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Abstract

Kinetic Monte Carlo simulations of one-dimensionally diffusing interstitial clusters (dislocation loops) are used to
gain insight into their role in microstructure evolution under irradiation. The simulations investigate the changes in
reaction kinetics of these defects as a function of changes in the Burgers vector and variation in the size and density of
randomly or periodically distributed sinks. In this paper we report on several kinetic Monte Carlo studies intended to
elucidate the effects of mixed 1-D/3-D migration relative to pure 3-D and pure 1-D migration. We have investigated the
effects of variation of the average distance traveled between Burgers vector changes (L) on the absorption of individual
defects into absorbers of varying size and varying concentration, as well as the effects of variation in (L) on the time
dependence of absorption of a collection of defects into an array of absorbers. Significant effects of Burgers vector
changes on the reaction kinetics of the diffusing interstitial clusters are clearly demonstrated. Even when (L) is large
relative to the size and spacing of microstructural features, significant effects of mixed 1-D/3-D migration on reaction

kinetics are evident. © 2000 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

A comparison of the available experimental results
on cluster density and void swelling clearly demonstrates
that there are very significant differences in the defect
accumulation behavior between fcc and bec metals ir-
radiated under cascade damage conditions over a wide
temperature range [1]. In an attempt to understand the
mechanisms responsible for causing these large differ-
ences in the swelling behavior between fcc and bec
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metals, Golubov, Singh and Trinkaus, in a companion
article to this [2], have analyzed the experimental results
on void swelling within the framework of the production
bias model (PBM) with the assumption of one-dimen-
sional (1-D) diffusional transport of self-interstitial atom
(SIA) clusters. Molecular dynamics (MD) studies have
demonstrated that SIA produced in cascades can readily
take the configuration of crowdions and crowdion
clusters that migrate one-dimensionally. Furthermore,
they have shown that the structure, stability, and the
fraction of glissile SIA clusters that are produced in
cascades in bec iron are different from that in fcc copper
[3,4].

The concept of ‘pure’ 1-D diffusional transport im-
plies that the gliding SIA clusters, which are essentially
small glissile dislocation loops, maintain the same
Burgers vector throughout their lifetime, i.e., until they
interact with a sink. Recently, it was found that incor-
porating the assumption of pure 1-D diffusional trans-
port of SIA clusters into the PBM does not provide an
adequate explanation for the observed large differences
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in the swelling behavior between fcc and bec metals [2].
Rather, Golubov et al. [2] have proposed that the
treatment of the damage accumulation in the PBM
should include the effects of changes in the Burgers
vector of SIA clusters during their 1-D diffusional
transport. MD simulation studies have shown that such
changes can occur either by thermal activation [5,6] or
by interaction with another SIA cluster [7]. The net effect
of this kind of migration is a defect migration path that
is 3-D but consists of segments of 1-D random walks.
The concept of mixed 1-D/3-D migration is illustrated
(in 2-D sketches) in Fig. 1(c), where the average length
between direction changes, (L), is proportional to the
square root of the average number of 1-D jumps made
between direction changes. The reaction kinetics of this
mixed 1-D/3-D type of migration will depend on the
average length of 1-D segments relative to the size and
concentration of other defects and microstructural fea-
tures with which the SIAs can interact.

The reaction kinetics for pure 3-D diffusion and pure
1-D diffusion can be formulated analytically. Unfortu-
nately, at present, there exists no rigorous mathematical
description of the reaction kinetics for 1-D glide with
random Burgers vector changes, leading to the mixed 1-
D/3-D mode of diffusional transport. However, some
guidance can be found from earlier work by Gosele and
Seeger [8], who analytically described the reaction ki-
netics of single crowdions involved in defect recovery
during annealing experiments. In this work they con-
sidered ‘preferentially’ 1-D migration, in which 1-D
migrating crowdions jump infrequently from one row of
atoms to another as they continue in the same direction,
as illustrated schematically in Fig. 1(d). Their work
demonstrated that even a very small deviation from the
pure 1-D diffusion (in preferentially 1-D migration)
leads to a decisive change in the reaction kinetics. While
this conclusion of Gosele and Seeger has been taken to
be the central argument in the treatment of defect ac-
cumulation and void lattice formation in fcc and bec
metals by Golubov et al. [2], there still remains the dif-
ficulty of analytically describing the effects of random
Burgers vector changes and mixed 1-D/3-D migration.

To gain insight into these processes, we have begun
using kinetic Monte Carlo simulations of one-dimen-
sionally diffusing STA clusters to investigate the changes
in reaction Kkinetics as a function of changes in the
Burgers vector and variation in the size, R, and con-
centration (number density), C, of randomly or period-
ically distributed sinks.

In this paper we report on several kinetic Monte
Carlo studies intended to elucidate the effects of mixed
1-D/3-D migration relative to pure 3-D and pure 1-D
migration. In particular we have investigated the effects
of the number of jumps, N (or the average distance
traveled, (L)) between Burgers vector changes on the
absorption of individual defects into absorbers of
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Fig. 1. Schematic illustration of defect migration by (a) 3-D
random walk on the crystal lattice; (b) 1-D random walk; (c)
mixed 1-D/3-D migration consisting of a 3-D path consisting of
segments of 1-D random walks in different random directions;
and (d) preferentially 1-D migration consisting of segments of
1-D random walks in the same direction broken by occasional
hops to adjacent atom rows.

varying size and varying concentration, as well as the
effects of variation in (L) on the time dependence of
absorption of a collection of defects into an array of
absorbers.

2. Procedure

Empirical computational studies of the effects of
mixed 1-D/3-D migration and the scale of the micro-
structure on defect reaction kinetics were performed
using a simple kinetic Monte Carlo computer code,
following the basic concepts of the ALSOME kinetic
Monte Carlo code used for annealing studies of cascades
[9] and simulations of defect accumulation under irra-
diation [10]. In the present study, a defect associated
with a site in a fcc lattice migrates by jumping randomly
along any of the 12 (1 10) directions to a neighboring
lattice site. In principle, the defect can represent any type
of migrating defect: vacancy, self interstitial atom
(dumbbell or crowdion), or clusters thereof, as long as it
can be ‘associated’ spatially with a lattice site, and its
migration is effectively from lattice site to lattice site
along (1 10) directions. In the present work all mobile
defects have the same kinetic properties. The mobile
defects interact with immobile, spherical ‘absorbers’ of
radius R located within the volume. A migrating defect
is absorbed into an absorber when their center-to-center
separation is less than R. The mobile defects do not
interact among themselves.

All defects migrate by jumping one (110) lattice
vector at a time. A defect migrating by ‘pure 3-D’ mi-
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gration chooses its next jump randomly from all 12
possible (1 1 0) jump vectors, as illustrated schematically
in Fig. 1(a). A defect migrating by ‘pure 1-D’ migration
chooses its next jump randomly from either plus or mi-
nus directions along the same (1 1 0) direction, Fig. 1(b).

In these simulations a defect performing mixed 1-D/
3-D migration jumps back and forth in a 1-D random
walk along the same (1 1 0) direction for N jumps, then a
new direction for its next 1-D random walk segment is
chosen randomly from the 12 (1 10) directions. It pro-
ceeds with this 1-D random walk for another N jumps,
and so on, Fig. 1(c). In the simulations discussed here N
is taken to have the same value for each 1-D segment of
the mixed 1-D/3-D migration for a given run. To keep
the discussion in terms of varying length scales, we
characterize the mixed 1-D/3-D path by the average
length (L) between direction changes (since in our sim-
ulations N has the same value for each 1-D segment, we
shall drop the ‘average’ notation (L) and refer from now
onto L = a(N/2)"?, where a is the fcc lattice parameter,
as the average distance between direction changes).
Note, however, that the total length of the actual 1-D
path traversed during a specific 1-D segment can be
greater than L.

In the present study, the absorbers are stationary and
unsaturable, and they are arranged in either random or
periodic arrangements in computational cells of finite
size depending on the problem studied. A simple cubic
periodic arrangement of absorbers is accomplished by
placing one absorber at the center of the cell and im-
posing periodic boundaries at the cell faces. Thus, the
spacing between absorbers and their concentration C is
determined by the size of the cell. A computation volume
of finite size is simulated by requiring the defect to be
absorbed in the boundary after it has completely tra-
versed the cell volume a fixed number of times. A random
arrangement of absorbers is simulated by placing ab-
sorbers at random locations within a very large cell.

Absorption at the boundary represents a second ab-
sorber population in competition with the array of
spherical absorbers distributed within the computational
volume. The results of these studies are likely to be
quantitatively different if a secondary absorber of dif-
ferent size (absorption at the boundary of larger or
smaller computational volume) or different geometry is
used. However, qualitatively, the same relative behavior
in defect absorption with respect to changesin L, R or C
is expected. Moreover, by having the boundary as the
secondary absorber, the interplay of the effects of
varying L, R and C may be more clearly demonstrated.

3. Results

Several studies were undertaken using the Monte
Carlo approach outlined above. The independent vari-

able in most cases was the number of jumps N between
direction changes, varying from N =1 for pure 3-D
migration with equally probable jumps along any of the
12 (110) directions to N = oo for pure 1-D migration.
Most figures are plotted here in terms of the average
distance between direction changes, L, in order to con-
sider the effects of this length variable relative to the
various other length scales. Lengths are shown in the
figures in units of nm, assuming the fcc lattice parameter
in these studies to be that of Cu, about 0.36 nm. In the
results shown here, each data point represents the av-
erage value for a set of 1000 mobile defects, each initi-
ated at a random position within the central region of
the computational cell and with randomly chosen initial
migration directions.

In Fig. 2 the fraction of defects absorbed by a peri-
odic array of static absorbers is plotted as a function of
L for absorbers of six different radii. Each absorber is at
the center of a cubic cell of size 100 lattice parameters
(about 36 nm for fcc Cu), resulting in an absorber
concentration of about 2 x 102/m*. The total compu-
tational volume is a cube containing 125 such cells in a
periodic array. The absorber radii are varied from 1% to
25% of the cell size. The 1000 migrating defects are
initiated one at a time in the central cell, and the fraction
of these that are absorbed before they can escape the
computational volume is plotted for each value of L and
R considered. In Fig. 2 the values for L = oo (pure 1-D)
are plotted at L = 10* nm. The fraction absorbed under
pure 1-D migration can be determined simply from the
cross sectional area of the absorber relative to the cross
sectional area of the cell in the (1 10) direction. The ef-
fects of absorber radius can be clearly seen. When the
absorbers have smaller radii, a smaller fraction of mi-
grating defects are absorbed at all values of L. Also, the
mixed 1-D/3-D reaction kinetics manifest a transition
from more 3-D-like to more 1-D-like behavior with
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Fig. 2. The fraction of migrating SIA absorbed in a periodic
array of absorbers as a function of L, the average distance
between direction changes, for fixed concentration,
C =2 x 102 /m3, and various values of absorber radius.
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increasing L that occurs more sharply as the absorber
radius increases. On a relative scale, however, the
smaller the absorber, the more sensitive the fraction of
absorption is to the value of L.

In Fig. 3 the fraction of defects absorbed by a peri-
odic array of static absorbers is plotted as a function of
L for six different levels of concentration of a periodic
array of absorbers of radius R = 0.9 nm. Conditions are
the same as for Fig. 2. As in Fig. 2, when the probability
of meeting an absorber increases (in this case because of
a higher concentration of absorbers), the transition of
the mixed 1-D/3-D kinetics from 1-D-like to 3-D-like
behavior as a function of L becomes much sharper. Fig.
4 shows the same information plotted relative to the
absorption fractions for pure 1-D. In general, the lower
the concentration, the more sensitive the absorption
fraction is to the value of L (although the effects of
varying the concentration appear to saturate in the
2-4 x 10?2 /m? concentration range). In Fig. 5 the same
data are plotted to show the absorption fraction as a
function of the absorber density for various values of L.
The dependence of absorption fraction on absorber
density varies significantly with the value of L.

The studies discussed above were performed on a
periodic array of absorbers. For comparison, a problem
using a random array of absorbers of radius 0.9 nm was
studied. Mobile defects were introduced at random po-
sitions in the central region of the cell, and the simula-
tion was carried out as in the studies of the periodic
arrays of absorbers. In Fig. 6 the results for the random
array are compared to those for the periodic array of
absorbers. For this simple set of conditions the results
for the random array and the periodic array are the
same within the scatter to be expected. However, this
may not be true in general, when, for example, more
than one type of absorber is present.
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Fig. 4. The fractions, relative to that for pure 1-D migration, of
migrating SIA absorbed in a periodic array of absorbers as a
function of L, the average distance between direction changes,
for absorbers of fixed radius, R = 0.9 nm, having various values
of concentration.

FRACTION OF SIA TO ABSORBERS
o
7]
T

L L

100 2 3 45 101 2

s s 102z s a5 108
DENSITY OF ABSORBERS (1021/m3)

Fig. 5. The fraction of migrating SIA absorbed in a periodic

array of absorbers of fixed radius, R = 0.9 nm, as a function of

the concentration of absorbers, for various values of L, the
average distance between direction changes.
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Fig. 3. The fraction of migrating SIA absorbed in a periodic
array of absorbers as a function of L, the average distance
between direction changes, for absorbers of fixed radius,
R = 0.9 nm, having various values of concentration.
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To further elucidate the effects of mixed 1-D/3-D
migration on defect reaction kinetics, a simulation was
performed to simulate recovery of damage (or decay of a
defect population) as a function of time. In this case
1000 defects were placed randomly and simultaneously
in a cubic cell of side 100 nm. containing a random array
of spherical absorbers at a concentration of 1 x 1022 /m?>.
The absorbers were static and unsaturable, and they
were maintained at a constant radius of 2.4 nm (6.5
lattice parameters in Cu) throughout the recovery runs.
The mobile defects jumped randomly on the fcc lattice,
and they did not interact with each other. Infinite peri-
odic boundaries were applied, and defects were absorbed
only by the spherical absorbers. Each run was termi-
nated after a fixed number of jumps for the system. Figs.
7 and 8 show the number of defects absorbed in the
absorbers as a function of time, which is measured in
units of defect jumps. The log-log plot in Fig. 7 em-
phasizes the differences in the curves at small values.
Results are shown for runs using various values of L.
The upper curve is for 3-D migration. The lower curve is
for pure 1-D (L = o), and it tends toward a saturation
value reflecting the finite size of the periodic cell. In
between are plotted results for values of L =25, 36, 57,
81, 116 and 181 nm. For each of the intermediate values
of L, the system follows the trace for the pure 1-D case
(the same set of random numbers is used in all cases)
until it deviates to a trace more similar to that of the 3-D
migration, although at a lower slope with increasing L
(Fig. 8). In every intermediate case, there is a transition
from 1-D behavior to mixed 1-D/3-D behavior once the
defects have migrated distances comparable to the dis-
tances between direction changes. In all cases shown in
Figs. 7 and 8 the fraction absorbed at the transition to
mixed kinetics is about 3% or less, which is, of course,
the value of absorption under pure 1-D migration.
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Fig. 7. The fraction of SIA absorbed as a function of time from
an initial concentration of mobile SIA 10**/m?, randomly dis-
tributed near the center of a random array of stationary
spherical absorbers of concentration, C = 10?2 /m?3, and radius,
R =2.5 nm for various values of L, the average distance be-
tween direction changes.
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Fig. 8. A linear plot of Fig. 7. The fraction of SIA absorbed as
a function of time from an initial concentration of mobile SIA
10**/m?, randomly distributed near the center of a random
array of stationary spherical absorbers of concentration,
C = 10**/m3, and radius, R = 2.5 nm for various values of L,
the average distance between direction changes.

4. Discussion and conclusions

The studies described here illustrate how defect re-
action kinetics change when mixed 1-D/3-D defect mi-
gration takes place due to dislocation loops (clustered
crowdions) gliding one-dimensionally with frequent or
occasional changes in their Burgers vectors. This sug-
gests that when evaluating the magnitude of damage
accumulation under cascade damage conditions, it is
important to consider not only 1-D diffusion of SIA
clusters, but especially to consider also the effects of
changes in the Burgers vector on the reaction kinetics of
these clusters with the sinks in the crystal.

The change in defect reaction kinetics depends on L,
the average distance between Burgers vector direction
changes in the mixed 1-D/3-D migration paths of the
defects, relative to the scale of the microstructure with
which the defects interact. There are obviously scale
extremes where the defect migration is essentially pure 1-
D or 3-D. If the Burgers vector changes after only a few
hops on average, then its migration is essentially 3-D. If
L is equal to or larger than the grain size, the migration
is essentially 1-D. However, Figs. 7 and 8 illustrate that
even when L becomes large relative to the spacing of
potential interaction partners, there is always a regime in
which mixed 1-D/3-D reaction kinetics will be operable.
Also, given that mean free paths are longer under 1-D
migration than under 3-D, the mixed 1-D/3-D kinetics
will likely dominate.

In a global sense the reaction kinetics can change
during continuous irradiation as the scale of the mi-
crostructure changes through defect accumulation and
microstructure evolution. The present results indicate
that the way the kinetics change during microstructure
evolution depends on the value of L. Referring to Fig. 5,
it can be expected that in an actual irradiation the
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density of absorbers (immobile defect clusters — dislo-
cation loops, stacking fault tetrahedra, etc.) will increase
with dose and that, during that transient period, the
reaction kinetics of defects diffusing by mixed 1-D/3-D
migration will change differently with the defect cluster
density for different values of L. Furthermore, since the
Burgers vector changes may be strongly influenced by
local interactions with defects, it is likely that L will also
change with increasing dose. This makes the dependence
of the reaction kinetics on the frequency of change of the
Burgers vector for defects undergoing mixed 1-D/3-D
migration very complicated.

The present study has revealed the complicated na-
ture of the defect reaction kinetics of gliding interstitial
loops that diffuse by mixed 1-D/3-D migration. The
profound effects of this phenomenon will only be real-
ized when we obtain sufficient understanding to include
it in global theories of microstructure evolution under
neutron irradiation.
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