumulating suffi-
cient displacement damage) develops over a wide range
of irradiation temperatures. Temperatures that promote
void swelling range from the onset of vacancy migration
in the material (about 300 °C for austenitic steels) to
regions where self-diffusion dominates (about 650 °C).
Under these conditions, void swelling advances gradu-
ally with increasing time or displacement dose, com-
mencing at a negligible rate, accelerating with dose by
some power greater than one, and inexorably proceed-
ing to a steady-state increase nearly linear with dose.
The gradual or non-linear onset of swelling delimits an
initial, ‘transient’ period. Extrapolation of the sub-
sequent, linear, steady-state behavior to lower doses
gives an intercept at zero swelling, which may be taken
to define an ‘incubation’ dose for void swelling. Alter-
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natively, experimental analyses sometimes use another
empirical definition equal to the cumulative dose to
reach volumetric swelling of 1%. For clarity, neither
definition of incubation is identical to the transient
period, although they are obviously all related.

It is worth noting that both (macroscopic) void
swelling and (microscopic) void nucleation possesses
initial, incubation delays. The two intervals are not the
same. Originally, ‘incubation’ is used in classical nucle-
ation theory to specify the delay to steady nucleation of
stable clusters. Specifically, it refers to the comparatively
short period before the rate of void nucleation reaches
the quasi-stationary value predicted by classical nucle-
ation theory. However, in the radiation damage litera-
ture, it now customarily refers to the delay to steady
swelling. In the discussion presented here, ‘incubation’
will refer to macroscopic swelling, in order to make
connection with experimental observations.

Incubation doses for austenitic stainless steels range
from a few tenths to tens of displacements per atom
(dpa). Subsequently, the volume increases at 1%/dpa,
which rapidly alters the engineering properties of the
material. Thus, the incubation behavior defines to a
large extent the useful lifetime of a component in a
reactor. Metallurgists seek to prolong this period by
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changing the composition and metallurgical processing
of the steel, or by developing new materials not in the
family of austenitic steels.

The various stages of swelling are believed to develop
similarly in many different materials. An example is
shown in Fig. 1, for solution-annealed 304 stainless steel
irradiated in EBR II. Macroscopic measurements do not
readily differentiate these various regimes of behavior.
Therefore, lengthy exposures may be required to com-
plete the incubation process and fully isolate the
asymptotic behavior. It now seems that the true steady-
state swelling is largely independent of initial impurities,
initial dislocation density, system temperature, and
irradiation dose-rate [1-9]. Only the duration of the
incubation period appears to depend on these parame-
ters. Early analyses generally assume that the incubation
period would be independent of dose-rate. As a result,
experiments with limited exposures may confuse steady-
state behavior with the late stages of the transient peri-
od. In such cases, a spurious temperature or dose-rate
dependence may be imputed to the steady-state.

Most importantly, this new interpretation discerns an
incubation ‘dose-rate effect’, i.e., that a lower irradiation
dose-rate requires a smaller cumulative fluence to com-
plete the incubation process [4-9] (see also Fig. 1). This
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Fig. 1. Void swelling in solution-annealed 304 stainless steel
irradiated in the reflector and blanket regions of EBR-II. Data
are grouped according to the dose-rates indicated in the insert.
The onset of irradiation triggers the formation of small defect
clusters but causes very little volumetric expansion. This is
followed by an incubation period consisting of void accumu-
lation and growth and accelerating void swelling. This eventu-
ally reaches a steady-state swelling rate around 1%/dpa for
austenitic steel (as indicated by the solid line).

relation will impact next-generation reactor designs that
operate at historically low dose-rates or higher temper-
atures than current facilities. Reactor components sub-
jected to these conditions may swell sooner than
previously anticipated. Such a possibility calls for new
experimental and theoretical efforts to better understand
the transient behavior of irradiation-induced swelling.

Prior theory and modeling of radiation-induced void
swelling falls into two categories. The first models
emphasize the growth of voids once nucleated. They
assume that voids begin to nucleate early on, and that
the deterministic growth of these cavities dictates
swelling behavior. Void nucleation is included at a
steady-state rate, but without a self-consistent provision
to terminate the nucleation process and limit the final
density of voids. This steady-state theory does not pro-
vide the final number density of voids that can be
compared with experimental results [10]. A second cat-
egory of theory seeks more detailed descriptions of time-
dependent void nucleation. Such schemes have long
been available, but their use in the analysis of actual
data has been limited [11]. Time-dependent calculations
have previously been too slow to reach doses required
to complete incubation (tens of dpa, in materials like
austenitic steels) [12].

Now, a new master equation/Monte Carlo hybrid
method enables the renewed pursuit of a time-dependent
void nucleation and growth theory, with the goal to
eventually predict void swelling in all of its stages. Our
numerical implementation of the rate theory method
[12,13] has been described in Refs. [14,15]. This method
will allow us to systematically incorporate the various
processes believed to influence void swelling, such as
defect trapping by impurities, concurrent loop and net-
work dislocation evolution, radiation-induced segrega-
tion and its effect on bias factors, ‘production bias’ and
low-dimensional cluster diffusion, etc.

This paper is the first in a series that will examine the
nucleation and growth of voids and the time-dependent
swelling of irradiated metals. We extend earlier simula-
tions of void nucleation and growth to higher radiation
fluences and swelling, and study the systematic depen-
dence on environmental parameters. The void size dis-
tribution is modeled in full generality, from monomers
to clusters of arbitrary size, but with time-independent
network dislocation density (as in Ref. [12]). Network
dislocation bias factors are calculated for a fixed dislo-
cation density of 6 x 10" m~2, irrespective of the density
used to calculate dislocation sink strengths. Dislocation
loops are not included separately from the network
dislocation content. This is the same model used in Ref.
[12], chosen here for continuity with that earlier work.
The constant dislocation density model also serves to
isolate the effect of void nucleation and growth on the
swelling, separately from other, concurrent changes in
the microstructure. It is in this reductionist approach
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that the simulations have their greatest value. This
simplified model demonstrates that the details of void
nucleation can reproduce many features seen experi-
mentally. Comparing these results to a model with
co-evolving dislocation content will show how the self-
consistent interplay of irradiation damage with voids
and dislocations acts to shape the steady swelling
behavior. This comparison is deferred to a companion
paper, next in the planned series of studies.

Here, we compare our results from the constant
dislocation density model with two experimental obser-
vations, macroscopic volumetric swelling being the first
and most prominent. Irradiation-induced changes to
other macroscopic properties like ductility and hardness
are dependent on defect—defect interactions, and are not
directly obtained from our simulations. More detailed,
microscopic measurements of void densities versus size
are also available from TEM experiment. However,
small sample sizes and the limits of instrumental reso-
lution complicate the experimental analysis of void
populations [16]. Accordingly, we limit our second
comparison to the total density of voids above 0.5 nm
radius (the ‘visible’ void number density). Neglecting
void volume relaxation, these two quantities relate to the
first and zeroth moments, respectively, of the void size
distribution, p(n), with respect to the size of the void in
terms of the number, n, of vacancies.

Already, our simplified microstructure model pre-
dicts some trends that are in general agreement with
experiment. The simulated incubation exhibits a dose-
rate effect wherein lower fluxes require smaller incuba-
tion doses, consistent with the behavior of commercial
alloys. The result is obtained even though the model is
confined to void evolution alone, lending support to our
void nucleation-and-growth approach to studying initial
swelling behavior. It is notable that our predicted incu-
bation times are on the order of 1-10 dpa, much shorter
than are seen in commercial austenitic alloys. These
values are approximately consistent with recent experi-
ments in pure ternary stainless steels, suggesting an
important role for impurities and precipitates in pro-
longing incubation. However, a flux-independent incu-
bation time has been reported for high-purity steels. The
simulated effect is less extreme in its magnitude.

2. Results

Void evolution simulations are performed for pre-
cipitate-free, solute-free, type-316 austenitic stainless
steel. The model material parameters in Table 1 are ta-
ken from separate studies of dislocation and void evo-
lution under irradiation [12,13]. Multiple calculations
span three different irradiation dose rates (10~°, 1077
and 10~% dpa/s) and temperatures from 280 to 700 °C.
The dislocation density is held constant at values rang-

109

Table 1
Model materials parameters for type-316 stainless steel
Cascade efficiency 0.1
0.3639 nm

Lattice parameter, ag

Burgers vector 0.2573 nm
Shear modulus 82.95 GPa
Poisson’s ratio 0.264

Vacancy migration energy 1.92x107" J
Vacancy formation energy 2.88x 1071 J
Pre-exponential factor, D° 1.29%x 1076 m?/s
Vacancy relaxation volume -02Q
Interstitial relaxation volume 1.5Q

Vacancy shear polarizability -24x1071% ]
Interstitial shear polarizability -2.535x107%# ]
Vacancy-interstitial recombination  0.7278 nm

radius
Void surface energy 3.01-0.55x1073 T

(J/m?)

ing from 2x 10" to 6 x 10'> m~2. Time-steps are set so as
to maintain conservation of mass at parts in 10° to 10°
of the net swelling. The time evolution begins with
intervals of 107> s, which increase exponentially to fol-
low the transient formation of vacancy dimers, trimers,
etc. Time-steps reach a maximum of 500, 2000, or
32000 s for fluxes of 10=°, 10~7 and 10~% dpals, respec-
tively, regardless of temperature or dislocation density.

The initial volume changes predicted by our model
are shown in Fig. 2 for several temperatures. (The fixed
dislocation density of 6x 10 m~2 is chosen because it
roughly corresponds to the asymptotic values seen in
heavily irradiated stainless steels across a wide range of
temperatures. Thus, the simulation approximates a
hypothetical situation in which the material is cold-
worked to the expected ultimate dislocation density
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Fig. 2. Fractional volumetric swelling, AV/V, from void
nucleation and growth simulations at a constant dislocation
density of 6x 10'* m~2 and 10~ dpa/s irradiation.
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before beginning the experiment. In this case, the dis-
location content might be expected to remain roughly
constant during irradiation.) The simulated void swell-
ing reveals two qualitatively different regimes of behav-
ior. In the first, the swelling rate is small but supra-linear
in time. This initial behavior persists until the simulation
either ends (at 100 dpa) or the swelling rate reaches a
maximum instantaneous value (at most around 1%/
dpa). A second regime of behavior subsequently shows
quasi-steady swelling, although the swelling rate de-
creases towards much later times (see also Fig. 3). The
behavior can be understood in terms of the relative sink
strengths of voids and dislocations [17].

The predicted volumetric swelling versus irradiation
dose is shown again in Fig. 4 for the same temperature
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Fig. 3. Volumetric swelling rate, dAdV/V,

data in Fig. 1 shown over longer times.
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Fig. 4. Volumetric swelling curves at a dose-rate of 10~¢ dpa/s
and dislocation density of 6x 10 m~2 for the duration of the
simulations.

range and dose-rate as above, but for longer times. The
sequence of temperatures can be difficult to follow due
to crossing of the curves, so fewer cases are shown here.
The higher temperature simulations have longer delays
to the onset of quasi-steady swelling, but they also
eventually reach higher swelling rates.

The simulations reproduce three important charac-
teristics seen in experiment. At the outset, there is often
a transient delay to the simulated response, which can be
identified with the experimental incubation behavior.
Subsequently, the quasi-steady swelling rate is quanti-
tatively comparable to the experimental value. Finally,
the predicted duration of the incubation delay versus
temperature and dose-rate confirm the experimental
dose-rate effect seen in commercial alloys.

The experimental incubation behavior includes small
amounts of initial swelling which increase in rate versus
time until the steady-state is reached. Thus, the simu-
lated transient behavior is at least qualitatively consis-
tent with observations. The swelling delay arises because
a population of stable voids is required to enable the
preferential segregation of interstitials to dislocations
and vacancies to cavities. Stable voids simply have not
nucleated to a sufficient density or reached appreciable
aggregate sink strengths at early times.

The subsequent peak and quasi-steady swelling rates
are most easily seen in Fig. 3. These typically lie between
0.7 and 1.0%/dpa, consistent with the experimental rate
for stainless steels around 1%/dpa [1]. However, the
predicted swelling rates drop off with time, falling as low
as 0.4%/dpa. This behavior is not commonly seen in
commercial, or high-purity steels [4]. It is also evident
that the predicted steady swelling rate is temperature-
dependent in this temperature range, contrary to
experiment [1-4]. True saturation (i.e. cessation of
swelling [1]) never occurs in these simulations, although
the swelling rate is expected to continue to decline as the
void sink strengths grow without bounds. (In fact, the
model is not strictly applicable at doses of 100 dpa,
because the mean-field assumption of small, well-sepa-
rated voids is obviously no longer valid when the overall
volume has doubled. At the least, the possibilities of
dislocation—void and void-void impingement and coa-
lescence have not been included.)

Despite the qualitative similarity between predicted
and observed transient behavior, the simulated swelling
delay is not in quantitative agreement with most experi-
ments. The observed incubation times in commercial
steels can be very long, even exceeding 100 dpa. In con-
trast, the simulated incubation is not even visible in the
swelling curves at some temperatures, dose-rates, and
dislocation densities in our model of pure, precipitate-free
steel. However, the predicted brevity is closer to recent
measurements in high purity stainless steels [6-9]. Thus,
the difference likely reflects the importance of impurities
and precipitates in delaying the onset of steady swelling.
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At the upper temperature limit studied, the total
swelling remains negligible during the finite simulation
interval because the void nucleation time diverges with
temperature. In such extreme cases, swelling approaches
a power-law dependence versus time, and the change
from incubation to steady-behavior is most gradual
when the simulated incubation is longest. This behavior
is qualitatively different from experimental observations.
The experimental swelling seems to switch from incu-
bation to steady-behavior more abruptly after longer
incubation delays [4]. This discrepancy is also likely due
to the influence of other, co-evolving components of the
microstructure (such as the dislocation or precipitate
distributions) that are held constant or are absent in the
simple model employed here.

The calculated swelling curves may be used to
quantify an incubation time by following the same
procedures as are used in analyzing experimental swell-
ing curves. For example, incubation is sometimes de-
fined experimentally as the cumulative dose to reach (the
arbitrarily chosen value of) 1% swelling. The dependence
of this measure on temperature and dose-rate is shown
in Figs. 5 and 6, for different dislocation densities. The
lower value of 2x10"* m~2 shown in Fig. 5 is represen-
tative of the starting state for a solution annealed
stainless steel. The higher value of 6 x 10" m~2 in Fig. 5
approximates the asymptotic density for irradiated steels
over a wide range of temperatures.

At increasing temperature, the critical size for stable
voids, nq;, diverges, so that it becomes difficult to
nucleate stable voids. (Void stability is defined from the
size-dependent ~ Fokker-Planck  drift  parameter,
K(n) > 0.) As a consequence of the slow nucleation rate,
the incubation doses in Figs. 5 and 6 increase steeply
with temperature at the upper limits shown. In this re-
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gion, higher dose-rates mainly shift the onset of swelling
to higher temperatures.

To a first approximation, the incubation curves at
three different dose rates have the same shapes. Each
simulated curve possesses a minimum incubation dose
versus temperature, which is shifted to higher tempera-
tures for the higher dose-rates [18]. The predicted incu-
bation doses never fall below 1 dpa. This is because the
peak rate of swelling is always less than 1%/dpa
(excluding the transient formation of dimers and other
small, unstable clusters that occupies the first minutes of
the simulation). Thus, there must be at least 1 dpa of
irradiation to reach AV/V = 1%.

Figs. 5 and 6 both show that the displacement of the
lower dose-rate curves gives smaller incubation doses up
to temperatures of 400-500 °C. This is a preliminary
confirmation of the experimental dose-rate effect seen in
commercial alloys [4]. However, this offset behavior is
not consistent with what is seen in high purity alloys,
where the measured incubation dose is inversely related
to flux [6]. In this case, there is a universal incubation
time, independent of the dose-rate. Rigidly shifting the
incubation curves for different fluxes can give this rela-
tion only by accident. It is possible that the total incu-
bation delay is so short here that it is dominated by an
initial, flux-independent stage, while the simulations
only model a second, flux-dependent part to the incu-
bation interval. Finally, this comparison is complicated
by the fact that incubation is defined differently here
than it is in these experiments. The experimental mea-
sure extrapolates from the steady-state swelling curve
back to zero swelling. Using that definition to analyze
the simulations does change the predicted shapes of the
incubation curves, but it does not seem to lead to an
inverse dose-rate effect.
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Besides macroscopic volumetric changes, the
numerical simulations provide a wealth of information
on the distribution of void sizes. Comparable TEM
observations are subject to statistical and measurement
uncertainties. Thus, we only examine the predicted total
density of voids with radii greater than 0.5 nm, a rough
limit of resolution for TEM. The overall behavior may
be seen in Fig. 7, which shows the visible void density
versus time for a range of temperatures. A second limit
in TEM observation is set by the small sample volumes;
as a result, void densities below 5x 10" m= are also
effectively undetectable. This second limit is denoted
with a horizontal, dashed line — for completeness, the
time-evolution is also shown for undetectably small
densities. At moderate temperatures, the visible void
density quickly reaches a saturation value essentially
equal to the density of stable voids. These stable voids
continue to grow in size for the duration of the simu-
lation, while no further stable voids appear. However,
this short nucleation time is not seen experimentally;
void densities are seen to increase in high purity steels
after sequential irradiation exposures even after tens of
dpa [19].

In practice, the simulated asymptotic or terminal
void number density is reached (in solution annealed
material at moderate temperature) before the initial
dislocation content has time to change appreciably.
Thus, the predicted, terminal void density is controlled
by the initial dislocation density (besides the tempera-
ture and dose-rate). While the asymptotic dislocation
density should influence the swelling rate at later times,
it does not affect the number of voids. Therefore, when
comparing the calculated void content to experiment on
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Fig. 7. “Visible’ void number density versus dose for a series of
temperatures. Void densities below the thin horizontal line at
5x10'" m~3 are essentially undetectable by TEM. The irradia-
tion rate is 107° dpa/s, and the dislocation density is held fixed
at 6x 10" m2.

solution annealed samples, our constant dislocation
density model should be fit to the initial dislocation
content of the experimental samples.

Terminal void densities versus temperature and dose-
rate are shown in Fig. 8 for a low dislocation density,
expected to correspond to a solution-annealed sample.
The open diamond symbols show observations taken
from Ref. [19]. They correspond to experiments at
390 °C and 7.8 x 10~7 dpa/s, 411 °C and 3.1x 107 dpal/s,
or 430 °C and 0.91x 1077 dpa/s. The open triangles are
from Ref. [20], open squares are from Ref. [21], plus
sign + from Ref. [22], and crosses x from Ref. [23]. The
filled circles represent measurements from Ref. [24].
Filled squares are taken from Ref. [25]; filled diamonds
are from Ref. [26].

The highest number of voids develops at low tem-
peratures, where the vacancy mobility is low so that
many small clusters develop. Simultaneously, vacancy
emission from these clusters is less frequent so that the
critical cluster size is smaller. The predicted visible void
density declines gradually with increasing temperature
until a steep drop-off in void density occurs at high
temperatures. This situation is shown most clearly in
Fig. 9, where the dislocation density is higher and the
displayed void densities span five orders of magnitude.
The system has not finished nucleating voids at 100 dpa
at the highest temperature limits of the curves in Fig. 9,
so the densities there are not the true asymptotic values.

We may also examine trends in void number versus
different, time-independent dislocation densities. The
predicted terminal void densities typically increase
with dislocation density. At higher temperatures, when
void formation is prolonged, nucleation would occur
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Fig. 8. Terminal visible void density is shown versus tempera-
ture for a fixed dislocation density of 2x 10'* m~2. The terminal
density is achieved within a few dpa, at most. Experimental
measurements are shown for comparison, open symbols are
data for high-purity, ternary Fe-Cr—Ni alloys with 20% or less
Ni from Refs. [19-23], and filled symbols are from Refs. [24—
26], from earlier experiments on Ni and type-316 stainless steel.
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Fig. 9. Terminal (visible) void number density at 100 dpa ver-
sus temperature and dose-rate and for the constant dislocation
density of 6x 10'* m~2.
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Fig. 10. Visible void density versus dislocation density after
irradiation to 100 dpa at different temperatures.

concurrently with substantial changes in the dislocation
content of the material, and the constant dislocation
density calculations performed here will not be reliable.
A complete theory thus requires the co-evolution of
dislocation and void populations, especially for high
temperatures (Fig. 10).

3. Conclusion

Recent systematic analyses of irradiation experiments
reveal fundamental differences in the temperature and
flux dependence of the incubation and steady-state
periods. These newly-recognized characteristics contra-
dict some of the traditional beliefs about radiation in-

duced swelling. Since the controversy may affect
projections for future nuclear reactor designs, it is worth
performing a systematic comparison of theoretical
models against the experimental data. Therefore, we
have performed preliminary calculations for the nucle-
ation and growth of voids in irradiated austenitic steel,
to see if existing models are consistent with experiment.
Our results are in general agreement with some obser-
vations of a dose-rate effect on the incubation period.
The overall incubation behavior is qualitatively consis-
tent with a ‘temperature shift’ versus irradiation dose-
rate [18]. This shift plus the predicted shape of the
incubation curve in Figs. 5 and 6, qualitatively explains
the observed dose-rate effect on incubation. The quali-
tative agreement strengthens confidence in both the
time-dependent nucleation and growth simulations and
the recent experimental interpretations.

We employ a theoretical method that treats void
nucleation and growth on the same footing. At this time,
other components of the microstructure are not modeled
as carefully. For example, there are no changes in dis-
location density or microstructure, no dislocation loops,
no impurity or solute migration or precipitate coarsen-
ing, and no introduction of helium in our simulations.
These improvements will be added to successive gener-
ations of the model. Void nucleation proceeds despite
the lack of gas impurities and in the absence of any
production bias in the model. It occurs at all tempera-
tures and dose-rates, although it can be very slow.

Consistent with the need for defect segregation to
drive swelling, the nucleation of stable voids is typically
complete before quasi-steady swelling is achieved. The
remainder of the incubation delay is taken for the
aggregate void sink strength to rise from its initial,
negligible value. In general, we observe a very short
incubation period, which is consistent with experiments
in high-purity ternary stainless steel. All of our simula-
tions should reach a maximum swelling rate (if run to
sufficient times), after which the rate is slowly decreasing
with time. The peak swelling rates from 450 to 650 °C lie
between 0.7 and 0.9%/dpa, which is close to the experi-
mental swelling rate of 1%/dpa for 316 SS. However, the
swelling rates at late times are not universal; they vary
with temperature and dislocation density. The difference
may be due to our assumption of constant dislocation
density. Swelling is sharply reduced at high temperatures
because the incubation (void nucleation) times diverge.
Changing the dose-rate seems mainly to shift the tem-
perature-dependent incubation curve towards higher
temperature. This shift, plus the shape of the incubation
curve, appears to account for the so-called dose-rate
effect.

The model currently deposits irradiation damage as
mobile monomers, which vacancies then immediately
begin to aggregate in voids. In actuality, damage is
probably introduced as pre-formed clusters that must
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evaporate and re-condense with voids or else migrate
and coalesce with voids. Both processes will be incor-
porated in future models to see how they influence
incubation and swelling behavior. The computational
methods employed here will enable more thorough
explorations of the various processes believed to influ-
ence void swelling, such as defect trapping by impurities,
the concurrent evolution of dislocation loops and net-
work dislocations, radiation-induced segregation and its
impact on sink bias factors, ‘production bias’ and low-
dimensional transport of defect clusters. Many of these
are believed to influence the incubation dose, although
their effects on the steady-state swelling may be smaller.
It is useful to examine these processes individually in
order to assess their relative importance and influence on
one another. The study presented here, with fixed dis-
location content, highlights the effects of void nucleation
on the incubation and swelling behavior. It already re-
veals similarities with some experimental results. The
effects of including a co-evolving aggregate dislocation
density will be presented separately.
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