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Grain boundary motion assisted via radiation cascades in bcc Fe
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Molecular-dynamic simulations were performed to study the influence of displacement cascades on grain
boundary (GB) structure and stability in bee Fe. A 3=5, (310)[001] symmetric tilt boundary with a tilt angle
of 6=36.9° was used for the simulations. We find that GB motion, either sliding or migration, is activated
under the influence of displacement cascades at lower internal stresses as compared to the unirradiated GBs.
We postulate that radiation-induced GB damage aids the nucleation mechanisms that trigger GB motion.
Furthermore, radiation-induced GB sliding significantly relaxes internal stress and may provide a viable
mechanism for promoting irradiation creep via GB accommodation processes.
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I. INTRODUCTION

Understanding the stability of materials exposed to radia-
tion is a high priority task for the nuclear industry. To fulfill
the goal of constructing the next generation of nuclear reac-
tors, extensive materials selection, development, and perfor-
mance evaluation are required as material degradation may
potentially limit the various reactor designs being consid-
ered. In particular, materials used in the reactor core must be
able to withstand more severe radiation dosages, tempera-
tures, and pressures as compared to current reactors.!»?

Advanced steels hold promise for use in these next gen-
eration nuclear reactors as they are suitable for use at rela-
tively high temperature and pressure and have proven some-
what resistant to radiation-induced swelling.3 However,
steels are generally susceptible to radiation damage in the
form of radiation-induced embrittlement and irradiation
creep.* Experimental studies are therefore required to assess
and understand these phenomena. Nevertheless, such studies
are expensive in terms of time and resources due to the in-
herent difficulty of handling irradiated materials and the
wide range of time and length scales associated with
radiation-induced damage processes.

Fortunately, various aspects of radiation-induced damage
and creep can now be studied with a high degree of realism
using multiscale computational techniques.>® Virtual experi-
ments enable the investigation of phenomena not amenable
to experimental study and can be used to guide material de-
sign. Displacement cascades, the fundamental radiation dam-
age inducing event in materials, are not amenable to experi-
mental study as they have a lifetime of a few picoseconds
and cannot be observed directly by experiment. However,
displacement cascades lead to the production of defects
which evolve over time and lead to changes in microstruc-
ture and macroscopic properties. Due to the importance of
understanding the primary radiation damage event,
molecular-dynamics computations have been extensively
used to study displacement cascades in metals, primarily in
bee Fe (Refs. 7-13) although fec and hep materials have also
been studied. Recent review articles'"'#-1® summarized the
state of the field and the influence of variables such as inter-
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atomic potential, temperature, radiation dosage, and simula-
tion technique on defect production and clustering. Current
research focuses on developing realistic interatomic
potentials'”!8 and understanding the influence of solute on
primary defect production, primarily in Fe-based alloys.!*

The majority of primary radiation damage computational
studies reported in the literature focus on characterizing the
changes in the properties of the bulk and stress-free lattices
and largely ignore the influence of grain boundaries and in-
terfaces. However, grain boundaries and interfaces are im-
portant for mediating plastic deformation and play an impor-
tant role in many aspects of creep. In the present work, we
investigate the combined influence of radiation and internal
stress on the stability of grain boundaries in bcc Fe. We have
chosen a well-characterized bicrystal for this purpose; i.e., a
3,=5, (310)[001] symmetrical tilt grain boundary.

The remainder of the paper is organized as follows. In
Sec. II, we describe the technical details related to the
molecular-dynamics (MD) simulations and chosen bicrystal
geometry. In Sec. III, we quantify the irradiation defects pro-
duced by direct radiation of the grain boundaries and com-
pare the results to the defects produced by bulk irradiation.
We also investigate how internal stress influences the grain
boundary displacement cascade events. Last, in Sec. IV our
findings are summarized and the implication of our results
with regards to irradiation creep are discussed.

II. METHOD

To study the short time scale associated with primary neu-
tron irradiation damage of materials, we have chosen a
molecular-dynamics approach. All simulations were per-
formed with LAMMPS, a simulation package distributed by
Sandia National Laboratories.?!?> Our interest in understand-
ing the mechanical stability of irradiated grain boundaries
(GBs) in metallic systems motivated us to consider pure bec
Fe 2=5, (310)[001] symmetric tilt bicrystals. This tilt geom-
etry allowed us to benchmark some of the results presented
in this work with those of a previous study performed on
identical crystalline structures.”® The tilt angle in these sys-
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FIG. 1. (Color online) Configurations of a bce Fe X=5,
(310)[001] symmetric tilt bicrystal strained along xy. The top con-
figuration represents the initial bicrystal. The bottom configuration
shows the bicrystal 20 ps after a GB displacement cascade, initiated
with a PKA energy of 1 keV. GB migration can be identified by
comparing the initial and final positions of the GB (tilted straight
line).

tems is 6#=36.9° and the [001] tilt direction of the bicrystal
was oriented parallel to the z axis of the simulation box (see
Fig. 1).

The minimum-energy structure for a given bicrystal is
computed by generating an initial set of configurations such
that rigid-body translations are applied to the crystal on op-
posite sides of the GB.?>* This procedure creates bicrystals in
which the crystal lattice located on one side of the boundary
is shifted in the GB plane with respect to the crystal lattice
on the other side. Next, a conjugate gradient minimization
technique® is used to relax each configuration while looking
for the one with minimum energy. This lowest energy con-
figuration is later used as the initial structure for all MD
simulations presented. For the above calculations, periodic
boundary conditions were considered in all spatial dimen-
sions and the orientation of the unstrained GBs was parallel
to the yz planes following the axis convention displayed in
Fig. 1.

To avoid potential artifacts introduced to the atomic equa-
tions of motion by a thermostat, our systems are set to satisfy
the statistics of the microcanonical ensemble (NVE). The
reason for considering only NVE ensembles stems from the
fact that, to the best of our knowledge, there is no general
consensus when it comes to selecting a thermostat able to
properly describe electronic heat conduction within metallic
structures. Interesting contributions have been proposed to
model electronic heat transport in metals,?*?® although
agreement on a well-suited implementation for such pur-
poses has not yet been reached. Finite temperatures are ac-
counted for by setting the initial atomic velocities such that
they follow a Maxwell-Boltzmann distribution. All simula-
tions were initialized to a temperature of 300 K.

The atoms within the crystals interact via the embedded
atom method (EAM) potential developed by Mendelev
et al.® This potential has proven to be well suited for the
description of Fe and has been employed to simulate liquid-
solid interfaces. Nevertheless, in order to use the tabulation
of EAM formulation of Mendelev et al? provided in
LAMMPS to study primary displacement cascades with energy
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higher than 2 keV, one needs to modify it slightly. Specifi-
cally, the tabulation of the pair potential packaged with LAM-
MPS is truncated below ry=0.5 A, but high primary
knock-on atom (PKA) energies can temporarily bring atoms
into very close proximity at the start of the simulation. As
such, it is necessary to extrapolate the potential to smaller r
values to avoid numerical problems. To achieve such a goal,
we have used an extrapolation technique based on fitting
¢(r) to a rational function of the form R(r)=Q(r)/ P(r). Here
Q(r) and P(r) are polynomials of degree n>9. For a given
order k of the rational polynomial R(r) (typically k=6), we
make sure that such a function perfectly fits the closest
k+1 values of the Mendelev potential to where the singular-
ity lives (r,=0.5 A). Thus, for distances r' =< r, the values of
the newly tabulated potential correspond to those obtained
after evaluating R(r'). For r’'>r, the tabulation remains
identical to the tabulation Mendelev er al. As we are only
concerned with simulations corresponding to neutron irradia-
tion of at most 5 keV, the new set of pair values {r’',R(r")} to
be added to the tabulation of Mendelev et al. is certainly
very small and are accessed predominantly during the very
early stages of the simulation. As such, we don’t expect our
ad hoc extrapolation technique to compromise the accuracy
of the results to be presented in the next section.

Imposing external strain (stress) on the bicrystal is
achieved by independently tilting the simulation box along
the xy, xz, or yz planes. As opposed to the work of Hyde
et al.*®* and Qi and Krajewski,30 we have chosen to strain the
bicrystal at the start of the simulations rather than to apply
shearing forces on the outermost atomic layers. An approxi-
mation of this type represented more closely the strained
(stressed) conditions crystalline grains are exposed to in the
experimental setups we were interested in modeling. The
simple shear strain v, applied to the simulation box is cho-
sen to be a multiple of vy, i.e., Yup=2%, 4v0. 5V etc.,
where 7y,=06/Ly=1/128~=0.007 81. Here, L, is the unde-
formed length of the box along one of the principal axes on
the shearing plane and & the corresponding relative displace-
ment. After applying the initial strains, the crystals are re-
laxed for 20-40 ps and the stress tensor o,z is monitored to
ensure that among the nondiagonal components, only the one
along the shearing plane is different from zero. In our dis-
placement cascade simulations, the intrinsic stress threshold
for activating GB motion®” is not exceeded for any of the
initial configurations.

It should be mentioned that our approach for straining the
simulation box leads to nonzero diagonal components of the
stress tensor at r=0. However, such components remain
small as compared to the primary shear stress responsible for
driving the GB motion. For example, an initial internal stress
of 0,=3.8 GPa leads to diagonal stresses given by
0,,~500 MPa or about 13% of o,. The previous o, re-
fers to each independent diagonal component of the stress
tensor such that Einstein’s summation convention is not as-
sumed over repeated indices.

The effects of bombarding the bicrystals with highly en-
ergetic neutrons are modeled by adding to the thermal veloc-
ity of a predefined atom an extra contribution that accounts
for the collision between such an atom and an incident neu-
tron. This predefined atom is known in the literature as the
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FIG. 2. (Color online) Evolution of the number of vacancies
N, (1) over time for irradiated bulk samples (lines) and unstressed Fe
bicrystals (symbols). For a given PKA energy, the transient 75 that
characterizes the time and the meltlike region that lasts within the
bulk is always smaller than the GB transient 7gg. The inset of the
figure is a log-lin plot of the tails in order to better visualize the
number of vacancies generated.

PKA. The energies characterizing such PKA collision events
were found in the range 0.5-5 keV. Our bicrystals contain
from 60 000 to 400 000 atoms. The reference system was
formed by 60 000 atoms corresponding to box lengths of
LX:Ly=127.6 A and L,=85.7 A. However, thei box
dimensionso were increased up to L,=L,=382.8 A and
L,=428.3 A to ensure that there were no spurious boundary
effects. In this work, whenever we refer to GB cascades, we
are considering a simulation with the PKA located on the GB
with the direction of its initial velocity oriented on the GB
plane (yz plane in Fig. 1).

Last, to characterize the structural changes arising from
primary radiation damage, we compute the time evolution of
the number of vacancies N, (¢). In the current bee Fe systems,
vacancy formation within the crystal can be ascertained by
the 0.3a sphere criterion.!! This criterion identifies vacancies
as those perfect lattices sites not containing any atom within
a sphere of radius R=0.3a centered at the site. In Sec. III we
present the results arising from the simulations.

III. RESULTS

In the absence of stress, grain boundaries and bulk mate-
rial respond to displacement cascades in a qualitatively simi-
lar manner, although quantitative differences are observed.
Analogous to bulk displacement cascades, a damage zone is
created due to the collision avalanche which is centered near
the GB PKA and peaks in our 2 keV incident PKA energy
simulations at about 0.5 ps (Fig. 2). The displaced atoms in
the outer region of the GB cascade return to their lattice
positions more quickly whereas a meltlike disorder persists
in the core for a few picoseconds. Self-interstitial atoms
(SIA) and vacancies are then formed when the cascade core
crystallizes.

Cascades at GBs are different as compared to bulk cas-
cades in a number of ways. For instance, GB cascade melt-
like cores last longer as compared to those in the bulk. In
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FIG. 3. (Color online) Stress relaxation in a symmetric tilt Fe
bicrystal after its GB has been bombarded with a 1 keV PKA en-
ergy cascade. Initially, only the nondiagonal component in the plane
of the applied strain xy is different from zero.

Fig. 2, we track the time evolution of the number of vacan-
cies N, (1) as the simulations advance for nine different cases,
five of which correspond to irradiated bulk samples. Note
that the time 75 characterizing the duration of the meltlike
region in the bulk is found to be smaller than the time 7gg
characterizing the duration of the meltlike region at the GB
for a given PKA energy. Furthermore, a larger number of
vacancies is formed after crystallization of the GB cascade
meltlike region and the time evolution of these vacancies
shows greater fluctuations as compared to that of the bulk.
Finally, a higher concentration of defects is found to be spa-
tially distributed on the GB as recently reported by Samaras
et al.3"3? These results imply that GBs are more susceptible
to PKA events and radiation damage than bulk material.

Below a certain threshold of combined internal stress and
PKA energy, the nature of the processes occurring within
irradiated bicrystals resembles that of unstressed systems.
Conversely, above a threshold combination of internal stress
and PKA energy, defects are nucleated at the GB, activating
mechanisms which lead to stress relaxation via GB motion,
i.e., sliding or migration. The activation of either sliding or
migration depends on the nature of the internal stress. In our
simulations, grain boundary migration is observed for non-
zero internal stress component o, whereas GB sliding is
observed for nonzero internal stress component o, (see Fig.
1 for axis orientation).

An example GB migration result is shown in Fig. 1,
where an initial applied shear strain of 7,,=0.030 and an
incident PKA energy of 1 keV lead to an internal stress of
0,,=3.5 GPa. Stress relaxation occurs as the boundary mi-
grates toward the positive direction of the x axis (Fig. 3). In
this particular example, the initial stress has been reduced by
a factor close to 3 after equilibrating. A detailed character-
ization of the GB migration mechanism is provided within
Appendix A. Concomitant migration and sliding® are ob-
served in a number of our simulations. However, in the en-
suing sections we focus on analyzing the simulation results
which show GB sliding without migration.

A potentially more significant mechanism with regards to
irradiation creep, which also leads to stress relaxation, is
grain boundary sliding. An example of intrinsic grain bound-
ary sliding, that is sliding in the absence of irradiation or
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extrinsic GB point defects or dislocations, is initiated at an
applied strain ,,=0.045, which results in an internal stress
0,,=5.2 GPa. This intrinsic threshold condition can be com-
pared to the results of Hyde et al.”* who provided a compre-
hensive study of GB sliding in a =35, (310)[001] bcc Fe
symmetric tilt bicrystal. Hyde et al.”® showed that an applied
strain 7,,=0.065 initiates GB sliding at 300 K. However,
they also showed that this measured threshold shear strain is
artificially increased when a small simulation box size is
chosen for their simulations. We have also seen changes in
the shear threshold with system size and have likely not used
a large enough simulation box to fully eliminate this effect.
Nevertheless, the main difference in threshold shear between
our work and the study by Hyde et al is likely due to dif-
ferences in the EAM potentials employed.

While the intrinsic threshold stress for GB sliding in our
case is 0,,=5.2 GPa in the absence of radiation, we find that
stresses as low as 0,,=3.8 GPa can induce sliding during
irradiation at 7=300 K using a PKA with 1 keV energy.
This represents a 27% reduction in the threshold internal
stress. Thus, our simulations reveal that GB sliding is as-
sisted via GB displacement cascades. These threshold condi-
tions represent the minimum combination of internal stress
which we observed to activate GB motion for a given PKA
energy. Note however, that there exists an effective cutoff
PKA energy below which the threshold internal stress is
equal to that of the unirradiated case. Hyde et al.?} reported
that sliding in % =5 symmetric tilt bicrystals can occur by the
nucleation and propagation of partial dislocations. The lim-
iting step in the sliding process is the nucleation of partial
dislocations of type b= =* %[310], which are found to nucle-
ate homogeneously in the absence of point defects.”? Hyde et
al. showed that the introduction of a vacancy at the GB re-
duces the threshold internal shear stress (by 23% in their
example) and acts as a site for heterogeneously nucleating
GB dislocations. Therefore, we conclude that the introduc-
tion of irradiation defects at the GB, in the form of vacancies
and SIAs, reduces the barrier to GB sliding by providing
heterogeneous nucleation sites for generating GB disloca-
tions.

Grain boundary sliding is quantified by computing the
center of mass (com) of the crystal on both sides of the GB.
An inelastic relative displacement Az;, is estimated from the
computed com by subtracting the initial relative displace-
ment Az, from the final relative displacement Az;. This ini-
tial relative displacement is primarily due to the initial ap-
plied elastic strain in the bicrystal. The GB sliding process is
further analyzed by visualization using markers, several lay-
ers of atoms spaced along the z axis, which are assigned
color depending on which side of the GB the atoms sit. In the
presence of sliding, the relative position of the markers var-
ies such that the lattice displacement on either side of the GB
becomes easily identifiable (Fig. 4). The visualization sup-
ports a dislocation-based GB sliding mechanism, as a dis-
placement front is observed to traverse the length of the GB
during the primary stress relaxation.

A typical stress relaxation result is shown in Fig. 5. In-
cipient GB sliding is observed during the collision avalanche
and is accompanied by slight stress relaxation (14% of the
total). However, the bulk of the GB sliding occurs after the
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(b)

FIG. 4. (Color online) Visualization of the symmetric tilt bec Fe
bicrystal (a) before and (b) during GB sliding event under the action
of a 2 keV GB displacement cascade. Several layers of marker
atoms along the z axis were colored on both sides of the GB. After
the cascade takes place, GB sliding can be identified by comparing
the relative displacements of the markers.

displacement cascade core has crystallized. This primary
sliding is accompanied by a more significant stress relaxation
(35% of the total) which is notably linear. In total, the inter-
nal stress relaxes from 3.8 to 2.0 GPa with a total relative
inelastic displacement of Az;,=2.1 A. For this particular ex-
ample, in Appendix B we have provided some complemen-
tary information related to how the initial temperature of the
system affects the stress relaxation process.

More complex sliding responses for a given GB PKA
energy can occur upon increasing the internal stress while
still remaining below the intrinsic threshold value. For ex-
ample, Fig. 6 shows the evolution of stress and relative com
displacement with time for a bicrystal with an applied shear
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FIG. 5. (Color online) Stress relaxation for a Fe X=5,

(310)[001] symmetric tilt bicrystal after being bombarded with a 1
keV GB cascade. The initial applied strain was ,,=0.031. The time
evolution of the center of mass on both sides of the GB is shown in
the inset plot.
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FIG. 6. (Color online) Stress relaxation for a Fe X=5,
(310)[001] symmetric tilt bicrystal after being bombarded with
a 1 keV GB cascade. The initial applied strain was 7,,=0.040. The
time evolution of the center of mass on both sides of the GB is
shown in the inset plot.

strain of 7,,=0.04 and an incident GB PKA energy of 1 keV.
The two-step stress relaxation process provides evidence for
the activation of two equivalent inelastic sliding events. The
primary stress relaxation events in Figs. 5 and 6 are charac-
terized by Az;,~2.0 A, a total stress relaxation of about 2.0
GPa, and a primary stress relaxation that is linear with time,
which suggests that partial GB dislocations of the same char-
acter are emitted for all cases. It is possible that the nucle-
ation and passage of the first GB partial dislocation restruc-
ture the GB and thereby lower the threshold stress required
for activating the second GB partial dislocation.® For ex-
ample, we note that the second partial dislocation is emitted
at 2.75 GPa in Fig. 6, which is lower than the initial thresh-
old of 3.8 GPa.

In the following, dislocation-induced GB sliding is char-
acterized by providing an alternative analysis to the one re-
ported by Hyde et al.>*> We note that the stress rate do/dt
follows a linear decay during the primary stress relaxation
for the cases considered (Figs. 5 and 6). This finding is ex-
plored by considering the Orowan equation®* for
propagation-controlled dislocation motion, which relates the
strain rate dy/dt and the average dislocation velocity (v)
such that

g (1)

dt
where p,, is the mobile dislocation density and b the absolute
value of its Burgers vector. Using the relationship between
stress and strain from linear elasticity theory, where o=uy
with u being the shear modulus, the expression for the stress
rate as a function of dislocation velocity is derived as

do_ Pmbu(v). ()

dr
The average dislocation velocity (v) is usually considered
a function of applied stress, which means that do/dt is not
expected to be constant. However, at high applied stress a
saturation regime is reached where (v) is insensitive to
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FIG. 7. (Color online) Relaxation of the stress component o, of
a tilt Fe bicrystal as a function of the size of the GB. Stress relaxes
following a linear law via dislocation motion. Increasing the size of
the boundary reduces the stress relaxation rate, conversely, increas-
ing the PKA energy has no influence on such a variable (see inset).
The inset plot relates to the case in which L,=428.30 A.

stress.> For bee Fe, the saturation velocity is approximately
=0.7 of the smallest shear wave speed c;,, where ci,
~25 A/ps. The {v) values obtained from the primary stress
relaxation branches (i.e., (v)>15 A/ps) in Figs. 5 and 6
suggest that stress relaxation occurs in the saturation regime
where (v) # f(o). Under these conditions, a constant do”/ dt is
consistent with Eq. (2).

We further explore the Orowan behavior by varying the
GB length Lgg in the direction along which the dislocations
travel, i.e., for Lgg=L, in this particular example. Figure 7
shows the stress relaxation results when Lgg is varied by up
to a factor of 5. In all cases, constant do/dt values are ob-
served during the primary stress decay. In a separate set of
simulations, we have examined the effect of increasing the
incident PKA energy above the threshold value. The incident
PKA energy should not significantly influence the primary
stress relaxation, assuming the structure of the GB is not
drastically altered due to the displacement cascade. The inset
plot in Fig. 7 shows the stress relaxation results when the
PKA energy is increased from 1 to 4 keV. As expected, inci-
dent PKA energy has little influence on do/dt during pri-
mary stress relaxation (Fig. 7). However, as we only use
NVE ensembles, increasing the PKA energy results in an
increase in the system’s temperature. A temperature increase
should drive the system to smaller values of the equilibrium
stress after relaxation occurs. This is indeed verified within
the inset plot of Fig. 7.

The average GB dislocation velocity is calculated for the
three cases presented in Fig. 7 using (v)=L./2t. We obtain
(v) equal to 15.8, 15.1, and 16.4 A/ps. These nearly identi-
cal values support the idea of a unique dislocation mecha-
nism driving GB sliding in =35 symmetric tilt bicrystals, as
the results are consistent with Eq. (2). Furthermore, Eq. (2)
indicates that when (v) is constant and Ly is varied, the data
in Fig. 7 can be collapsed onto a single curve. This superpo-
sition is possible as p,, is inversely proportional to Lgg. Fig-
ure 8 demonstrates such a superposition where the time axis
was rescaled such that r=ro+tL, /L,. Here 1, is a time shift
used to synchronize the initial stress relaxation and L, _is the
length of the GB corresponding to our reference system. The
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FIG. 8. (Color online) Superposition of the stress plots included
within Fig. 7 by rescaling the time axis such that t=to+iL, /L. 1y
represents a time shift employed to synchronize the starting of the

stress relaxation in all cases and L., corresponds to the length of a
reference GB.

reference configuration has L = 85.66 A and corresponds
to the smallest GB shown in Fig. 7.

As materials in nuclear reactors are irradiated for long
times, we also investigated how consecutive GB displace-
ment cascades influence GB sliding and stress relaxation. We
are interested in how structural change and disorder, intro-
duced into the GB due to the primary GB cascade event and
passage of the partial dislocations, change the GB stability
and resistance to further radiation damage. To address such a
question, previously irradiated bicrystals were used as input
for a new set of GB displacement cascade simulations. The
PKAs used to initiate the secondary GB displacement cas-
cades were randomly selected.

The results show that secondary GB cascades initiate GB
sliding at much lower internal stress than that observed in the
primary displacement cascade simulations. Significant stress
relaxation is also observed. For example, the application of a
2 keV incident PKA reduces the internal stress from 2 GPa to
430 and 240 MPa for the two cases presented in Fig. 9. The
lowered GB sliding threshold stress is primarily due to GB
restructuring caused by the passage of partial dislocations
during the primary relaxation (as discussed by Hyde et al.??)
and the increased disorder created by the secondary GB dis-
placement cascade. Furthermore, the stress relaxation data in
Fig. 9 cannot be normalized to produce a master curve. This
suggests that the operative dislocation sliding processes for
both simulations are not equivalent, even though the starting
configuration for both simulations is a %=5 symmetric tilt
bicrystal irradiated with 2 keV incident PKA. Evidently, the
stochastic nature of the first GB displacement cascade event,
where the PKA is chosen randomly, influences further irra-
diation damage and the GB sliding observed in the secondary
simulations. Finally, a lack of marked linearity in do versus
dr suggests that (v)=f(o). The increased sensitivity of (v)
with internal stress is possible due to the increased density of
GB point defects which provide obstacles to GB dislocation
motion and the lowered internal stress.

In relation to the calculations of overlapping cascades pre-
sented in the above paragraph, we would like to bring the
reader’s attention to the fact that in a real experiment the
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FIG. 9. (Color online) Relaxation of the stress component o, of
a Fe bicrystal after the action of a secondary GB cascade of 2 keV.
The initial status of the system corresponds to two of the relaxed
configurations shown in Fig. 7. The inset plot shows the corre-
sponding sliding due to the second cascade. The coms are centered
about the origin as we have subtracted from both the average initial
coms because the GBs considered within this set of calculations had
different lengths.

time between consecutive cascades is much larger than any
MD time (on the order of milliseconds). Therefore in be-
tween two cascades many migration processes can occur
(particularly of self-interstitials) which could change signifi-
cantly the final damage of the cascade obtained from MD
simulations.

The irradiation-assisted GB migration and sliding ob-
served in the current work are mechanisms which likely aid
creep processes in irradiated materials, especially those ma-
terials with a high volume fraction of grain boundaries and
interfaces. The defects and structural disorder present at GBs
in polycrystalline materials are likely to lead to the nucle-
ation of GB dislocations under much smaller internal stresses
than those encountered in the ideal =5 symmetric tilt bic-
rystal studied in the current work. Irradiation-assisted GB
sliding may also enhance irradiation creep by providing a
mechanism which aids the accommodation of intragranular
deformation processes. We believe that the role of GBs in
irradiation-assisted creep is likely to be significant, and per-
haps even dominant, in real materials. GBs provide a mecha-
nism by which the point defects induced by irradiation can
lead directly to stress relaxation. In bulk regions away from
GBs or dislocations, the only mechanism for this relaxation
would seem to be the coalescence of radiation-induced va-
cancies into mobile dislocation loops, which seems likely to
be a much slower process of stress relaxation than what we
have described here. Unpinning of dislocations due to irra-
diation damage is another potentially significant source of
stress relaxation in these systems. The nature of irradiation-
assisted creep in polycrystals is a topic we are currently in-
vestigating.

IV. SUMMARY

Molecular-dynamics simulations have been used to inves-
tigate the influence of displacement cascades on the stability
of a symmetric =5 tilt grain boundary in bcc Fe. In the
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absence of internal stress, GBs are found to be more suscep-
tible to displacement cascade damage than the defect-free
lattice. This result motivated us to study the combined influ-
ence of GB displacement cascades (those which envelop the
GB) and internal stress on GB structure and stability.

A threshold combination of internal stress and incident
PKA energy was found to activate GB motion, which takes
the form of migration or sliding depending on the nature and
magnitude of the internal stress. In particular, we find that
grain boundary radiation damage lowers the threshold stress
required to activate grain boundary motion. Our results,
coupled with the detailed mechanistic study of Hyde et al.?®
allow us to postulate that the defects created by the grain
boundary displacement cascade act as heterogeneous sites
for the nucleation of GB dislocations, which then drive the
GB sliding process.

The dislocation-mediated GB motion leads to significant
stress relaxation, which is shown to be consistent with the
Orowan equation for dislocation-induced strain. Last, we
studied the action of consecutive GB cascades as we are
interested in how structural change and disorder, introduced
into the GB due to the primary GB cascade event and the
subsequent GB sliding, change the GB stability and resis-
tance to further radiation damage. We find that the structural
changes at the GB due to the passage of the first set of partial
dislocations, coupled with defects and disorder created by
the secondary cascade, lead to a lower GB sliding threshold
stress and further stress relaxation. We note that irradiation-
assisted GB sliding is a mechanism which potentially aids
creep processes in irradiated materials, especially in those
materials with a high volume fraction of grain boundaries
and/or interfaces.
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FIG. 10. (Color online) The time evolution of the ratio f, of
atoms belonging to each type of lattice structure according to the
algorithm of Ackland and Jones (Ref. 36) is shown in the figure.
The algorithm proved to be successful when identifying crystal
structures on slightly strained (sheared) simulation boxes.
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FIG. 11. (Color online) An algorithm proposed by Ackland to
identify crystalline structures is used to track the migration of the
GB from Fig. 1. Only the atoms labeled as hcp coordinated are
plotted.

APPENDIX A: GB MIGRATION CHARACTERIZATION

To characterize GB migration, we compute the GB
boundary velocity vmgg by using Ackland and Jones*® algo-
rithm to automatically track GB position. The algorithm
identifies local crystal structure for the bce, fcc, hep, and
icosahedral (ico) Bravais lattices by comparing lattice angle
distributions. To test the algorithm of Ackland and Jones on
stressed bicrystals, we have calculated the ratio of atoms f,
belonging to each of the four lattice systems cited above.
Figure 10 shows the evolution of f. as the GB displayed in
Fig. 1 migrates. The algorithm registers f.= 0.85 for the bcc
structure, which is remarkably good considering that the al-
gorithm of Ackland and Jones was developed for identifying
local lattice structures in stress and defect-free crystals.

The GB velocity can then be calculated by recognizing
that hcp atoms are only detected at the GB. Figure 11 visu-
alizes the position of the hcp atoms as the GB migrates in the
direction of the positive x axis. The GB position is then used
with the corresponding GB migration time to estimate vmgg.
In the example shown in Fig. 11, we obtain vmgg
~0.5 A/ps.
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FIG. 12. (Color online) Temperature effects on the stress relax-
ation in a symmetric tilt Fe bicrystal after its GB has been bom-
barded with a 1 keV PKA energy cascade. Increasing the tempera-
ture of the bicrystal reduces its intrinsic stress threshold . Higher
temperatures also ensure lower values of the equilibrium stress after
the relaxation process has happened.
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APPENDIX B: TEMPERATURE EFFECTS

The results of increasing (decreasing) the initial tempera-
ture within our simulations are briefly covered in this appen-
dix. For this purpose, the same system used to generate Fig.
5 was initialized such that its temperature was chosen to be
located in the range 300=7=800 K. Next, a 1 keV GB
cascade was induced and the stress relaxation of the system
was recorded as shown in Fig. 12.

Three main features arise as the initial temperature of the
bicrystal increases. First, the intrinsic stress threshold o be-
comes smaller. Such a behavior matches perfectly the obser-
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vations of Hyde et al.?® Second, GB sliding via dislocation
motion remains as the prominent mechanism for stress relax-
ation for temperatures of up to 7=800 K. Last, the higher
the initial temperature the lower the final equilibrium stress
reached by the system. This last observation agrees with
classical thermodynamics, as an increase in the temperature
of the material increases the transition probability between
different states of the internal degrees of freedom. Conse-
quently, when a relaxation process occurs, the system corre-
sponding to the highest temperature will have reached a
lower stress configuration within the stress landscape.
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