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Nanocrystalline tungsten at high radiation exposure
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Evolution of nanocrystalline (NC) tungsten under radiation exposure is investigated by atomic scale simula-
tions in the low temperature high dose limit. Statistical analysis of samples containing at least a million atoms,
with grain size varying from 5 nm to 20 nm, shows that the pattern of microstructural evolution of a NC material
differs significantly from that of a single crystal. The high resistance to swelling in the low grain size limit stems
from a combined effect of the initial excess volume of atomic configurations at grain boundaries and high integral
volume of grain boundary defect-denuded zones. Grain boundaries annihilate defects through the rearrangement
of their local atomic configurations acting as fluctuating dynamic sinks for defects. Grain size distribution slowly
broadens as a function of dose, delaying the onset of an asymptotic radiation-driven steady state in comparison
with a single crystalline material. Spatial limitations imposed by the size and topology of grains prevent the
formation of a percolating dislocation network, resulting in only isolated dislocation loops being retained in the

microstructure even at high radiation exposure.
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I. INTRODUCTION

Tungsten has been selected as a candidate material for
plasma facing components of fusion devices due to its unique
combination of high melting temperature, good thermal con-
ductivity, and low thermal expansion [1,2]. Tungsten also has
a low physical sputtering yield [3] and favorable radioactive
decay sequence for the isotopes produced by neutron trans-
mutations [4], compatible with low-activation requirements.

A burning fusion plasma produces helium and high-energy
neutrons from fusion reactions between deuterium and tri-
tium nuclei. The high energy neutrons propagate into the
materials to the depth of tens of centimeters [5], undergoing
elastic and inelastic interactions with atomic nuclei and gen-
erating y photons [6] and atomic recoils [7]. These recoils
initiate collision cascades, producing microscopic structural
defects from where complex microstructural features, in-
cluding dense vacancy atmospheres, phase inclusions, and
dislocation networks, emerge in the limit of high dose [7-15].
Lattice defects, such as Frenkel pairs, dislocations, dislocation
loops, and voids, degrade the thermal [16—18] and mechanical
[19,20] properties of tungsten, limiting its lifetime in a fusion
reactor environment.

Neutron irradiation-induced swelling [21,22] and dimen-
sional changes [23] are phenomena critical to the structural
integrity of components in fission and fusion power plants
[24]. From the experimental perspective, void formation
is a signature manifestation of swelling [25], where the
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fundamental cause of volumetric expansion is the growth of
a dislocation network by the coalescence of self-interstitial
atom defect clusters [11,14,26]. Voids form in neutron ir-
radiated tungsten at elevated temperatures [19,21] and the
high concentration of vacancies and nanometer-size vacancy
clusters, invisible in transmission electron microscope (TEM)
images [8,27,28], is confirmed by positron annihilation spec-
troscopy [29,30].

Materials with complex microstructure exhibit greater
stability under irradiation. Ferritic-martensitic steels show sig-
nificantly improved resistance to neutron-irradiation-induced
swelling in comparison with pure alloys with similar chemical
composition [22,31,32]. Some high entropy alloys [33,34]
also exhibit lower swelling under ion irradiation. Nanocrys-
talline (NC) materials are a class of materials with complex
microstructure characterized by a large grain boundary (GB)
interface to volume ratio [35]. NC materials have an average
grain size smaller than 100 nm. They can be synthesized using
inert gas condensation, mechanical alloying, electrodeposi-
tion, crystallization from an amorphous state, or by severe
plastic deformation [36].

If the diffusion mean free path of a defect is comparable to
the grain size, a defect can readily diffuse to a nearby GB [37].
This suggests that defects can be absorbed and annihilated if
grains are small and the total area of intergranular interfaces
per unit volume is large. Denuded zones with visibly lower
defect density are often observed near GBs in neutron irradi-
ated tungsten [25], helium irradiated iron [38], copper [39],
and other materials. Mathematical models [40], treating ther-
mal diffusion of defects and representing GBs by dislocation
arrays, explain the variation of defect density as a function of
grain diameter. Although here we do not study helium accu-
mulation, we note that GBs can trap a considerable amount of
helium [41,42]. GB networks also provide pathways for the
rapid diffusion of hydrogen [43].
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NC materials generally exhibit higher strength but lower
ductility [44]. GBs resist the propagation of dislocations
and raise the yield strength through the Hall-Petch effect.
Atomistic simulations of NC copper with the average grain
size varying from 3.3 to 6.6 nm show softening in the
small grain size limit [45]. Plastic deformation in this case
is mediated by small-scale events of GB sliding, known
as the inverse Hall-Petch effect occurring if the grains are
too small to accommodate multiple dislocations. NC copper
with a bimodal grain size distribution, involving both nano-
and micrometer grains, exhibits both high strength and high
ductility [44].

Radiation resistance of NC and ultrafine grain tungsten
was investigated by El-Atwani et al. [46] using heavy ion Si,
Cu, and W irradiation. They found that the density of defects
increases gradually at low doses, followed by a higher defect
production rate at intermediate doses and saturation at high
doses. The density of defects starts decreasing from the dose
of ~3 dpa. El-Atwani et al. [46] proposed that this stems from
the coalescence of defects and the absorption of small defect
clusters by the GBs. They also found that defect densities were
independent of grain size in the grain size range from 60 to
400 nm. The more recent carbon ion irradiation experiments
performed at room temperature and at 1050 K, with doses
varying from 0.25 to 4 dpa, showed that NC tungsten exhib-
ited lower void swelling than coarse-grained tungsten [47].
Voids shrank in the high dpa limit, where vacancy loops were
observed instead. El-Atwani et al. [48] also analyzed tungsten
containing equiaxial 35 nm and 85 nm NC grains, ultrafine
100-500 nm coexisting grains, and large grains in the 1-3 um
size range. After exposure to Kr ion irradiation at room tem-
perature and 800 °C, the NC samples exhibited a pattern of
damage similar to that observed in the ultrafine grain samples.

Using Kr ion irradiation, Rose et al. [49] found that in NC
Pd and ZrO,, where the grain size distribution spanned the
range from 10 to 300 nm, the density of defects was lower
in the small grain size limit. Dey er al. [50], in similar ion
irradiation experiments on yttria-stabilized zirconia with grain
sizes of 25, 38, and 220 nm, found higher defect densities
in the large grain size samples. In the small grain samples,
no interstitial type defects were observed, suggesting that the
defects were fully absorbed by the GBs. The growth of small
grains was also observed and attributed to radiation defect-
induced GB migration, not detected for large grains.

Atomic scale simulations [51-54] suggest that GBs act
as sinks for radiation defects, in particular interstitial-type
defects. Using molecular statics (MS), Tschopp et al. [52]
evaluated the formation energies of self-interstitial and va-
cancy defects near a GB and found that they were different
from the corresponding bulk values. MD simulations of a
copper bicrystal showed that GBs absorbed collision cascade-
induced stacking fault tetrahedra [55,56]. GBs were also
shown to be able to emit interstitial-type defects that then
annihilate with vacancies [53].

The above atomic-scale studies show that GBs are not
sessile sinks for radiation defects but instead they are dynamic
regions interacting with, and absorbing, defects through the
reconfiguration of local atomic GB structures. Simulations
also show that whereas an interstitial cluster can be absorbed
by a GB, resulting in a local translation of the GB plane,

self-interstitial defects approaching a GB from both sides
produce a compensating effect.

Fluctuations of GB structure due to its interaction with
radiation-induced defects give rise to grain coarsening
[57-60]. Wang et al. [58] found that the average grain di-
ameter varied linearly as a function of radiation dose in the
low dose limit. At high doses, the rate of grain growth slows
down [59,60]. Using Vineyard’s thermal spike concept [61],
Kaoumi et al. [57] developed a rate theory model predicting
that the average grain size Jg varies as a function of dose ¢
as ﬂ; () — (ig (0) o< @. This result appears consistent with the
available observations, but it has not yet been examined using
direct atomic scale simulations.

Examples of large-scale atomic-scale simulations involv-
ing multiple grains in a sample exposed to radiation are rare.
Levo et al. [62] performed collision cascade simulations of
NC nickel and multicomponent alloys, simulating thousands
of cascades in cells containing 446 000 atoms and 10 grains,
and observing radiation-induced grain coarsening. Comparing
simulations by Levo et al. [62] with the work by Granberg
et al. [63], we deduce that the dose accumulated in simula-
tions by Levo et al. [62] was in the 0.2 to 1 dpa range. This
illustrates the challenges involved in a simulation of the effect
of grain size on the evolution of a material under irradiation
in the limit of high radiation exposure.

Performing collision cascade simulations [14,64] still re-
quires extensive use of supercomputer time to accumulate a
dose exceeding 1 dpa. As an alternative, we explore the effect
of NC grain structure in the limit of high exposure using the
creation-relaxation algorithm (CRA) [11]. CRA is a robust al-
gorithm enabling the exploration of microstructural evolution
in the limit of high radiation exposure. The algorithm gener-
ates defective structures by randomly selecting and replacing
atoms in a material, followed by the structural relaxation of
resulting atomic configurations, and is conceptually similar
to the Frenkel pairs accumulation (FPA) [65] method. The
evolution of microstructure simulated using the CRA is driven
solely by the spatially fluctuating stress fields of radiation
defects. CRA simulations have recently been verified by a
direct comparison of the predicted pattern of microstructural
evolution [11] with the evolution observed in ion irradiation
experiments, exhibiting good agreement between theory and
observations [15].

Here, we examine the evolution of microstructure and
swelling in NC tungsten simulated using the CRA over
a broad range of radiation exposure, extending the analy-
sis given in our preliminary publication [66], in which we
outlined some basic elements of the approach but did not
investigate the observed phenomena at any depth. The new
analysis of simulation data presented below alters the inter-
pretation of results in comparison with the evaluation given in
Ref. [66] and explains why the samples with smaller grains
exhibit lower swelling at high exposure and why a NC mate-
rial reaches the asymptotic dynamic steady state at a higher
dose than a single crystalline material. We find that the higher
resistance to swelling in the low grain size limit results from
the combined effect of the initial excess volume associated
with disordered grain boundary regions and the high integral
volume of the grain boundary defect-denuded zones. Further-
more, because of the spatial constraints that a polycrystalline
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TABLE L. Initial parameters of grains in the simulated NC tungsten samples.

Cell size (V) St.dev.of V. Tr. junc. per vol ! GB area per vol ™! Grain diameter d,
Index (@) No. of grains (nm?) (nm?) (nm~2) (nm™") (nm)
1 80 x 80 x 80 242 65.713 27.715 1.075 1.444 5.0
2 80 x 80 x 80 71 223.979 86.800 0.478 0.965 7.5
3 80 x 80 x 80 30 530.083 193.513 0.268 0.720 10.0
4 80 x 80 x 80 15 1060.165 401.534 0.169 0.571 12.7
5 120 x 120 x 120 30 1789.028 600.558 0.119 0.483 15.1
6 120 x 120 x 120 12 4472.572 1773.687 0.066 0.358 204

topology imposes on the evolution of microstructure, where
the grain boundaries impede the formation of an extended
percolating dislocation network, the dislocation structures
emerging under irradiation are restricted to isolated disloca-
tion loop configurations.

II. THEORY
A. Simulation cells

Simulation cells with equiaxial grains were created using
the Voronoi tessellation method implemented in the ATOMSK
code [67]. Six sets of simulation cells were produced, with
varying numbers of three-dimensional grains and cell sizes.
Each set included five independent samples for statistical data
analysis. Details of the initial setup are given in Table I.
Cell dimensions are given in the units of the equilibrium
lattice constant a = 3.143 A of the Marinica EAM4 poten-
tial [68]. We have also created perfect crystal cells with
the same dimensions and five independent perfect crystalline
samples were investigated as reference structures. All the
results shown below are averages over five samples represen-
tative of a particular realization of microstructure. The error
bars represent standard deviations evaluated using the same
five samples.

First, we select the size of the simulation cell and the
number of grains. The position and crystallographic orien-
tation of grains are assigned randomly. Voronoi polyhedra
are generated and filled with atoms assuming a perfect bcc
crystal structure. Periodic boundary conditions are applied to
the entire cell. A sequential search of atoms with neighbors
situated closer than 2 A is performed and such atoms are
deleted to eliminate configurations potentially involving unde-
sired defects in the initial state of the system. As a result, each
simulation cell contains a different number of atoms, but the
dimensions of all the cells are comparable with the dimensions
of cells with perfect crystal structure.

The initial properties of the cells are assessed using the
Voronoi polyhedra method. Assuming that a Voronoi polyhe-
dron represents a grain, we evaluate the average and standard
deviation of the grain volume and the GB area per unit vol-
ume. These parameters are computed using the VORO++ code
[69]. The characteristic diameter of a grain d, is evaluated
from the average volume of the grain, in the spherical grain
approximation.

In Fig. 1, we plotted histograms of volumes of grains
approximated by Voronoi polyhedra. Five different colors rep-
resent grains identified in the samples. The brown dotted lines

show the probability distribution for the volume of polyhedra
V created by the Voronoi tessellation in three dimensions [70],
approximated by the equation

3125, s .
p(y) = YR exp(—5y), (D

where y = V/(V) and (...) denotes taking a statistical aver-
age. Taking into account the grain volume distributions in
all five samples, the histograms are reasonably well approx-
imated by Eq. (1). This defines the initial conditions for the
subsequent simulations of random polycrystals.

Atomic configurations were relaxed using two many-body
tungsten potentials, the Marinica EAM4 potential [68] and the
Mason-NguyenManh-Becquart (MNB) potential [71]. First,
conjugate gradient relaxation was performed using fixed
volume cells, applying the convergence criterion for the
maximum force on an atom of 0.01 eV/A. Then, we ther-
malized the samples by integrating Langevin equations of
motion of atoms over 1 ns, where the temperature of the
Langevin thermostat was set to 300 K. Subsequently, the cells
were allowed to change their volumes and shape through
interaction with a barostat to a stress-free condition, with
further thermalization applied over a further 1 ns. Over this
second time interval, the temperature of the Langevin ther-
mostat was reduced linearly from 300 K to 0 K. Finally,
following Ref. [72], the cell shape and volume were relaxed
using the conjugate gradient method with the maximum force
convergence criterion of 1 x 10~% eV/A. All the MD and
MS calculations described in this study were carried out
using LAMMPS [73,74].

Since the amount of data generated using the above proce-
dure is very large, in what follows we shall focus on analyzing
simulations performed using the MNB potential. Results de-
rived from the Marinica EAM4 potential are qualitatively
similar but exhibit higher defect densities, in agreement with
the published studies [11].

Some of the data noted in this paper were presented in
Ref. [66]. We have since expanded the data set and carried
out a detailed examination of the entire amount of data in the
study below.

B. Creation-relaxation algorithm

The creation-relaxation algorithm (CRA) [11] enables a
computationally efficient generation of atomic-scale micro-
structures resembling those observed in the high dose limit
[15]. It is a robust parameter-free algorithm, where the
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FIG. 1. Histograms of grain sizes in the simulation samples of various cell sizes and number of grains. In each histogram, the number of
bins is the same as the number of grains and in each case the data are derived from five representative samples.

algorithm itself enables introducing a mechanistic definition
for the displacement per atom (DPA) parameter.

Starting with an initial atomic configuration, which in
this study is a polycrystal, a small number of atoms n are
removed from their original positions and then reinserted
in the structure randomly within the simulation cell. The
resulting configuration is then relaxed using the conjugate
gradient method to a zero-stress state, completing a cycle of
the CRA algorithm. In each cycle, the dose is incremented
by n/N cDPA, where N is the total number of atoms in the
simulation cell. The mechanistic canonical definition of the
displacement per atom parameter cDPA [11] is independent
of the structure of the material and applies to crystalline as
well as noncrystalline configurations considered below. It is
physically similar to the conventional definition of NRT-DPA
[75] proportional to the “damage” energy delivered to the
material by an energetic particle. While the initial version of
the CRA algorithm [11] involved generating a single Frenkel

pair per algorithmic step (n = 1), several subsequent stud-
ies [12,13,76] showed that, in a large simulation cell, it is
computationally more efficient to displace several atoms per
cycle at a rate approximately equal to 0.001 cDPA per cycle.
Below, we accumulate 0.001 cDPA per algorithmic cycle and
repeat the simulations until the desired dose of several dpa is
reached.

The conditions of validity of the CRA algorithm have
been extensively explored elsewhere [11,77]. It is sufficient
to say that predictions generated using the algorithm are
in good qualitative agreement with experimental observa-
tions [15] if the rate of thermal relaxation of microstructure
is low in comparison with the rate of generation of ra-
diation defects. In many cases the relaxation rates span
hours [78] or even months [79], making the CRA algo-
rithm suitable for simulating the evolution of materials
under irradiation at ambient and even elevated temperature
conditions [77].
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C. Atomic-level characterization of grain boundaries

Other than using the initial Voronoi polyhedra, there is no
unique way to assign an atom to a particular grain. Atoms at
grain boundaries (GBs) generally cannot be identified as being
a part of any particular crystal structure. It is not even possible
to specify the width of a GB without ambiguity. Derlet et al.
[72] inspected the pair distribution function of atoms near a
GB in NC nickel and separated atoms into three categories:
an atom in a positionally disordered environment, an atom
associated with a lattice site of a neighboring fcc grain, and
a bulk atom. They also concluded that the nature of a GB in
an NC material is similar to that of a GB in a polycrystal.
Due to the ambiguity of the definition of the width of a GB,
identifying the location of a GB also involves an element of
uncertainty. This then translates into the uncertainty of the
definition of the volume of a grain, the GB area, and triple
junctions in atomic-scale simulations.

OVITO [80] provides a means for performing grain seg-
mentation, where grains are identified in three steps. First, the
local atomic structure and orientation are determined through
polyhedral template matching (PTM) [81]. Then, a nondi-
rected graph representation is created, where each atom is
treated as a graph node and each bond as a graph edge. Finally,
grains are formed through a hierarchical clustering of the
graphs. The procedure involves an element of empiricism and
can identify grains, but provides no means for evaluating the
GB area.

For this study, we extended the OVITO algorithm by iden-
tifying the local environments of atoms in the crystal and
cluster regions with similar orientations and then associating
atoms with similar environments into grains. The main differ-
ence with the original OVITO algorithms is that an orientation
of the environment is now determined by best-fitting the local
atomic structure to the third nearest neighbors and that atoms
are classified according to a strict majority rule, i.e., an atom is
assigned to grain g if more than half of its neighbors are. The
algorithm is slower than the PTM but more robust if lattice
defects are present. The classification procedure leaves a small
number of atoms in highly disordered regions with no grain
index. Starting from grain indices and atomic positions, GBs
are then defined as triangulated surfaces between the grains.
With this definition, the GB area is simply the sum of areas of
the triangles making up the GB surface, the grain volume is
computed as a surface integral using the divergence theorem,
and the distance from an arbitrary point to a GB is the distance
to the nearest triangle.

D. Vacancy and void detection

In an NC simulation where the GBs themselves are mobile,
the detection of defects using the conventional Wigner-Seitz
defect analysis involving fixed reference lattice sites is chal-
lenging. In Ref. [82], a new void detection method was
developed that is transferable to heavily irradiated NC materi-
als. As a brief summary, a scalar phase field, ¢(r), is evaluated
at each point r € R? in the simulation cell, defined as the
distance of r to the nearest atom, scaled such that ¢ = 0 on
an atom and ¢ = 1 on the surface of a (locally oriented and
strained) Wigner-Seitz cell. Regions ¢ > 1 are deemed void
space. As we can also find the distance d(r) from a point
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FIG. 2. Volume of the simulation cells as a function of dose,
expressed in the cDPA units. The initial characteristic diameter of
grains d, is related to the average grain volume in the spherical
grain approximation. This figure illustrates the details of the transient
approach to dynamic equilibrium as a function of grain size. Some
data in this figure have been reproduced from [66].

to the nearest GB surface, we can therefore find the regions
where both ¢ > 1 and d > d.. Thus we can find the volume
of void space more than a distance d. from a GB and then the
density of void space as a function of distance from a GB.

III. RESULTS AND ANALYSIS
A. Radiation induced swelling

Figure 2 illustrates one of the central results of this study
showing the relative change in the volume of the simulation
cell as a function of dose for the various initial grain sizes.
The simulations were performed under stress-free conditions,
achieved through the relaxation of cell boundaries. Figure 2
shows that swelling is substantially lower in polycrystalline
materials with initially smaller grains. While the predicted
volume change depends on the interatomic potential used in
simulations, the qualitative variation of swelling as a func-
tional of dose and microstructure is generic.

As the dose increases, the cell volume saturates at ~1
cDPA for the single crystal and large grain size systems.
This is consistent with earlier analyses of high dose effects in
tungsten, iron, and zirconium [11-13,76,77]. The saturation
of swelling in a single crystal stems from the accumulation
of a high, spatially homogeneous, concentration of vacancies
and the coalescence of self-interstitial defects into an extended
dislocation network.

According to Fig. 2, a material with a more complex
microstructure appears more resistant to irradiation-induced
swelling compared to a single crystalline material. Neutron
irradiation experiments on ferritic steels [22,31] suggest that,
in microstructurally complex materials, there is an incubation
dose interval where swelling is suppressed, as opposed to
simple alloys where swelling starts almost immediately at a
low dose [13,77]. Small grain size materials exhibit a trend
similar to that found in observations.
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FIG. 3. Average volume per atom in NC microstructures com-
puted for materials with varying grain size, shown as a function of
dose, given in cDPA units. The grains with the average diameter
below ~7.5 nm exhibit a significantly slower rate of evolution with
dose, bearing in mind the logarithmic scale of variation of the hori-
zontal axis. Some data in this figure have been reproduced from [66].

0.00 cDPA 0.01 cDPA

0.10 cDPA

A distinct aspect of a NC material is that there are two
contributions to swelling—one stemming from the GBs them-
selves and the other from the defects produced by irradiation.
Both contributions vary as a function of dose. Figure 3 shows
the evolution of the average volume per atom in a NC sam-
ple as a function of dose. Initially, the volume per atom
is anticorrelated with the grain size, owing to the higher
volume density of GB in the smaller grain size limit. Ma-
terials swell monotonically as a function of dose because
lattice defects typically have larger effective volumes than
atoms in a single crystal. In a single crystalline material,
swelling stems from the accumulation of lattice defects alone,
but in a NC material, the volume increase is mitigated by
the interaction between GBs and defects, leading to the
smallest grain samples exhibiting the lowest relative volume
increase.

Simulations extending to a large, but still finite, dose illus-
trated in Fig. 3 shows that the average volume per atom in
a NC material reaches a higher value than in a single crystal.
This stems from the fact that GBs themselves are defects, with
the associated extra volume explicitly visible at zero exposure
in Fig. 3. The simultaneous presence of GBs and radiation de-
fects gives rise to a higher total volume per atom value in a NC
material than in an irradiated single crystal. In applications,
what matters is the difference between the volume per atom

0.02 cDPA

2.50 cDPA

FIG. 4. Nanocrystalline atomic structures exposed to various doses, defined by the respective cDPA values, and visualized using OVITO
[80]. Initially, the simulation cell contains approximately 80 x 80 x 80 bcc unit cells and 71 grains with the average grain diameter
d. = 7.5 nm. Simulations were performed using the MNB interatomic potential. Atoms are colored according to the structure of their
crystallographic neighborhood, with atoms in non-bcc environments shown in white. Note that the polycrystalline sample used in this study is

different from that used in Ref. [66].
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FIG. 5. Number of grains in an irradiated NC sample evaluated
using OVITO and plotted as a function of cDPA.

value in an initial structure and in the same structure exposed
to irradiation. This difference is systematically lower in an
irradiated NC material in comparison with a single crystal.

B. Evolution of grain structure

The morphology of grain structure in a NC sample changes
due to the interaction between GBs and radiation defects.

Figure 4 illustrates the evolution of grain structure in NC
tungsten with the initial grain diameter of d. = 7.5 nm. The
color of an atom refers to its local crystallographic environ-
ment determined by the PTM method. As defects accumulate,
grains change shape, split, or merge.

Figure 5 shows the number of grains as a function of dose,
where the grains were identified using the OVITO algorithm.
For comparison, in Fig. 6 we plotted the number of grains
evaluated using the algorithm described in Sec. IIC and de-
tailed in Ref. [66]. The results shown in the two figures agree
very well.
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FIG. 6. Number of grains in an irradiated NC sample evaluated
using a method described in Sec. II C and plotted as a function of
cDPA. Some data in this figure have been reproduced from [66].

In the nanostructures involving the initial average grain
size of d. = 5.0 nm, the number of grains decreases steadily
with dose. For grains with d. = 7.5 nm, there is a slight in-
crease in the grain count at approximately 0.3 cDPA, followed
by grain coarsening at higher doses. Similarly, for d. = 10.0
nm, the grain count is maximum at around 1.2 cDPA. In the
samples with the largest grains, the number of grains fluctu-
ates but remains nearly constant.

The grain coarsening observed above agrees with results
by Levo et al. [62], who simulated collision cascade expo-
sure of nickel and nickel-based multicomponent alloys with
a grain size of 10 nm. Other studies [51-56] illustrated how
GBs interact with defects and move through local atomic
rearrangements.

Zhang et al. [83] observed the evolution of NC zirconia
with grain sizes in the range from 5 to 10 nm following
exposure to 2 MeV Au ions to doses up to 35 DPA at tem-
peratures of 160 K and 400 K. Observations showed that the
average grain size increases approximately to 30 nm at 35
DPA. Zhang et al. [83] noted that the radiation-induced grain
growth did not involve thermal activation, as slower grain
growth was observed at 400 K compared to 160 K. Broadly
similar observations were reported by Dey et al. [50], who
observed the growth of small grains (25 nm and 38 nm) and
attributed the effect to radiation defect-induced GB migration.
The above observations agree with our simulations showing
that NC materials are susceptible to grain coarsening under
irradiation.

In our grain segmentation analysis, we assumed the mini-
mum size of a grain to be equal to 100 atoms. In experiments,
there is a visibility limit, implying that grains below a certain
size may remain undetected. By examining experimental data
[58,60,84], we infer that the visibility limit approximately
equals 5 nm. Disregarding the small grain sizes accounting for
the volume fraction of less than 1%, and focusing only on the
grains larger than 5 nm, we find that the predicted grain size
distribution exhibits grain coarsening similar to that observed
in experiments.

Analysis of ion irradiation experiments [85] suggests that
the average grain diameter, treated as a function of dose,
follows a power law

d)"(9) —d,"(0) o @, 2)

where ¢ is the dose and 1.9 < n < 4.3. Kaoumi et al. [57]
developed a thermal spike model suggesting that n = 3, in
broad agreement with observations. Neutron irradiated NC
copper [84] also shows a sublinear increase of d, as a function
of dose. A subtle aspect of the interpretation of observations,
revealed by the simulations, is that grain visibility affects the
counting and identification of grains.

In Fig. 7, the average diameter of grains is plotted as a
function of dose, with grains in the range d, < 5.0 nm, repre-
senting a small volume fraction of the total, not included in the
analysis. The figure exhibits a steady increase of the average
grain size; however, there is no evidence that this increase
follows a power law. The difference between simulations and
experimental observations [57] likely stems from the fact that
the CRA simulations do not account for the effect of thermal
diffusion of defects, treated in the thermal spike model.
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FIG. 7. Average grain diameter plotted as a function of cDPA
with grain diameters smaller than 5.0 nm excluded from the analysis.

The variation of the total GB area as a function of dose
is shown in Fig. 8, illustrating that the GB area decreases
monotonically as a function of dose. A comparison of the GB
area at zero dose to the volume per atom at the same zero dose
in Fig. 3 enables estimating the excess volume associated with
GBs. This excess volume is plotted in Fig. 9 as a function of
GB area. The fact that the plot is nearly linear shows that the
excess volume per unit GB area is a constant and the slope
of the curve provides a measure of structural imperfection of
local atomic GB structure. This also shows that, as the total
GB area decreases at high doses, the proportion of the excess
volume associated with GBs in Fig. 3 is decreasing.

C. Dislocation density

Dislocation loops and extended dislocation networks form
in CRA simulations by the agglomeration of self-interstitial
atom defects. In the absence of thermally activated diffusion,
this agglomeration is driven by lattice strains produced by
the defects and is energetically highly favorable since the
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FIG. 8. Grain boundary area per unit volume plotted as a func-

tion of cDPA. Some data in this figure have been reproduced from
[66].
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FIG. 9. Excess volume versus GB area per unit volume. The data
are taken from Figs. 3 and 8 at zero cDPA. A linear fit is shown as a
guide for an eye.

incorporation of a self-interstitial defect into a dislocation
loop releases energy comparable with the formation energy
of a self-interstitial atom defect [86]. The evolution of the
dislocation component of microstructure in a single crystal is
illustrated in Fig. 10. The most notable aspect of evolution is
the formation of a system-spanning dislocation network, the
emergence of which represents a percolating transition in an
ensemble of growing and coalescing dislocation loops [87].

A low-angle GB can be treated as a regular array of disloca-
tions [88,89], and the dislocation extraction algorithm (DXA)
[90] duly detects dislocations in GBs. In Sec. II C we defined
a GB as a triangulated surface and also defined the short-
est distance from atom to GB, d(r). To make a meaningful
dislocation analysis of irradiated NC structures and exclude
the dislocations associated with GBs themselves, we have
eliminated all the atoms within 1 A of a GB before performing
a DXA analysis.

Figure 11 illustrates the evolution of a NC system under ir-
radiation. The initial trend in the accumulation of dislocations
is similar to that observed in a single crystal. Dislocation loops
form and grow over the dose interval extending to 0.2 cDPA,
Following that, the density of dislocations starts decreasing,
in agreement with observations [77].

A distinct feature of dislocation microstructure evolution
in a NC material is the impeded formation of an extended
dislocation network at high doses. Indeed, in a NC material,
a dislocation line is not able to simply traverse across a grain
boundary. Instead, dislocation lines terminate at GBs. As a re-
sult, the dominant dislocation feature observed in NC samples
is the dislocation loops situated in the interior of the grains.

To quantify the evolution of dislocation microstructure in
a NC material, we computed the dislocation line density as
a function of dose. The results are plotted in Fig. 12. The
dislocation line density in a NC material is lower than in
an irradiated single crystal. Furthermore, the formation of an
extended system-spanning dislocation network is suppressed,
resulting in the dislocation line density rapidly reaching sat-
uration and not exhibiting the characteristic peak often found
in simulations of single crystals [11,65,77].
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120x120x120 0.00 cDPA

120x120x120 0.10 cDPA

120x120x120 0.02 cDPA

120x120x120 0.05 cDPA

FIG. 10. Dislocations detected by DXA in a single crystal sample containing 120 x 120 x 120 bcc unit cells and simulated using the MNB
potential. Green lines represent dislocation with the %(1 11)-type Burgers vector; magenta lines are the dislocations with the (001)-type Burgers
vector. An extended system-spanning percolating dislocation network forms at ¢ ~ 0.3 cDPA.

It is appropriate to pose a question about how the statisti-
cally averaged dislocation line density varies as a function of
distance to a GB, given the extensive observation of defect-
denuded zones adjacent to GBs [38]. Figure 13 shows an ex-
ample of the distribution of dislocation line density evaluated
by eliminating the atoms separated from GBs by a distance
smaller than d. The total dislocation line length is denoted by
L, and the corresponding volume is denoted by V,;. The high
values corresponding to the interval of d between 0 and 1 A
stem from the identification of GBs with arrays of disloca-
tions. To avoid ambiguities, we use the cutoff distance d of 1
A to define the dislocation density in the bulk of the grains.

The density of dislocations in the various regions of the
grains was determined by selecting the appropriate values
of L; and V. Dislocation density in a region separated by
distance d from a GB, where d = 2.5 A, is shown in Fig. 14.
Data points with d below 1 A were excluded from the analy-
sis. In the samples with smaller grain sizes, the formation of
dislocation line objects is suppressed. However, as the grain
size increases, dislocations start forming in the interior of the
grains, while their occurrence in the vicinity of GBs is still
suppressed. Figure 14 shows a zone near GBs that is depleted
of dislocations, with the width of the zone varying from 10 to
20 A.

The occurrence of dislocation denuded zones and fluctuat-
ing dislocation content in NC grains was observed in a variety
of experimental studies. El-Atwani et al. [47] performed

3 MeV Cu™ ion irradiation experiments on tungsten samples,
in which the microstructure contained 100 nm and 100-
500 nm grains, as well as larger grains exceeding 1 um in
size. The NC samples typically exhibited a lower density of
dislocation loops at room temperature. In a separate investi-
gation of irradiated Fe films, El-Atwani et al. [38] found that
the dislocation loop density increased as a function of grain
size in the grains below 100 nm in diameter. Denuded zones
were observed near GBs and the width of the denuded zones
varied in the 5 to 8 nm range in the grains where such denuded
zones were detected.

In this study, the occurrence of dislocation denuded zones
in the vicinity of GBs was observed systematically in all
cases and the width of the denuded zone was relatively small.
At finite temperatures, the thermally activated mobility and
thermal fluctuations of grain boundaries should likely increase
the width of denuded zones. The formation of denuded zones
at low temperatures is driven by stress and involves local
rearrangements of atomic configurations of grain boundaries
associated with the absorption and emission of defects.

D. Density of vacancies and voids

Vacancies and voids (v + v) represent a fundamental class
of defect objects produced by irradiation. The nucleation
and growth of voids is a prominent manifestation of radi-
ation swelling [91]. The evolution of v+ v defects in NC
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120x120%120 G=12 0.00 cDPA (w/o GB)

120x120x120 G=12 0.10 cDPA (w/o GB)

120x120x120 G=12 0.02 cDPA (w/o GB)

120x120x120 G=12 0.05 cDPA (w/o GB)

FIG. 11. Dislocation detected by DXA in a NC sample with d. = 20.4 nm containing the equivalent of 120 x 120 x 120 bcc unit cells
simulated using the MNB potential. Atoms separated from GB by a distance smaller than 1 A were removed before applying the DXA. The
topology of the grain microstructure prevents the formation of a dislocation network, impeding the dislocation percolating transition [87] even

in the high dose limit.

materials differs from that observed in single crystals, reduc-
ing swelling.

In a perfect crystal, the Wigner-Seitz analysis provides a
straightforward means for identifying self-interstitial and va-
cancy defects. The analysis involves comparing the defective
structure to a reference single crystal structure and identifying
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MNB —— 120x120x120 perfect —— d=12.7 nm
0.5+ —— d=5.0 nm d=15.1 nm
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Total dislocation length
per unit volume (107 A?)

FIG. 12. Total dislocation length per unit volume as a function
of cDPA. Atoms separated from GBs by less than 1 A are removed
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from the analysis before the application of the DXA.

the defects by counting the number of atoms within a Voronoi
cell centered on an atom in the reference lattice. In a NC
material, however, matching a reference structure to a grain
containing defects is difficult because of the spatial variation
of crystal orientation, even within the same grain. The accu-
mulation of defects and grain coarsening gives rise to further
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FIG. 13. Total dislocation line length L; in volume V,, where

atoms with distance from GB smaller than d are eliminated from
the analysis. Simulations were performed using the MNB potential.
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FIG. 14. Dislocation density plotted as a function of distance from the nearest GB, with the dose in cDPA units indicated in the legend
against the corresponding curve. Smaller grains exhibit low dislocation density even at high radiation exposure, whereas larger grains develop
regions containing a high density of dislocations in the interior of the grains. Simulations were performed using the MNB potential.

changes in crystal orientation. As a consequence, the use of
the Wigner-Seitz analysis does not appear applicable in the
context of this study.

An alternative algorithm developed by Mason et al. [82]
was applied to the identification of vacancies and voids. The
algorithm enables determining the size and spatial distribution
of vacancies and vacancy clusters and computing v + v con-
centrations at various distances from a GB.

Figure 15 shows the variation of the total v + v volume in
a simulation cell as a function of cDPA. The v 4 v volumes
computed for single crystal configurations vary similarly to
what was found earlier by Derlet and Dudarev [11]. Samples
with smaller grains tend to show lower v+ v volumes, in
agreement with observations showing reduced swelling found
in NC materials. We note that the variation of cell volume
illustrated in Fig. 2 also includes the excess volume associated
with the GBs themselves, making the interpretation of the
volumetric strain data more complex than in single crystalline
samples.

Figure 16 provides a visual representation of the morphol-
ogy of vacancies and voids in the interior of the grains and at
GBs. Voids in the grain interior have a more spherical shape,
whereas those in close proximity of GBs exhibit somewhat

greater shape irregularity. The latter can be attributed to the
increased structural disorder in the crystal structure near GBs.

T T T T

5 MNB / in-house

Vac+Void concentration (%)

—f—  80x80x80 perfect d=10.0 nm
——  120x120x120 perfect —— d=12.7 nm
—+—  d=5.0nm d=15.1 nm
—— d=7.5nm d=20.4 nm
[1]5 L 1 1 L 4
0 0.5 1 1.5 2 2.5
cDPA

FIG. 15. Total content of vacancies and voids per unit volume as
a function of cDPA. Some data in this figure have been reproduced
from [66].
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FIG. 16. Microstructure of vacancies and voids in a NC sample
with the initial grain diameter of d. = 20.4 nm and the simulation
cell size equivalent to 120 x 120 x 120 unit cells at 2.5 cDPA. Va-
cancies and voids are only shown in a slice of the simulation cell.
Voids situated in the interior of the grains are shown in light blue and
those situated in the immediate vicinity of GBs are shown in deep
blue. Simulations were performed using the MNB potential.

Furthermore, vacancies and voids are distributed throughout
the interior of the grains, particularly at higher doses. In the
simulations performed using the Marinica EAM4 potential,
voids are predominantly found near GBs.

Spatial distributions of vacancies and voids exhibit consis-
tent trends as functions of distance from a GB and radiation
exposure. Figure 17 shows v+ v concentrations plotted as
functions of distance from a GB. The profiles are derived by
calculating the v + v content in a region defined by its distance
to the nearest GB. A v+ v denuded zone is observed in the
vicinity of every GB, extending to ~10 A, with a notable
change of slope in the concentration of v+ v at around 10 A.
Since in a CRA simulation vacancy diffusion does not oc-
cur, the presence of a vacancy and void denuded zone is
associated with the lattice deformation-mediated interaction
rather than diffusion [92]. The width of the denuded zone
appears to be independent of grain size. In the limit of small
grain size corresponding to the greater dominance of GBs, the
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volume-average concentration of vacancies and voids is lower,
in agreement with the data shown in Fig. 15.

Klimenkov et al. [93] and Diirrschnabel et al. [25] exam-
ined the distributions of voids in tungsten exposed to neutron
irradiation to 1.6 DPA at 900 °C and to 1 DPA at 800 °C. These
observations identified void denuded zones near GBs, extend-
ing to approximately 15-25 nm, followed by a region where
void concentration was higher. Notably, these observations
referred to the range of high temperatures where vacancies are
highly mobile, making a direct comparison with low tempera-
ture CRA simulations not possible; however, the qualitative
trends found in experiments are similar to those found in
simulations.

E. Potential energy

One of the advantages offered by molecular dynamics sim-
ulations is that they enable computing the potential energy of
every atom. Figure 18 shows the spatial distribution of the
potential energy of atoms for the structures shown in Fig. 4,
with the atoms now color-coded according to their potential
energy. The images show that GBs and defects correspond
to higher potential energy of atoms. As the radiation damage
accumulates, the overall potential energy of the material in-
creases, in agreement with experimental observations [94].

The potential energy of atoms at GBs and in the grain
interior is shown in Fig. 19, where it is evaluated using a
distance bin size of 0.5 A. To ensure physical consistency,
the range of abscissas in the plot is capped at approximately
one-third of d, for the corresponding system. The distance-
average potential energy is maximum at the GB and gradually
reaches saturation beyond the distance of 10 A. A higher
dose corresponds to a higher value of the potential energy
at saturation. A feature consistently observed in all the sim-
ulations is a potential energy minimum at a relatively small
distance from a GB at high doses. The factors contributing to
this phenomenon are attributed to two effects. First, the local
lattice structure is distorted at the GB, resulting in a maximum
of the potential energy at 0 A, which gradually vanishes at
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FIG. 17. Concentration of vacancies and voids as a function of distance from GBs, with the dose in cDPA units indicated in the legend
against the corresponding curves. Note the similarity between the curves referring to the smallest and largest grain sizes. Simulations were

performed using the MNB potential.
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FIG. 18. Atomic configuration similar to those shown in Fig. 4, with the color now referring to the potential energy of atoms in eV units.

the distance of approximately 10 A; this persists even in
the high dose limit. Second, GBs suppress the occurrence of
dislocations and vacancies in the denuded zone spanning the
distance from 10 to 20 A. A combination of the two effects
results in the formation of a region near a GB where atoms
have lower potential energy.

Figure 20 shows how the average potential energy of atoms
in the simulation cell varies as a function of dose. In a single
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crystal, the potential energy increases as defects accumulate,
saturating at approximately 0.5 cDPA [11]. By fitting an ex-
ponential function to the curve describing a single crystal, we
identify the characteristic dose scale of approximately 0.22
cDPA. In an NC system, the potential energy saturates at
a higher value compared to a single crystal. This illustrates
a substantial energy difference between a NC and a single
crystal associated with the presence of GBs where atoms have
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FIG. 19. Average potential energy of atoms plotted as a function of distance from a GB, computed for the samples with the smallest and
the largest initial grain size. The dose in cDPA units corresponding to each curve is indicated in the legend. Simulations were performed using

the MNB potential.
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FIG. 20. Volume average potential energy of atoms plotted as a
function of dose given in cDPA units.

higher energy because of their noncrystalline local environ-
ment.

As the dose increases, the potential energy increases due to
the accumulation of defects. In NC samples with small grain
sizes of 5.0, 7.5, and 10.0 nm, we observe a distinct pattern
with an initial peak followed by a subsequent decrease. The
peak occurs earlier in smaller grain size systems. A simple
thermodynamic model can be formulated to explain how the
potential energy changes with dose. The potential energy can
be written as

E = Ey + Ep(¢)(1 — kGBAcgB) + AcrYca. 3)

where Ej is the potential energy of atoms in a single crystal
lattice, Ep is the additional energy due to the accumulation of
defects, kgpAgp 1s the volume fraction of GB areas with the
width comparable with that of the denuded zone, Agp is the to-
tal GB area, and ygp is the GB energy per unit area. Since the
energy Ep associated with the accumulation of defects rapidly
increases on the dose scale of ~0.2 cDPA, the potential energy
initially increases and then gradually diminishes as a result of
grain coarsening, associated with the reduction of the GB area.

F. von Mises stress

The von Mises stress (VMS) is often used in engineer-
ing for identifying the locations prone to plastic yielding
or fracture. The VMS is evaluated using the principle
of the maximum distortion energy and is a conveniently
positive-semi-definite measure of the overall stress state in
a component. The VMS o, can be computed from the two
principal invariants of the Cauchy stress tensor o;; [95] to the
elements of which it is related via

o) = 3[(0ijoi) — 5(00)*]
= 1[(o11 — 022)* + (022 — 033)” + (033 — 011

+6(03; + 05, + 01a) 4)

where the repeated indices imply summation. We define the
atomic VMS using the above equation, in which o;; is the
atomic virial stress. This enables examining the spatial dis-
tribution of the VMS at atomic resolution.

Figure 21 shows the same GB structure as in Fig. 4, where
the color now refers to the atomic VMS stress. Significant
stress concentrations are visible at GBs, similarly to how the
potential energy of atoms is the highest at the GBs; see Fig. 19.
As the radiation defects accumulate, an increasing number of
atoms acquire higher VMS values. The GB regions exhibit
higher atomic VMS values compared to the defects in the
grain interior.

Figure 22 illustrates the nature of stress relaxation in the
vicinity of a GB. The VMS at the GB decreases as a function
of dose, suggesting that, as defects accumulate and interact
with the GB, the level of atomic stress at the GBs relaxes.
VMS is minimum from approximately 6 to 10 A away from
a GB. This is likely associated with the formation of defect
denuded zones devoid of dislocations and defects.

G. Defect-grain boundaries interaction

The origin of defect-denuded zones and grain coarsen-
ing induced by irradiation is attributed to the interaction
of irradiation-induced defects with GBs. The defects and
GBs have relatively high potential energy, stimulating the
relaxation of local atomic environments into lower energy
configurations. Local distortions of the lattice and the as-
sociated stress concentrations drive the rearrangement of
atomic configurations [11-13,76]. Defects formed in a close
proximity to a GB are more readily incorporated into the
GB structure. This finding agrees with other atomic-scale
simulations [51-54] showing that GBs are not static sinks
for defects but highly stressed dynamic regions where de-
fect reconfigurations and morphological changes readily
occur.

Figure 23 illustrates the evolution of the VMS in an NC
sample over a small dose increment spanning the dose from
2.515 cDPA to 2.520 cDPA. Each image in the series cor-
responds to the dose increment of 0.001 cDPA. Initially, a
well-defined defect is visible at the bottom of the figure. In the
subsequent frames, the region of higher stress associated with
the defect undergoes structural relaxation. The gradual further
accumulation of defects elsewhere in the structure causes this
local atomic configuration of the defect to become unstable,
resulting in the eventual relaxation and reconfiguration into a
lower-stress state.

Notably, this simulation does not represent an event of
diffusion-mediated motion and absorption of a defect cluster
by a GB. Instead, a local atomic configuration undergoes
a rearrangement, resulting in a lower overall stress state of
the system. This series of images indicates that an interface
between a structurally disordered region with high energy
per atom (a defect) and a perfect crystalline region acts as a
catalyst for defect recombination. GBs, instead of serving as
static sinks for defects, are dynamic entities able to absorb,
transform, and relax the irradiation-generated defects, hence
impeding the indefinite accumulation of radiation effects even
in the absence of diffusion.
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FIG. 21. Atomic configuration similar to those shown in Fig. 4, with the color now referring to the atomically resolved von Mises stress

given in the units of GPa.

IV. CONCLUSIONS

Using atomic-scale simulations, we find that, in the
athermal limit, a NC tungsten exhibits higher resistance to
irradiation-induced swelling compared to a single crystalline
material. The formation of an extended system-spanning
dislocation network is suppressed by the interaction of
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dislocations with grain boundaries, resulting in a sig-
nificantly lower density of dislocations in an irradiated
nanocrystalline material. The evolution of a nanocrystalline
material as a function of exposure occurs slower than
in a single crystalline material. The deceleration stems
from the evolution of the grain boundary structures slowly
coarsening under radiation exposure. The initial excess
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FIG. 22. von Mises stress plotted as a function of distance from a GB, computed for the samples with the smallest and the largest initial
grain size. The dose in cDPA units corresponding to each curve is indicated in the legend. Simulations were performed using the MNB

potential.
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FIG. 23. Spatial distribution of the VMS in a sample with the initial average grain diameter of d. = 10 nm. The images show atomic VMS
in a rectangular slab with a thickness of 15 A to highlight the distribution of defects at a greater level of resolution in comparison with Ref. [66].
Atoms with a VMS lower than 10 GPa are not shown. The images correspond to the CRA steps from 2515 to 2520, which are equivalent to
the variation of dose from 2.515 to 2.520 cDPA. A defect cluster at the bottom of the images interacts with a GB and gets incorporated into it.

The color scheme is the same as in Fig. 21.

volume associated with grain boundaries and the lattice-
deformation-mediated interaction between grain boundaries
and defects also reduces the magnitude of volumetric
strain that radiation exposure produces in a nanocrystalline
material.

Further information on the data and models underlying this
paper are available [96].
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