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a b s t r a c t

According to conventional steady-state rate theory predictions of displacement damage evolution in irra-
diated materials, the accumulation of vacancies decreases as grain size decreases. Using atomistic simu-
lations, the authors report a transient anomaly in the dependence of radiation produced vacancy
accumulation on grain size. Contrary to the conventional wisdom, the accumulation of vacancies can
be higher in smaller grains than in larger grains during a transient stage. The anomaly is a result of com-
petition between two atomic-level processes: grain boundary absorption and bulk recombination of
point defects, each of which has characteristic length and time scales. Copper is used as the prototype
of face-centered-cubic material and Frenkel pair production mimicking electron radiation is the source
of non-cascade defect introduction, both choices aiming at clarity for identifying physical mechanisms.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The radiation of polycrystalline metals by energetic beams
including electrons, neutrons, and ions produces both vacancies
and interstitials along with their clusters under cascade conditions,
and gas impurity atoms under transmutation conditions [1–3].
Electron radiation, which produces individual vacancies and inter-
stitials, is a convenient experimental tool for studying fundamental
point defect processes, versus more complex processes involving
displacement cascade production and transmutations associated
with energetic neutron radiation. Electron radiation experiments
also provide validation to the conventional rate theories, which
in turn form the basis of more advanced models such as the pro-
duction bias model [4] for cascade production conditions. This path
from simple to complex processes is particularly conducive in
revealing generic mechanisms of radiation damage.

For the simple case of electron radiation, it is known that defect
accumulation decreases as grain size decreases for steady-state
conditions [5]. This monotonic dependence is the result of defects
diffusing to grain boundaries (GBs) where they are annihilated, and
it is true provided that production and annihilation of defects have
reached a steady state. During the transient stage before steady-
state conditions are achieved, the intricate balance of defect popu-
lations may result in different dependencies of defect accumula-
tion on grain size. The time to reach steady state depends on the
slowest process, such as vacancy diffusion in metals and defect
clustering. Since the transient time can be long, what happens dur-
ll rights reserved.
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ing this stage can be interesting from both scientific and technolog-
ical perspectives. Based on atomistic simulations, this paper
reports a transient anomaly (or crossover) in the dependence of de-
fect accumulation on grain size that is the result of kinetic differ-
ences in two competing atomic processes – GB absorption and
bulk recombination.
2. Simulation methods

The atomistic simulations are based on the ADEPT numerical
package [6], which is an extension of conventional lattice kinetic
Monte Carlo methods. The extension enables the representation
of multiple lattices and thereby polycrystalline materials. In order
to represent multiple lattices, we have gone through four stages of
method development. In the first stage [6], we simply assign an in-
dex to each lattice site to label a crystalline orientation. In the sec-
ond stage, we map two lattices onto one lattice [7]. In the third
stage, we map multiple lattices onto one lattice, in reduced two-
dimensional space [8]. Finally, in the fourth stage, we map multiple
lattices onto one lattice, in three-dimensional space but for simple
cubic (SC) lattice only [9]. Based on the fourth stage implementa-
tion, we extend the development to face-centered-cubic (FCC) lat-
tices in the current version of ADEPT.

An FCC lattice consists of four SC sub-lattices. Therefore, map-
ping of an FCC lattice becomes the mapping of four SC lattices. Tak-
ing the first SC sub-lattice as reference, the displacements of the
four SC sub-lattices are [0 0 0], [1 1 0], [0 1 1], and [1 0 1]; the unit
is half a lattice constant. Denoting these as position vectors of the
four sub-lattices ue (where e goes from 1 to 4), we can determine
the relative positions of any two sub-lattices as ue/ = ue � u/. The
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ue/ is always in the form of [a b 0], [a 0 b], or [0 a b], with a and b
being 1 or �1. On each sub-lattice (say lattice e), a lattice site is la-
beled by three indices (i, j, k), and it has 12 nearest neighbors; four
from each of the other three sub-lattices. If ue/ is [0 a b], the four
nearest neighbors from sub-lattice / have indices (i, j, k),
(i, j + a, k), (i, j, k + b), and (i, j + a, k + b); as shown in Fig. 1. Based
on this mapping process for FCC lattice, the error in representing
a lattice site’s position is always within two lattice periods, and
it peaks at half a lattice period, as shown in Fig. 2.

Within the framework of updated ADEPT, a vacancy is an empty
site in an FCC (copper in this case) lattice. Although an interstitial
atom has various configurations, we place it at a site of another lat-
tice that is identical to the copper crystal lattice. To simulate elec-
tron radiation, we introduce a pair of vacancy and interstitial
defects at a production rate P (selected to be 10�5 displacement
per atom per second (dpa/s) for all simulations in this paper).
The Frenkel pair has an initial separation distance, with equal
probability, between 3 and 8 lattice constants; the vacancy-inter-
stitial recombination distance is taken to be two lattice constants,
and vacancy–vacancy interaction distance is one lattice constant
based on analysis of electron radiation experiments [10]. Copper
is the prototype FCC material in this study, and its lattice constant
is 0.361 nm at room temperature [11]. Focusing on defects, we
Fig. 1. Four neighbors from lattice / for site (i, j, k)e, with ue/ = [0 a b] = [0 �1 �1].

Fig. 2. Distribution of lattice sites as a function of separation between a mapped
site and its physical site.
parameterize atomic potential energy to represent formation ener-
gies of single vacancy and its clusters, and choose the potential en-
ergy Ei of an atom to be �2.11, �2.29, �2.30, �2.70, �2.85, �3.02,
�3.16, �3.32, �3.43, and �3.54 eV when its coordination i goes
from 3 to 12. The formation energies of small vacancy clusters gi-
ven by this potential are listed in Table 1, in comparison to molec-
ular dynamics (MD) results. In addition to potential energies,
diffusion energy barriers and prefactors are also critical inputs to
ADEPT. In this study, single vacancies and interstitials are the dif-
fusing entities in bulk; no interstitial clusters form while few va-
cancy clusters do in our simulations. All vacancy clusters are
assumed to be immobile. According to our MD simulations, the dif-
fusion jump frequency of single vacancies is mv ¼ 4:7� 1012�
e�0:67=kT s�1 and that of interstitial atoms is mi ¼ 1:4� 1012�
e�0:09=kT s�1, consistent with literature data [11]; kT is the Boltz-
mann factor in eV.

In polycrystalline ADEPT simulations, representation of GB
energetics is crucial. We use vacancies to represent GB formation
volume. According to experimental data [12], the formation vol-
ume of R9 [0 1 1](1 2 2) GB of copper is 0.1241 nm; note, the for-
mation volume units are volume per unit area. Atomistic
simulations show that the formation volume of R9 [0 1 1](1 2 2)
GB of copper is about 75% that of random GBs. Therefore, we esti-
mate that the formation volume of random GBs is 0.16 nm; all GBs
are random in this study. For each atom at GB, it may have n neigh-
bors from neighboring grains. The corresponding energy of this
atom is increased by nDE, relative to its counterpart in grain inte-
rior. We choose DE to be 0.125 eV to reproduce the GB formation
volume under thermodynamic equilibrium at room temperature.
The GB vacancies are diffusing agents of GB diffusion, and change
of grain orientations of GB atoms represents GB migration. In this
study, all grains have the same shape and size, and all GBs are ran-
dom. As a result, details of GB diffusion and migration are not crit-
ical, and will be left out.

The polycrystalline simulation cell consists of h1 1 0i columnar
grains with hexagonal cross-sections, as shown in Fig. 3. Following
Yamakov et al. [13], the four grain orientations have relative rota-
tion angles of 0�, 30�, 60�, 90� respectively; so all GBs are random.
The grain diameter L ranges from 10 nm to 50 nm, and the z
dimension (thickness) is 7.5 nm; numerical tests show that the cal-
culated single vacancy concentration is constant within 2% when
Table 1
Formation energies of small vacancy clusters.

Em
f E2m

f E3m
f

a E4m
f

b

MD 1.27 2.40 3.38 4.22
ADEPT 1.28 2.41 3.39 4.06

a In the shape of triangle on {1 1 1}.
b In the shape of tetrahedron.

Fig. 3. Schematic of simulation cell, with grain size L and rotation angle h labeled.



Fig. 4. Vacancy concentrations as a function of radiation time for T = 0.25Tm.

Fig. 6. Snapshots of total vacancy concentration as a function of grain size at
T = 0.25Tm; the error bars are defined in the same way as in Fig. 4.

Fig. 7. Critical time for the crossover transition in vacancy concentration for 25
versus 40 nm grain sizes as a function of radiation temperature.
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the z dimension is increased to 15 nm. Periodical boundary condi-
tions are applied in all three directions.

3. Simulation results

Due to the high mobility of interstitial atoms, the accumulated
defects are single vacancies and vacancy clusters only. Fig. 4 shows
the monovacancy concentration Cv, defined as the ratio of number
of single vacancies and the total number of grain interior lattice
sites, as a function of time; here, L = 40 nm, P = 10�5 dpa/s,
T = 0.25Tm (Tm is the melting temperature, 1357 K). The concentra-
tion is the average of 20 independent simulations, and the error bar
of each data point is twice the standard deviation among the 20
simulations. Also included in the figure are the concentrations of
vacancy clusters C2v and C3v. The concentration of divacancy clus-
ters is already substantially smaller than that of monovacancy,
and the concentration of trivacancy (or larger clusters) is negligibly
small. Most vacancies are in the form of monovacancies for simu-
lation times up to 35 s.

The total vacancy concentration, i.e. sum of Cv, 2C2v, 3C3v, and so
on, depends on grain size also. In Fig. 5a, we show the total vacancy
concentration within 8 s for three different grain sizes. At short
times, say 0.8 s, the total vacancy concentration in smaller grains
is monotonically higher than in larger grains; this is the opposite
dependence on grain size compared to classical steady-state point
defect radiation conditions [5]. As radiation continues, for example
Fig. 5. Total vacancy concentration at T = 0.25Tm as a function of time for three different
way as in Fig. 4.
to 6.8 s, a non-monotonic dependence on grain size (crossover) re-
sults. As radiation continues even further, for example to 30 s,
Fig. 5b shows a monotonic increase with increasing grain size, sim-
ilar to the classical behavior reported in [5].
grain sizes: (a) within 8 s, and (b) within 35 s; the error bars are defined in the same



Fig. 8. (a) Number of annihilated vacancies at T = 0.25Tm (normalized by the number of grain interior lattice sites) as a function of time for grain sizes of 25 and 40 nm, and
(b) comparison of the relative importance of GB absorption versus bulk recombination for the two grain sizes, D2 � D1.
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As depicted in the inset plots in Fig. 5, the dependence of total
vacancy concentration on grain size goes through three stages in
time: monotonic decrease, crossover, and monotonic increase;
the last stage being consistent with the dependence at steady state.
If we take steady state dependence as the norm, the anomaly for
smaller grains will transition into the norm faster. For example,
the dependence for grain sizes of 15 nm and 25 nm transitions to
the norm at about 4 s, while that for grain sizes of 25 nm and
40 nm occurs at about 10 s. Fig. 6 shows that as time goes on,
the grain size where the crossover transition occurs steadily in-
creases. While the crossover transition at 50 s occurs around grain
size of 35 nm, similar transition at much later time (hours or days)
will occur around much larger grain sizes. In addition, since accu-
mulated defects will interact with dislocations in highly non-linear
fashion, the anomaly at early time of 50 s or so will have impacts to
long-time evolution of defects in nuclear materials.

To clearly reveal the competition of kinetic effects, we consider
two grains of 25 nm and 40 nm under various radiation tempera-
tures; temperature affects kinetic rates. At an early stage, total va-
cancy concentration is higher for grains of 25 nm in size than for
40 nm. After a critical time (as given from plots such as Fig. 5), this
trend is reversed. Fig. 7 shows that the critical time, defined
according to vacancy concentration without consideration of error
bars, decreases as radiation temperature increases.

To further understand how atomic processes affect the vacancy
accumulation, we compare the number of vacancies annihilated at
GBs and the number of vacancies annihilated by bulk recombina-
tion with interstitials. For two grain sizes of 25 nm and 40 nm,
the radiation conditions are P = 10�5 dpa/s, T = 0.25Tm. Fig. 8a
shows that bulk recombination in grains of 40 nm is responsible
for more vacancy annihilation than in grains of 25 nm; the differ-
ence without consideration of error bars is D1. Conversely, GB
absorption is responsible for fewer annihilated vacancies in grains
of 40 nm than in grains of 25 nm; the difference without consider-
ation of error bars is D2. If GB absorption dominates, vacancy accu-
mulation increases with grain size; otherwise, the opposite
dependence is observed. The relative dominance of GB absorption
and bulk recombination is shown as the difference D2 � D1 in
Fig. 8b. During the transient stage (early stage of time), interstitials
more quickly diffuse to GBs in smaller grains, leaving fewer inter-
stitials to recombine with vacancies. As a result, the vacancy accu-
mulation in smaller grains is larger. After the transient stage, more
vacancies diffuse to GBs in smaller grains, resulting in smaller va-
cancy accumulation in smaller grains. The competition of vacancies
absorption at GBs and their bulk recombination with interstitials,
which also diffuse to GBs, leads to the transient dependence of va-
cancy accumulation on grain size.

Before closing, we discuss the reported anomaly in historical
context – in terms of comparison with previous studies and gener-
alization. In retrospect, previous studies have alluded to the exis-
tence of the reported anomaly. Lam [14] has reported a crossover
in defect concentration at low temperatures as a function of dis-
tance from a sink; similar reports have been conjectured in other
reports [15–17]. In contrast, the anomaly reported here involves
defect concentration as a function of grain size. The report of
Lam is based on the same mechanism as in this paper, although
our work specifically examines the dependence on grain size. In
terms of generalization, two aspects are worth mentioning. First,
the reported anomaly is the result of competition between va-
cancy-interstitial bulk recombination and vacancy absorption at
sinks. Even if the sinks are not grain boundaries (e.g., nanoparti-
cle–matrix interfaces in large grains), a similar transient anomaly
can also be expected. Second, the reported anomaly is associated
with Frenkel pair production mimicking electron radiation in grain
interior, and generalization to neutron radiation of nuclear materi-
als requires further studies – including the effects of cascade pro-
duction [4], defect production near grain boundaries, and
presence of helium gas atoms [18].
4. Conclusion

Based on atomistic simulations, we report the discovery of a
new transient anomaly in the dependence of defect accumulation
on grain size under Frenkel pair production mimicking electron
radiation. During the transient stage, because interstitials diffuse
faster than vacancies, few interstitials are available for recombina-
tion with vacancies in the bulk. As a result, vacancy accumulation
in smaller grains is larger than in larger grains. The duration of the
transient phase is longer for larger grains than for smaller grains,
and it decreases as radiation temperature increases. The transient
anomaly is the result of two competing atomic processes: GB
absorption and bulk recombination of radiation produced defects.
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