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Abstract

A model for microstructure development in austenitic alloys under light water reactor irradiation conditions is
described. The model is derived from the model developed by Stoller and Odette to describe microstructural evolution
under fast neutron or fusion reactor irradiation conditions. The model is benchmarked against microstructure mea-
surements in 304 and 316 SS irradiated in a boiling water reactor core using one material-dependent and three irra-
diation-based parameters. The model is also adapted for proton irradiation at higher dose rate and higher temperature
and is calibrated against microstructure measurements for proton irradiation. The model calculations show that for
both neutron and proton irradiations, in-cascade interstitial clustering is the driving mechanism for loop nucleation.
The loss of interstitial clusters to sinks by interstitial cluster diffusion was found to be an important factor in deter-
mining the loop density. The model also explains how proton irradiation can produce an irradiated dislocation mi-
crostructure similar to that in neutron irradiation. © 2001 Published by Elsevier Science B.V.

1. Introduction

Microstructure modeling is an important tool used to
understand and predict microstructure development of
metals and alloys under irradiation. The irradiated mi-
crostructure is believed to impact and even control crit-
ical processes such as void swelling, creep, stress
relaxation, loss of ductility and fracture toughness. The
development of the irradiated microstructure is governed
by the complex interactions of numerous inter-dependent
processes that depend on material and irradiation pa-
rameters. Understanding the impact and interdepen-
dence of these parameters becomes a daunting
experimental task. However, if we are able to model the
fundamental processes, we will be in a better position to
understand and predict the development of the micro-
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structure under irradiation and subsequent behavior of
the irradiated material. An understanding of irradiated
microstructure may also contribute to our understanding
of current problems such as irradiation assisted stress
corrosion cracking (IASCC) in LWR core materials.
Considerable effort was devoted in the 1970s and
1980s to develop an understanding of the void swelling
observed in many structural materials when they are
exposed to fast neutron irradiation. The initial work
focused on the development of the basic concepts and
point defect sink strengths required [1-4]. Later, detailed
microstructure models were developed to describe the
evolution of voids in stainless steels as part of national
fast reactor and fusion materials programs [5-15], with
other components of the irradiated microstructure (e.g.,
faulted loops, dislocation network etc.) receiving less
attention. The work of Mayer et al. [12] on micro-
structure modeling was probably the most comprehen-
sive among the early theoretical studies of
microstructure evolution under irradiation. They
developed a model to treat voids and clusters of
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Nomenclature

G, Cy atomic concentration of point
defects

Cy,C5,Cy atomic concentration of di-, tri- and
tetra-interstitial

Gapa displacement rate

G, production rate of vacancies

n cascade efficiency

fr f35 f4 fraction of interstitials surviving the
cascade and in the form of di-, tri-
and tetra-interstitials, respectively

Sl fraction of in-cascade vacancy
clusters

Fyel the radius of vacancy clusters

ay lattice constant

/ ﬁ{ (j = 1-4) rate constant for the impingement of
point defects on interstitial clusters
_ of size j
v 1
BB
= 27 37 4)

-~

rate constant for the reactions of an
interstitial cluster of size j with an
interstitial or a vacancy

<

rate constant for the reaction

between interstitial clusters

z{ ,z (j=1-4) interstitial or vacancy combinatorial
number for interstitial clusters

EiE. rate constant for the thermal disso-

ciation of di- and tri-interstitials

diffusivity of vacancy, interstitial

and interstitial clusters

o point defect recombination
coefficient

S/, 80 extended defect sink strengths
where: j = ‘n’ for network disloca-
tions, ‘L’ for faulted loops, ‘cvt’ for
cavities (bubble and/or voids), ‘vcl’
for vacancy clusters and ‘g’ for
subgrain structure

ST ST sum of the extended sink strength

T4 the lifetime of the tetra-interstitial

before it grows into the 1st size class

of loops

vacancies and interstitials, as well as dislocation loops.
However, the major focus of their model was void
swelling and little attention was given to dislocation
microstructure.

Stoller and Odette [16,17] developed a more com-
prehensive model of microstructure evolution in au-
stenitic stainless steel under fast neutron irradiation
conditions. Their model focused on the interactions
between point defects and the evolving dislocation and
cavity microstructures to understand the temperature
and neutron fluence dependence of void swelling. Void
swelling levels, the total dislocation density, and faulted
interstitial loop density were generally well predicted by
the model. The primary shortcomings of their model
were a relatively poor description of the dislocation loop
size distribution and an under prediction of the loop
density at temperatures below about 400 °C.

A similarly detailed model of microstructure evolu-
tion in austenitic stainless under LWR irradiation con-
ditions has not been reported in the literature. In
addition, the experimental database from post-irradia-
tion microstructural examination of relevant materials
has been insufficient to aid in the development and
verification of such a model. The database from fast
reactor and fusion program experiments is of limited
value since LWR core internal components operate at
much lower temperatures than was typically examined
(~300 °C vs 400-650 °C) in these experiments. The
lower temperature will lead to higher nucleation rates
for defects such as dislocation loops, implying that an
improved model with a more detailed treatment of dis-

location loop microstructure will be required to fully
describe microstructural evolution under these irradia-
tion conditions.

Proton irradiation is becoming an extremely useful
tool for emulating neutron irradiation. Under the proper
irradiation conditions, proton irradiation can produce a
microstructure and microchemistry very similar to that of
neutron irradiation [18-20]. The similarity of the irradi-
ated microstructure between neutron and proton irradi-
ation was initially surprising given the known difference
in cascade morphology, damage efficiency and damage
rate. Clearly, the processes governing the formation and
growth of the dislocation microstructure must be quite
similar or there are compensating effects. By modeling
and benchmarking the proton-irradiated microstructure
against that from neutrons using the same model, we can
gain insight into the similarities and differences in pro-
cesses governing the microstructure evolution. Given the
tremendous advantage of proton irradiation over neu-
tron irradiation in time, cost and sample activation, the
motivation for developing the capability to predict the
proton-irradiated microstructure is high.

In this paper, we first present a brief description of
the Stoller and Odette microstructure (SOM) model for
microstructure evolution under fast reactor conditions.
The model is then modified and adapted for irradiation
conditions in light water reactor cores. Parameter se-
lection and determination is made using measurements
of dislocation loop density and size as function of dose.
Once the model for LWR neutron irradiation is estab-
lished and benchmarked, modeling of proton irradiation
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relevant to LWR neutron irradiation will be treated. The
major issues such as in-cascade interstitial clustering,
damage efficiency and the loss of small interstitial clus-
ters to the sinks by cluster diffusion are addressed and
incorporated into a version of the model that is relevant
to proton irradiation. Finally, insights into physical
processes governing the dislocation loop microstructure
are summarized.

2. The SOM microstructure model for fast reactors
irradiation conditions

The SOM model is described in detail in [16,17]. This
model is based on the reaction rate theory, and was
developed to investigate void swelling and microstruc-
tural evolution under fast reactor and fusion reactor
irradiation conditions. It applies to the temperature
range 350-700 °C for doses up to 100 dpa. It calculates
the dose dependence of void swelling, the faulted loop
density and average loop size, network dislocation
density and total dislocation density. The nucleation,
growth and unfaulting of Frank loops are treated in the
model. The growth of cavities and the conversion of
bubbles to voids, as well as void swelling, are included,
but cavity nucleation is not treated in the SOM model. It
also describes the dose dependence of the concentrations
of vacancies, interstitials, di-, tri- and tetra-interstitials
as well as vacancy clusters. The major uncertainties in
the SOM model are in the material parameters (for ex-
ample, point defect biases and diffusivities) which are
not altered to reflect either spatial or temporal fluctua-
tions in the alloy composition.

The first step required to apply the SOM model to
LWR irradiation is the adjustment of irradiation pa-
rameters. The difference in irradiation parameters be-
tween a fast reactor and a LWR is shown in Table 1.
However, when the model was applied to irradiation
conditions relevant to LWR cores (lower temperature,
lower dose) by simply adjusting the irradiation parame-
ters, it severely underestimated the loop density. This is
consistent with the earlier observation that faulted loop

Table 1
Irradiation parameters used for fast reactor and LWR irradi-
ation conditions

Fast reactor LWR core

Dose rate (dpa/s) 1 x10°¢ (2-11) x 10782
Dose (dpa) Up to 100 <20
Temperature (°C) 400-700 [21] 270-340
Helium (appm/dpa) 0.35 2.3b

#Data are extracted from irradiations in a commercial BWR
(Barseback 1 BWR, ABB).

®Value is estimated from the work done by F. Garner at
PNNL.
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Fig. 1. Dose dependence of faulted loop density (a) and size (b)
for austenitic stainless steel irradiated in LWR at 275 °C, cal-
culated from the SOM model. In-cascade interstitial clustering
and diffusion of interstitial clusters are not included. Neutron
data were taken from [22].

densities tended to be too low below about 400 °C [16].
Using the LWR irradiation parameters in the SOM
model, the dose dependence of the dislocation loop den-
sity for the LWR case is shown in Fig. 1, along with the
experimental data [22]. The calculated loop density is
about two orders of magnitude lower than the experi-
mental data. The calculated loop diameter is in better
agreement with the measurement. Since the model as-
sumes only classical or stochastic nucleation of faulted
loops through point defect diffusion and clustering, the
severe underestimate of loop density indicates that clas-
sical nucleation alone is not enough to account for the
measured loop densities. The difference between the pre-
dicted and observed loop density suggests that a direct
application of the SOM model to the LWR condition is
not appropriate, especially since the major microstructure
feature in LWRs is the faulted loop rather than the void.

3. Modeling of microstructure evolution under LWR
irradiation conditions

3.1. Rationale for modifications to the SOM interstitial
clustering model

A mechanism for nucleating loops directly from in-
cascade interstitial clustering was introduced onto the
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SOM model. This decision is consistent with results
from recent MD simulations of primary damage for-
mation [23,24] and our empirical observation that clas-
sical nucleation is not adequate to account for the
observed loop nucleation under LWR conditions. The
MD simulations indicate that a significant fraction of
the interstitials produced in displacement cascades form
small clusters during the cascade event. The cascade-
produced clusters would greatly increase the loop nu-
cleation rate by providing stable nuclei directly, without
requiring any stochastic clustering reactions. The frac-
tion of in-cascade interstitial clustering varies from less
than 20% of the surviving interstitials at 200 eV (relevant
to MeV proton irradiation) to ~50% at 10 keV (relevant
to MeV neutron irradiation). The PKA spectrum-aver-
aged interstitial clustering fraction is nearly constant for
several different types of neutron irradiation environ-
ments. Other experimental evidence [25-28] also sup-
ports in-cascade interstitial clustering as the dominant
loop nucleation mechanism in LWR irradiation condi-
tions. Yoshida et al. [25,28] found that the saturated
density of interstitial loops in pure Fe—-Cr—Ni alloy es-
timated from classical nucleation was about 3 orders of
magnitudes lower than that measured for neutron irra-
diation at 290 °C (~10% m™3).

In addition to supporting the important role of
in-cascade formation of interstitial clusters, both experi-
mental evidence [29] and M D calculations [30-34] suggest
that small interstitial clusters are very mobile and can
therefore be lost to the sinks by diffusion. According to
the work in [31,34], the formation energy for interstitial
clusters increases with cluster size as expected, but the
migration energy for interstitial clusters decreases as the
cluster size increases. For example, MD results [34] for Cu
show that the migration energy for a single self-intersti-
tial-atom (STA)is 0.082 eV, and that for di-, tri- and tetra-
interstitials are 0.05, 0.013 and 0.005 eV, respectively.
Other MD results [31] show a migration energy of
0.025 eV for di-interstitials in Cu. Similar results have
been obtained for iron [24]. It is interesting to note that
these very low migration energies are on the order of the
kinetic energy of lattice atoms at room temperature
(~kT =0.025¢V at 300 K). This indicates that the clusters
must migrate in an essentially athermal fashion.

With such low migration energies, the small clusters
would rapidly diffuse to sinks and be lost from the sys-
tem, particularly if the clusters exhibit preferential one-
dimensional motion as observed in the MD simulations
[23,24,35]. This would reduce their impact on loop nu-
cleation. Although the MD simulations indicate that
interstitial cluster motion is primarily one-dimensional in
close-packed directions, the smallest clusters frequently
change from one close-packed direction to another,
giving a net migration behavior that is nearly equivalent
to three-dimensional random walk [35,36]. Finally, it
must be recognized that the MD results are for ‘computer

pure’ materials described by an interatomic potential
that is only an approximation of the material in question.
Even if the interatomic potentials used are sufficiently
accurate, they do not account for the effects of defect
trapping by solutes or impurities which would reduce the
cluster mobility in real metals and alloys.

In summary, the high levels of in-cascade clustering
observed in the MD simulations should provide a sig-
nificant loop nucleation mechanism that is not accounted
for in the SOM model. However, simply applying the
clustering fractions obtained from these simulations may
well overstate the impact of the mechanism because the
low cluster migration energies would lead to their being
lost to sinks. Thus, in-cascade clustering is expected to
contribute to interstitial loop nucleation, and the differ-
ences in the primary recoil spectra between neutron and
proton irradiations will give rise to different clustering
behavior between the two environments. Uncertainties
about several details of the cluster migration behavior
such as the relative importance of one-dimensional mi-
gration and the impact of solute trapping make it difficult
to specify the relevant material parameters in the model.
The MD results were used to provide guidance for initial
parameter choices, but these parameters were then varied
in the process of fitting the prediction of the revised SOM
model to the experimental data.

3.2. Modifications to the rate equations

The two modifications made to the SOM model were
to include in-cascade interstitial clustering as a source
term in the rate equations, and to permit the small in-
terstitial clusters to migrate. As a first approximation, it
was assumed that only di-, tri- and tetra-interstitial
clusters are produced by in-cascade interstitial cluster-
ing. This decision is partially guided by the MD results
which indicate that fraction of interstitials in cluster sizes
greater than about 4 is not large [23]. Similarly, only
these smallest interstitial clusters were assumed to be
mobile. In both cases, this approximation provides a
way of exploring the physical mechanisms involved
without adding undue complexity and parameters to the
model. The impact of including larger in-cascade clus-
ters needs to be explored. Based on the discussion pre-
sented above, the small interstitial clusters were assumed
to migrate in three-dimensions rather than one-dimen-
sionally. For simplicity, it was assumed that the ex-
tended defect sink strength for small interstitial clusters
is the same as that for a single interstitial. All of these
assumptions may not be strictly warranted, but they
provide a reasonable approach for including relevant
physical mechanisms in the model.

Compared to those in the SOM model, the rate
equations for the modified model include several new
terms. The new terms are highlighted by boxes in the
modified rate equations which follow:
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In the modified rate equations, G; is the single interstitial
production rate, f5, f3 and f; are the fractions of inter-
stitials surviving the cascade and in the form of di-, tri-
and tetra-interstitials, respectively, ST and ST are the
total extended sink strengths in Eqs. (1)—(5) [16]. The
additional rate constants required to account for inter-
stitial cluster mobility are: ﬁ; and /3;’ for the reactions of
an interstitial cluster of size j (j = 2, 3,4) reacting with
an interstitial or a vacancy, respectively (due to inter-
stitial cluster diffusion), [3’; for the reactions between
interstitial clusters (j, k = 2,3, 4):

. aD,C

B~ ©)

iD.C,
B = =——, (10)

ol (11)

where a, is lattice constant, z/,z/ are the interstitial or
vacancy combinatorial numbers [16,37]. More details on

the modifications to the SOM model can be found in
138].

3.3. Parameters for LWR neutron irradiation

The experimental data used to calibrate the modified
SOM model were generated from a commercial BWR
(Barseback 1, ABB). According to [39], the irradiation
occurred at 275 °C at fluxes from 1.5x 10" to
7.6 x 10" n/cm’/s (E > 1 MeV). This corresponds to a
dose rate of 2.2-11 x 10~® dpa/s. A dose rate of
7 x 108 dpa/s was used as the reference value for the
model calculations. Since the MD results indicate that
the spectrum-averaged cascade efficiencies are nearly the
same for different neutron irradiation environments, a
cascade efficiency of 0.33 is used for LWR irradiation
[40]. In addition to the irradiation parameters of tem-
perature, dose-rate and cascade efficiency, the principal
task is to determine the effective material and irradiation
parameters used to describe defect behavior under LWR
conditions. These are: fractions of in-cascade interstitial
clustering for di-, tri- and tetra-interstitials, fraction and
size of in-cascade vacancy clusters, and pre-exponential
terms in the diffusivity for di-, tri- and tetra-interstitials.

Based on the MD results [23,40], it was assumed that
the fraction of in-cascade interstitial clustering is about
42-50% of the surviving defects, with f, = f3 = 20% and
fa = 2-10%. Since the tetra-interstitial is treated as the
stable nucleus for loops, the model calculation is ex-
pected to be more sensitive to f;. The actual value of f;
will be determined by the fit between model and data as
discussed later. In-cascade vacancy clustering has also
been investigated by MD simulations, but the results are
somewhat more ambiguous than for the interstitials [24].
Initial values for the fraction of vacancies contained in
such clusters (fi) and the size of vacancy cluster (r)
were taken from the SOM calibration for fast reactor
irradiation. The final value for f,q was determined with
comparisons between model calculations and the data.

Instead of using the migration energy generated from
MD simulations, the migration energy for di-, tri and
tetra-interstitials was treated the same as for a single
interstitial. This follows the approach of the SOM model
and is consistent with experimental measurements in Fe—
Cr-Ni alloys, with the relatively high value arising from
solute trapping [16]. For stainless steels, a migration
energy of 0.85 eV has been used for a single interstitial
[16] and for interstitial clusters. This value is based on
the fit of the SOM model to fast reactor data, and is
consistent with experimental measurements in Fe—Cr—Ni
alloys [16,41,42]. The difference between this and the
lower values obtained from experimental measurements
in pure metals [43] and from the MD results is attributed
to solute and impurity trapping. The MD results indi-
cate that the pre-exponential term for cluster mobility
decreases as the cluster size increases [35]. For a single
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interstitial, the value of the pre-exponential term (DY)

was chosen from the original SOM model, 0.08 cm?/s.

The pre-exponential terms in the diffusivity for di- and

tri-interstitials were takes as DJ = D = 0.01 cm?/s, a

factor of 8 lower than that of a single interstitial, and the

value of D) was determined by the fit between the model
and data as discussed later. The other approximations in
the model include the following:

e Vacancy clusters are all of one size class.

e Vacancy clusters are treated as immobile.

e The cascade efficiency is assumed to be dose indepen-
dent, although it could be treated as a function of dose
since pre-existing defects may reduce the cascade sur-
vival once cascade overlaps occur.

3.4. Parameters for proton irradiation

Proton irradiation parameters are quite different
from those used obtained under neutron irradiation due
to the difference in energy transfer from particles to
lattice atoms. In the calculation for proton irradiation, a
damage rate of 7 x 107 dpa/s and an irradiation tem-
perature 360 °C were used. These conditions were se-
lected in order to create an irradiated microstructure
that was similar to that generated in Barseback-1 reac-
tor. For 3.2 MeV proton irradiation of iron, the average
energy transferred to the lattice atoms through Coulomb
interaction can be calculated using standard methods
[44] as 228 eV. From the MD results presented in [40],
the corresponding cascade efficiency (per NRT dis-
placement) is 0.9, and the in-cascade interstitial clus-
tering fraction (per surviving interstitial) is in the range
0-0.25 over the temperature range 100-900 K.

As discussed earlier, proton irradiation generates
well-separated cascades of much smaller size than does
neutron irradiation. Therefore a significant reduction of
in-cascade interstitial clustering should be expected.
Note that the average damage energy for iron irradiated
by 1 MeV neutrons is about 20 keV, which is about 100
times higher than the 228 eV value for a 3.2 MeV pro-
ton. Based on the MD results in [40], the fraction of in-
cascade interstitial clustering used for proton irradiation
was assumed to be a factor of 10-20 lower than that for
neutron irradiation. Therefore for proton irradiation, we
initially set f, = f3 = 1-2% and f; ~ 0.1-0.2%. The ex-
act values were determined by fit to the proton data.

4. Results and discussion

Using the parameters discussed in the previous sec-
tions, a series of computations were made to determine
the dose, dose-rate and temperature dependence of dis-
location loop density and size according to the following
logic:

1. Determine a set of parameters for LWR irradiation
conditions (275 °C, 7 x 10~% dpa/s) that provides a
fit between model and data.

2. Use the LWR parameter set as a reference case and

check the dose-rate dependence (at 275 °C) and the
temperature dependence (7 x 1078 dpa/s) of loop
density and size as an intermediate condition in mov-
ing from LWR neutrons to proton irradiations.

3. Adjusting the cascade parameters to model proton
irradiation and compare to experimental database.
The modified SOM model predictions will be compared
with the data for neutron- and proton-irradiated mi-

crostructures, respectively.

4.1. Determination of parameters for LWR irradiation
conditions

In modeling the microstructure evolution in LWRs,
there are two classes of parameters; irradiation and
material. The transition from LWR irradiation to pro-
ton irradiation will only affect the irradiation parame-
ters. The irradiation parameters include not only the
irradiation conditions, e.g., dose rate, temperature, but
also parameters that may depend on the material but are
influenced by irradiation conditions such as cascade ef-
ficiency (#), in-cascade interstitial clustering (f3, f3 and

f4), fraction of in-cascade vacancy cluster (f,) and the

radius of vacancy cluster (7). As described earlier, f1, />
and 75 are fixed by MD results for neutron irradiation.
The vacancy cluster size of ryq = 0.5 nm is fixed by
calibration against fast reactor data in the original SOM
model. Therefore, the fractions of in-cascade tetra-in-
terstitial clusters, f4, and the fraction of in-cascade va-
cancy clusters, f.4, are the two remaining irradiation
parameters that will be fit to the existing database on
LWR irradiated microstructure.

The major material parameters are migration energy
of point defects and defect clusters, the pre-exponential
diffusion term for point defect and defect clusters (D9, DY
and DY). The migration energies for point defects are
fixed by the original SOM model. The migration ener-
gies for interstitial clusters are fixed by the assumption
discussed earlier (same as for a interstitial). The pre-
exponential terms for di- and tri-interstitial clusters was
determined from the value for single interstitials, as
discussed earlier. Therefore, the only material parameter
that will be adjusted to fit the microstructure data for
LWR irradiation is the pre-exponential term for the
diffusivity for tetra-interstitial clusters (DJ). Thus, there
are three key parameters, DY, f; and f,q that need to be
fit by the database. Each are independent from the other
in the model formulation, so calculations are performed
by varying one parameter at a time while keeping the
values of the other two fixed. In the following analysis,
the individual effects of DJ, the pre-exponential term of
diffusivity for tetra-interstitial clusters, f;, the fraction of
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interstitials surviving the cascade in the form of tetra-
interstitial clusters, and f,q, the fraction of in-cascade
vacancy clusters, are discussed separately.

The effect of D} on loop density and size with fixed f4
(10%) and fi (10%) is shown in Fig. 2(a). An increase in
D by a factor of 5 causes a decrease in loop density by
~50% without a change in dose dependence. The dose
dependence in Fig. 2 matches the measurement data
shown in Fig. 1. The effect of Dj on the dose dependence
of loop size is shown in Fig. 2(b). A factor of 5 increase
in DY nearly doubled the loop size with a slight delay in
the saturation. A default value of D =1 x 1077 cm?/s
was selected for this parameter for LWR neutron irra-
diation.

The effect of f; on loop density with fixed Dj
(1077 cm?/s) and fyq (10%) is shown in Fig. 3(a), the
results show a continuous decrease in loop density as the
fraction of interstitials in tetra-interstitial clusters (f3)
decreases. The change of f; has little effect on the trend
of dose dependence of loop density. From the f; changes
of 10-5% and 5-2%, the amount of reduction in loop
density is about the same, ~2 x 10'7 cm~3, correspond-
ing to ~28% and ~40% reduction, respectively. The
trends in all three cases match the data trend shown in
Fig. 1. A reduction of f; by a factor of 5 (10-2%) caused
a reduction in loop density by ~50%. It appears that a
reduction in f; or an increase in Dj by a factor of 5 re-
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Fig. 2. Effect of pre-exponential factor D on dose dependence
of loop density (a) and size (b) for neutron irradiation at 275 °C
and 7 x 107% dpa/s (LWR condition), calculated from the
modified SOM model with f; = 10% and f,q = 10%.

sults in nearly the same amount of reduction in the loop
density without changing in the trend.

The effect of changes in the value of f; on dose de-
pendence of loop size is shown in Fig. 3(b). Loop di-
ameter increases as f4 decreases because a reduction in
loop nucleation allows more growth of existing loops.
As fy decreased from 10% to 5% or from 5% to 2%, loop
diameter increases by about 40% in both cases. From
10% to 2% for f;, loop size doubled while loop density
dropped by ~50%. Unlike the dose dependence of loop
density, the changes of f slightly alter the trend of dose
dependence of loop size as f; decreased from 5% to 2%.
It appears that the saturation of loop size was delayed
when f; drops to 2%. Nevertheless, the trends for the
three values of f; are still consistent with the data trend
in Fig. 1. Values of f; = 5% and 2% matches the data
trend better than f; = 10%. The fact that a reduction of
Jfa or an increase of DY by a factor of 5 has a similar effect
on loop density and size suggests that a balance between
the loss of small interstitial clusters to sinks by cluster
diffusion and the fraction of in-cascade tetra-interstitial
clustering is important for the dose dependence of loop
density and size. The value of f;, = 2% was selected as a
default value for this parameter for LWR neutron ir-
radiation.

The effect of the fraction of in-cascade vacancy
clustering, f.., on loop density as a function of dose with
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Fig. 3. Effect of in-cascade tetra-interstitial clustering f; on
dose dependence of loop density (a) and size (b) for neutron
irradiation at 275 °C and 7 x 107® dpa/s (LWR condition),
calculated from the modified SOM model with D =1x
1077 cm?/s and f,q = 10%.
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fixed f4 and DY is shown in Fig. 4(a). A factor of 2 de-
crease in f, increases both the magnitude and slope of
the dose dependence of loop density. At f,q = 5%, loop
density does not saturate even at a dose of 14 dpa. This
is because a lower value of fi, means it takes longer to
build up a stable overall sink strength. A stable total
sink strength is probably a necessary condition for the
saturation of loop density to occur. An increase in loop
density at the smaller £,y is due to the reduction in sink
strength for interstitials. A similar effect of f,q on loop
size is shown in Fig. 4(b). Loop diameter increased and
the saturation of loop size delayed with f.q = 5%.
Since the data trend in Fig. 1 shows loop density
saturated at 2 x 10" cm~3 at dose of ~1 dpa, the value
of fi = 2% in Fig. 3 appeared the best fit to the mea-
surement. Thus, the parameters for the best fit of model
calculation and data for LWR irradiation (275 °C and
7 x 10~% dpa/s) are established by f; = 2% in Fig. 3 as
follows:
o f, = 2% for the fraction of in-cascade tetra-interstitial
clustering,
e fua = 10% for the fraction of in-cascade vacancy clus-
tering,
e D} =1x 107" cm?/s for the diffusion of tetra-intersti-
tial clusters.
The full list of irradiation and material parameters for
LWR irradiation conditions is given in column 2 of
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from the modified SOM model with D§ =1 x 1077 cm?/s and
Sfa=2%.
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Fig. 5. Comparison of the calculated dose dependence of loop
density (a) and size (b) with experimental measurements of
neutron-irradiated (LWR, 275 °C) commercial purity 304 and
316 SS (data were taken from [22]).

Table 3. The model calculation with these parameters is
compared with experimental measurement in Fig. 5.
There is significant improvement in the model calcula-
tion in both trend and magnitude of the dose depen-
dence of loop density and loop size. The modified model
better describes the physical processes in microstructure
evolution under irradiation as evidenced by the close
agreement with measurements.

4.2. Dose-rate dependence of loop density and size

As an approach to the higher dose rate under proton
irradiation, the dose-rate responses of the calculated
loop density and loop size are shown in Fig. 6(a), (b),
respectively, by changing the damage rate from
7 x 1078 dpa/s (LWR irradiation) to 7 x 10¢ dpa/s
(proton irradiation). At a temperature of 275 °C, a
dose-rate increase of two orders of magnitude leads to
an increase in loop density by a factor of 10. This is in
agreement with the experimental work by Muroga et al.
[45] who found that at 400 °C, an increase of two order
magnitude in dose rate results in an increase of loop
density by more than one order of magnitude. An in-
crease in the irradiation temperature from 275 to 360
°C caused a drop in the loop density, Fig. 6(a). This
result suggests that in terms of temperature and dose
rate change from LWR to proton irradiation, the dif-



J. Gan et al. | Journal of Nuclear Materials 299 (2001) 53-67 61

ference in loop density will be less than one order of
magnitude. The high loop density at the higher proton
irradiation temperature and larger damage rate is due,
at least in part, to the use of cascade parameters (f, f3
and f;) relevant to neutron irradiation, not proton ir-
radiation.

Fig. 6(b) shows the effect of dose-rate change on the
dose dependence of loop size. The lower loop size at
high temperature is due to the higher loop density
caused by the increase in damage rate. While the trends
for 7 x 1078 dpa/s (275 °C) and 7 x 10~ dpa/s (360 °C)
look normal, the calculation for 7 x 10~¢ dpa/s (275 °C)
shows an unexpected trend. The unexpected trend in
dose dependence of loop size is caused by high damage
rate and low irradiation temperature for neutron irra-
diation. The overall sink strengths build up so high that
loop growth is suppressed and loops unfault at smaller
sizes due to unrealistically high loop density, as deter-
mined by Eq. (11), resulting in loop size decreasing at
higher doses.

It is generally assumed that, for a given dose, a higher
dose rate will lead to an increase in point defect loss to
bulk recombination, and less effective development of
the irradiated microstructure. In fact, this statement is
true only if the overall sink strength for point defects
remains constant, which is not generally the case. When
the microstructure development is sensitive to the dose
rate, the sink strength can vary substantially. At higher
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Fig. 6. Effect of dose rate (at 275 °C) and temperature (at
7 x 107¢ dpa/s) on the dose dependence of loop density (a) and
size (b) for neutron irradiation, calculated from the modified
SOM model.

dose rate, the concentration of vacancy clusters is high,
which leads to a large increase in the point defect loss to
vacancy clusters. A higher point defect concentration at
high dose rate leads to enhanced nucleation of faulted
loops by the stochastic mechanism, resulting in a high
overall sink strength due to a high loop density or
through loop unfaulting. Fig. 7 shows the dose-rate ef-
fect on the total sink strength for point defects. A factor
of 100 increase in dose rate results in an increase in total
sink strength for point defects by more than a factor of
20. As a result of the significant increase in sink strength
due to the increase in the concentration of vacancy
clusters and faulted loops, the fraction of interstitials
lost through bulk recombination may decrease due to
the increased loss of interstitials to sinks at higher dose
rate.

The model is capable of tracking the defect loss to
sinks and to recombination. The point defect loss to
various sinks at 275 °C for dose rate 7 x 10~ and
7 x 106 dpa/s in Fig. 6 is summarized in Table 2. As
the dose rate increased from 7x107® to
7 x 107¢ dpa/s at 275 °C, the most significant change
is the large increase in the percentage of point defects
lost to vacancy clusters. A factor of 100 increase in
dose rate caused: (1) the percentage of interstitials lost
to recombination to drop by a factor of ~2, (2) the
percentage lost to vacancy clusters to increase by a
factor of ~6, and (3) the percentage lost to Frank
loops and sub-grain structures to drop by factors of
2.5 and 4, respectively. The reduction of the percentage
of interstitial loss to recombination at higher dose rate
is due to an increase of total sink strength as shown in
Fig. 7. At higher dose rate, the percentage of intersti-
tials lost to Frank loops decreased while the loop
density increased. Note that the percentage of inter-
stitials lost to faulted loops cannot be directly
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Fig. 7. Dose-rate effect on the total sink strength as a function
of dose for interstitial and vacancy at 275 °C, as shown in Fig. 6,
calculated from the modified SOM model.
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Table 2
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Point defect loss to bulk recombination and various sinks in Fig. 6, calculated using the modified SOM model

T =275°C
(neutron irradiation)

% Vacancies absorbed

% Interstitials absorbed

7 x 1078 dpa/s 7 x 107¢ dpa/s 7 x 1078 dpa/s

7 x 107¢ dpa/s

Point defect loss to:

Bulk recombination 0.12 0.06 0.12 0.06
Bubbles 1.31 0.06 1.06 0.05
Dislocations 2.07 0.11 2.08 0.10
Frank loops 64.54 25.26 64.81 25.89
Sub grain structure 25.81 6.31 20.78 5.06
Vacancy clusters 6.15 67.90 11.14 68.83
Total (%) 100.00 100.00 100.00 100.00

correlated to the faulted loop density because it also
depends on the ratio of the faulted loop sink strength
to the total sink strength.

The effect of dose rate on the defect concentration at
275 °C for the calculations shown in Fig. 6 is shown in
Fig. 8. A rate increase from 7 x 1078 to 7 x 107¢ dpa/s
results in an increase in point defect concentration by a
factor of ~8, roughly about the same amount as the
increase in loop density, Fig. 6. The concentration of
tetra-interstitial clusters is about 4 orders of magnitude
higher than that of single-, di- and tri-interstitials at both
dose rates. This is mainly because of the extremely small
pre-exponential term of the diffusivity for the tetra-in-
terstitial cluster diffusion.
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symbol) and 7 x 10~ dpa/s (open symbol) in Fig. 6, calculated
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4.3. Temperature dependence of loop density and size

The temperature response of loop density and size as
a function of dose for neutron irradiation is shown in
Fig. 9(a), (b). At a damage rate of 7 x 1078 dpa/s, loop
density decreases monotonically with temperature as
expected. From 275 to 360 °C, loop density is reduced
by more than a factor of 2. This trend is in reasonable
agreement with measurements [46], but the magnitude of
the reduction in loop density is less than in the mea-
surements.

The effect of irradiation temperature on loop size is
shown in Fig. 9(b). Again, the trend is in agreement with
measurement. Loop diameters increase with tempera-
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ture for a given damage rate as expected. In all the cases,
loop size increases rapidly at low dose. At high dose
rate, the saturation occurs earlier than in the lower dose-
rate cases. The effect of combining a higher dose rate
and higher temperature (relevant to proton irradiation
conditions) is also shown. Compared to the LWR case,
the result is an increase in loop density by a factor of 5
and a drop in loop size.

4.4. Effect of cascade efficiency and helium generation on
loop density and size at 360 °C

The effect of cascade efficiency and helium produc-
tion on the dose dependence of loop density and size
relevant to proton irradiation conditions is shown in
Fig. 10(a), (b). The elimination of He production has no
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Fig. 10. Effect of helium production and cascade efficiency on
dose dependence of loop density (a) and size (b), calculated from
the modified SOM model for neutron irradiation at 360 °C.

Table 3

effect on loop size or density as evidenced by the overlap
of 1 and 2. An increase in the cascade efficiency from
0.33 to 0.90 causes a small increase in loop density and a
reduction in loop size by about 25%. The unrealistically
smaller loop sizes at saturation in all three cases is due to
the high loop density caused by high dose rate. The
following section treats the transition from neutron ir-
radiation to proton irradiation, and deals principally
with the fraction of in-cascade interstitial clustering.

4.5. Parameter determination for proton irradiation
relevant to LWR irradiation conditions

For the case of proton irradiation, all material pa-
rameters remain the same as for neutron irradiation and
only the irradiation parameters are allowed to change.
Guided by MD results in [40], a value of 0.9 was chosen
for the cascade efficiency due to the reduced cascade
energy for proton irradiation. Of the remaining irradi-
ation parameters given in Table 3, only those parameters
which are associated with clustering are affected by the
change in irradiating particle and condition. Fig. 11
shows a series of plots of loop density and loop size in
which the values of f5, f3, f4 and f,q were varied over a
narrow range. The measurements of loop density and
loop size were also included in the plot.

As discussed above, the MD results from [40] were
used to define the range of values for the fractions of in-
cascade interstitial clustering for 3.2 MeV proton irra-
diation to be f; = f, = 1-2% and f4 = 0.1-0.2%. The
range of the value of £, was chosen to be similar to that
for neutron irradiation, as this was required for the
model to produce reasonable results. This is a weak
point in the modeling of proton irradiation. The in-
consistent treatment of in-cascade interstitial and va-
cancy clustering when changing from neutron to proton
irradiation is in part due to the over-simplified treatment
for vacancy clusters. That is, vacancy clusters are as-
sumed to be produced only from cascades and are only
of one single size.

In Fig. 11 shows the effect of several irradiation pa-
rameters; f>, f3 and fiq on loop density and size. Note
that despite an increase in the fraction of di- and

The parameters for the better fit of model calculation and data for proton irradiation (360 °C and 7 x 10~¢ dpa/s) established from
case 2 in Fig. 11, with the key parameters for neutron irradiation (275 °C and 7 x 10~% dpa/s)

Parameter LWR neutron irradiation Proton irradiation Comments

n 0.33 0.90 Fixed by MD results

HL=f 20% each 1% Fixed by MD results

fa 2% 0.1% Fit to data

el 10% 10% Fit to data

Fyel 0.5 nm 0.5 nm Fixed by calibration for fast reactor
D) =D} 102 cm?/s 102 cm?/s Fixed by assumption

D 107 cm?/s 107 cm?/s Fit to data
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Fig. 11. Dose dependence of loop density (a) and size (b) under
various conditions for proton irradiation at 360 °C and
7 x 107¢ dpa/s, calculated from the modified SOM model.

tri-interstitial clustering (f5, f3) by a factor of 2 the loop
density and diameter overlap for cases 2 and 4. This is
due to relatively high mobility for di- and tri-interstitial
clusters compared to that for tetra-interstitial clusters, as
well as the fact that the model assumed that thermal
dissociation could occur for di- and tri-interstitial clus-
ters, but not for tetra-interstitial clusters. The overlap
between cases 3 and 5 is caused by the same reason as
for cases 2 and 4. From case 2 to 3, a decrease in the
fraction of in-cascade vacancy clustering (f.¢) by a fac-
tor of 2 results in a significant change in both loop
density and the trend. The loop densities do not saturate
in case 3 even at dose up to 14 dpa and the densities are
too high compared to measurement data. The model
calculations are compared with the proton data in Fig.
11. It appears that cases 2 and 4 are consistent with
measured data trend. For the dose dependence of loop
size in Fig. 11(b), it appears that cases 1 and 2 are a
better fit to the measured data. Considering both loop
density and size, case 2 will be used for proton irradia-
tion.

The thermal stability plus the extremely low mobility
for tetra-interstitial clusters means that the fraction of
in-cascade tetra-interstitials, f3, has a stronger effect on
loop density than does the fraction of di- and tri-inter-
stitial clusters. The large difference between the impacts
of tetra-interstitial clusters and di- or tri-interstitial
clusters on the loop density is caused by the assumption
made in the description of cluster mobility. A 5 order of

magnitude difference between D} and D} or D) may not
be physically realistic. Unless a reliable result from MD
simulation can be used for the description of cluster
mobility (if it can be justified by some experimental
data), the treatment of cluster mobility in the current
model is very limited. This is due to the assumptions
that: (1) an interstitial cluster has the same migration
energy as a single interstitial, (2) the diffusivity of tetra-
interstitial clusters is significantly lower than di- and tri-
interstitials, and (3) the sink strengths are the same for
interstitial clusters as for a single interstitial. It appears
more reasonable to assume that the contribution of di-
or tri-interstitial clusters to the microstructure develop-
ment should be comparable to tetra-interstitial clusters.

The key parameters for the modeling of the proton-
irradiated microstructure are thus the following:

o f1 =0.1% for the fraction of in-cascade tetra-intersti-

tial clustering,
e 11 = 0.90 for cascade efficiency for proton irradiation,
e f.a = 10% for the fraction of in-cascade vacancy clus-
tering.

These parameters are listed in Table 3, together with
that for neutron irradiation. Compared to neutron ir-
radiation in LWRs, under proton irradiation, in-cascade
interstitial clustering is reduced by a factor of 20 while
the distribution of in-cascade interstitial clusters is the
same as for neutron irradiation. The same numbers for
the fraction of vacancy clustering (f,q = 10%) and size
(rva = 0.5 nm) are used for both neutron and proton
irradiation. This is necessary to preserve the calculated
loop density and trend in agreement with the measure-
ments. The use of the same parameters for vacancy
clusters between neutron and proton irradiation may
reflect the problems in the oversimplified treatment of
vacancy clusters (single size, immobile). The model cal-
culation with these parameters is compared with mea-
surement and is shown in Fig. 12(a), (b) for loop density
and size, respectively. The model calculations for both
dose dependence and magnitude of the loop density and
size are consistent with the proton-irradiated micro-
structure. The model prediction is higher than the
measurement data.

The calculation of the source terms in Egs. (3)—(5)
can be carried out for both in-cascade and classical
nucleation of di-, tri- and tetra-interstitials in order to
examine the differences between neutron (275 °C,
7% 1078 dpa/s) and proton irradiation (360 °C,
7 x 107 dpa/s). The results indicate that nucleation
rate for tetra-interstitials (treated as loops) due to in-
cascade interstitial clustering increased from neutron
irradiation (1.17 x 107! # tetra-int./atom/s) to proton
irradiation (3.15 x 10~° # tetra-int./atom/s), despite the
reduction of f,, f3 and f; in proton irradiation. The
corresponding classical nucleation rate for tetra-inter-
stitials increased by a factor of ~1000 from neutron
irradiation (~107'® # tetra-int./atom/s) to proton
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Fig. 12. Comparison of the calculated dose dependence of loop
density (a) and size (b) with experimental measurements of
proton-irradiated (3.2 MeV, 360 °C) commercial purity 304 and
316 SS.

irradiation (~10~'* # tetra-int./atom/s). Thus, the total
nucleation rate at a given dose for tetra-interstitials for
proton irradiation at 360 °C and 7 x 107° dpa/s is
higher than that for neutron irradiation at 275 °C and
7 x 1078 dpa/s by a factor of ~30. Note that the nu-
cleation rate for di-, tri- and tetra-interstitials cannot be
directly related to the measured loop density. It is the
interstitial cluster nucleation rate and loss rate of di-, tri-
and tetra-interstitials, the unfaulting of Frank loops,
and the irradiation dose that determine the measured
loop density. Note that for proton irradiation with re-
duced f, f3 and f; (by a factor of 20) compared to that
for LWR neutron irradiation, loop nucleation is still
driven by in-cascade interstitial clustering due to higher
dose rate and cascade efficiency and lower sink strength
at higher temperature.

4.6. Comparison of model calculation with measurements

The results of calculations using the modified SOM
model for both neutron and proton irradiation, along
with the measured data from neutron- and proton-ir-
radiated samples are plotted together in Fig. 13(a), (b)
for loop density and size, respectively. In Fig. 13, the
solid lines are the calculated loop density and size for
LWR neutron irradiation at 275 °C and 7 x 10~% dpa/s,
and the dashed lines are for proton irradiation at 360 °C
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Fig. 13. Comparison of the calculated dose dependence of loop
density (a) and size (b) with experimental measurements of
neutron-irradiated (A, LWR, 275 °C) (data were taken from
[22].) and proton-irradiated (o, 3.2 MeV, 360 °C) commercial
purity 304 and 316 SS.

and 7 x 107 dpa/s. The triangle symbols are measure-
ments for neutron irradiation at 275 °C and
7 x 1078 dpa/s [22]. The circle symbols are measure-
ments for proton irradiation at 360 °C and
7 x 107¢ dpa/s. The agreement between the model cal-
culations and measurement is excellent. The difference
between model calculation and the measured data is less
than a factor of 2 for both neutron and proton cases,
instead of a factor of 100 difference in the original SOM
model calculation. It is encouraging that the modified
SOM model predicts less than a factor of 2 in difference
in faulted loop density between neutron and proton ir-
radiation at the specified irradiation conditions, consis-
tent with the microstructure measurements [38]. This
provides support for the use of proton irradiation as a
tool for emulating the irradiated microstructural that
results from irradiation in LWRs.

A major concern in conducting proton irradiation to
study the neutron-irradiated microstructure is on the
difference in the size and production of displacement
cascades. Neutrons produce much larger cascades.
Loop nucleation is driven by the in-cascade interstitial
clustering rather than classic nucleation of dislocation
loops at LWR temperature and dose rate. Proton ir-
radiation produces smaller and spatially separated
cascades. Although the fraction of interstitials forming
in-cascade interstitial clusters is less than for neutrons
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(f>, /5 and f; reduced by a factor of 20), more inter-
stitials survive cascade recombination due to the higher
cascade efficiency for proton irradiation (0.33 — 0.90).
This leads to only a factor of ~7.3 reduction in the
total amount interstitials in the in-cascade interstitial
clustering for proton irradiation. The higher dose rate
and the lower sink strength at higher temperature in
proton irradiation result in equivalent microstructure
development as for neutron irradiation. The model
suggests that, for both neutron irradiation (LWR core
condition) and proton irradiation (relevant to LWR
core), the nucleation of Frank loops are driven by in-
cascade interstitial clustering. Classical nucleation of
Frank loops is insignificant under irradiations relevant
to LWR cores.

5. Conclusions

The modeling of microstructure evolution under ir-
radiation conditions relevant to LWR is achieved. The
microstructure model developed by Stoller and Odette
for fast reactor can be modified to apply to LWR irra-
diation conditions. The major modifications are the in-
clusion of in-cascade interstitial clustering and the loss
of small interstitial clusters to sinks by cluster diffusion.
The irradiation-based parameters fit to the existing
LWR dislocation microstructure database were: the
fraction of interstitials surviving the cascade in the form
of tetra-interstitial clusters, f4 = 2%, the pre-exponential
term for the diffusivity of tetra-interstitial clusters
Dy =1x10"7 cm?/s, and the fraction of in-cascade
vacancy clusters, f.q = 10%. The fit produces good
agreement in the dose dependence of dislocation loop
density and size evolution.

Proton irradiation produced an equivalent irradiated
microstructure as that from irradiation in an LWR core.
The calculated dose dependence of loop density and
loop size are in agreement with the measurements. The
model predicts less than a factor of 2 difference in loop
density between neutron and proton irradiation in ex-
cellent agreement with the factor of ~1.5 identified ex-
perimentally from the comparison of neutron- and
proton-irradiated microstructure measurements [47].
The modified model provides the correct response to the
measured changes in irradiation temperature and dam-
age rate.

In proton irradiation, the fraction of interstitials in
clusters is reduced by a factor of 20 compared to neutron
irradiation. But the higher dose rate and cascade effi-
ciency and the lower sink strength at the higher tem-
perature in proton irradiation results in a higher
nucleation rate of tetra-interstitials. In both cases, Frank
loop nucleation is driven by in-cascade interstitial clus-
tering and classical nucleation of loops is insignificant.
These somewhat compensating effects explain the

equivalence of the dislocation loop density and size
between neutron and proton irradiation.
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