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Radiation effects in nanocrystalline tungsten are simulated in the athermal high dose limit, where microstructural
evolution is driven not by the thermally activated diffusion of radiation defects, but by the fluctuating stress field
resulting from the production and relaxation of defects. Over a large interval of exposure spanning several dpa,
samples with smaller grains swell less than those with larger grains, featuring defect denuded zones resulting

from the continuously fluctuating atomic configurations at grain boundaries. The grain size distribution broadens
as a function of exposure, with the average grain size increasing, subject to the visibility criterion applied to the
identification of small grains. This work makes a quantitative analysis of how the dynamic recombination of
defects in the grain boundary region, responsible for the known superior radiation resistance of nanocrystalline
materials, emerges spontaneously in atomistic simulations.

1. Introduction

High-energy neutrons, generated by the nuclear fuel in a fission re-
actor or by the deuterium-tritium plasma in a fusion device, undergo
multiple scattering by the atomic nuclei and propagate over several
tens of centimetres in reactor materials [1]. Elastic and inelastic inter-
actions of energetic neutrons with atomic nuclei generate y-radiation
[2] and atomic recoils [3], where the latter initiate collision cascades
that in a perfect crystal produce readily identifiable structural defects,
primarily dislocation loops and vacancy clusters [4-6]. The accumula-
tion of these defects degrades thermal [7-9] and mechanical [10,11]
properties of materials, giving rise to swelling [12,13] and dimen-
sional changes [14]. The fact that microstructurally complex materials
exhibit greater stability under irradiation is well recognised. For exam-
ple, ferritic-martensitic steels show far greater resistance to radiation
swelling than alloys with similar chemical compositions [13,15,16].

Nanocrystalline (NC) materials are a notable class of materials with
complex microstructure, characterised by a large grain boundary (GB)
interface to volume fraction [17]. The recognition of a potentially ben-
eficial role of GBs stimulated research in nanostructural materials ex-
posed to irradiation [18-20]. At high temperatures, defects migrate by
thermal activation and are absorbed and annihilated at GBs [21,22],
resulting in the formation of zones of lower defect density near GBs of-
ten observed experimentally [22,23]. The average density of radiation
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defects in NC and ultra-fine grained materials is lower than in coarse-
grained samples exposed to the same radiation dose [19,24]. This is
observed in NC metals and insulators [25,26], suggesting that the de-
fects production suppression effect is generic and associated solely with
the high density of GBs. Mathematical analysis of the interaction of de-
fects with GBs, where the latter are represented by dislocation arrays
and where defects are assumed to perform thermally activated diffu-
sion [27], has gone some way to explain the variation of the density of
defects as a function of the average grain size.

Atomic scale simulations help understand the nature of the interac-
tion between an individual GB and radiation defects [28-36]. GBs are
often considered as strong sinks for radiation defects [18,28,29,32], es-
pecially for the self-interstitial atom (SIA) type defects. But simulations
show that a GB is not a static sink for defects but rather a dynamically
evolving region, altering its configuration in the process of absorption
or emission of a defect. A GB can even emit SIA defects to annihilate
vacancies nearby [29], and the annihilation of defects at a GB itself is
a collective process, involving the rearrangement of positions of many
atoms [32]. The fluctuating motion of GBs in copper under irradiation
[30,31] results in that the stacking fault tetrahedron (SFT) defects are
incorporated into GBs through collective many-body reactions.

Fluctuations of GB structures, whether thermal or athermal - i.e.
driven solely by irradiation - are expected to coarsen the grain mi-
crostructure [37]. The coarsening of grains under irradiation was ob-
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served experimentally [38,39,37,40]. Initially, Wang et al. [38] as-
sumed that the average diameter of grains varied linearly as a function
of radiation exposure. Further studies showed that at high doses, the
rate of grain growth slows and becomes sub-linear [39,40]. Kaoumi
et al. [37] developed a qualitative model, based on Vineyard’s ther-
mal spike concept [41], predicting that in the temperature-independent
regime, the variation of the average grain size d, as a function of dose

¢ follows a cubic polynomial law d_g3(¢) - d_g3(0)  ¢. This functional
form appears to provide a good fit to the available experimental data,
but it has not yet been examined if the model is consistent with direct
simulations.

Below, we simulate microstructural evolution and evaluate the
swelling of heavily irradiated NC tungsten in the athermal limit using
the creation-relaxation algorithm (CRA) [42]. As a part of this study,
we show how to construct two-dimensional surfaces separating grains.
This then provides a measure of distance from a grain boundary that we
can use to plot defect properties as a function of distance to the nearest
GB plane. By extending the simulations into the interval of high dose,
previously inaccessible to direct computational analysis, we find that in
the athermal limit, the relationship between the grain size and swelling
rate stems from the reduction of defect content in the vicinity of GBs.
We explore the fluctuating dynamics of GBs under radiation exposure,
and find that the presence of a GB nanostructure slows down the rate
of evolution of microstructure, which nevertheless appears to tend to-
wards a dynamic driven steady state [42-44]. Direct simulations also
show that thermally activated diffusion is not the only mechanism re-
sponsible for the experimentally observed formation of defect denuded
zones near GBs, which in our simulations emerge as a result of stress-
driven fluctuations of the GB atomic structure. Irradiation-induced de-
fects are absorbed and incorporated into GBs, which continuously alter
their morphology, leading to grain coarsening. Therefore, GBs behave
as dynamically evolving structures rather than static sinks for radiation
defects.

2. Generating atomic configurations characteristic of high dose
irradiation in NC tungsten

Simulation cells with equiaxed grains were generated using the
Voronoi tessellation method using the ATOMSK code [45]. Voronoi
polyhedra are filled with atoms in a body-centred-cubic (bcc) struc-
ture with random crystallographic orientations. ATOMSK then removes
atoms until none has a neighbour within 2 A. We created six sets of
simulation cells. Four out of six are initialised with characteristic grain
diameters, d,, of 5.0, 7.5, 10.0, and 12.7 nm in a cubic cell with a cell
side length of 25.144 nm. Their volumes are equivalent to those of a
cubic cell containing 80 x 80 x 80 bec unit cells. The other two sets are
initialised with d, of 15.1 and 20.4 nm in a cubic cell with a cell side
length of 37.716 nm. Their volumes are equivalent to a cubic cell con-
taining 120 x 120 x 120 bcc unit cells. The initial characteristic grain
diameter d, is the diameter of a sphere with the same volume as an av-
erage grain. We also created cells with perfect crystal structures. The
quantitative results shown below are averaged across five independent
samples from each set of simulations.

Our preparation method for relaxing the NC starting configurations
is similar to that described in Ref. [42]. First, we relax an atomic con-
figuration using conjugate gradients, followed by thermal relaxation
at 300 K for 1 ns. Then, we allow the cells to change their volumes
and shapes to achieve stress-free conditions, and run MD simulations
for a further 1 ns. The temperature is linearly reduced from 300 K
to 0 K during the second stage of the simulation. Finally, the cell
and atomic configuration are relaxed using the conjugate gradients
again. All the simulations were performed using LAMMPS [46,47], and
the Marinica EAM4 [48] as well as the Mason-Nguyen-Manh-Becquart
(MNB) interatomic potentials [49]. The results are qualitatively sim-
ilar, exhibiting some quantitative differences, where typically a more
dense defect distribution is found using EAM4, in agreement with other
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studies [50,51,42]. The MNB potential predicts the low-energy defect
structures and formation energies with high accuracy [49]. The data
for dislocation loops and voids derived from simulations performed us-
ing the MNB potential agree well with DFT and elasticity predictions
[52]. For the clarity of exposition, in what follows we only show the
results produced using the MNB potential.

The evolution of the microstructure of an NC material in the high
dose limit is explored using a parameter-free atomistic CRA simulation
[42]. We use the canonical displacements per atom (cDPA) units to
characterise the dose and distinguish it from the conventional defini-
tion of NRT-DPA [53]. A Frenkel pair is created by moving a randomly
selected atom to a random position. At each CRA step, we create n
Frenkel pairs, and the resulting atomic configuration is then relaxed us-
ing the conjugate gradient energy minimisation. This accumulates the
dose of n/N cDPA at each simulation step [42], where N is the total
number of atoms in the simulation cell. At each step, atomic configu-
rations evolve according to the current spatially heterogeneous energy
landscape formed by the execution of the preceding steps of the algo-
rithm. The shape and volume of the simulation cell are also relaxed
to stress-free conditions. Further details of the simulation methods are
provided in the Supplementary Material.

In the initial implementation of the CRA algorithm [42], a single
Frenkel pair was generated per algorithmic step (n = 1). Subsequent
studies [54,55,43] have demonstrated that in large simulation cells, dis-
placing multiple atoms per cycle does not affect the overall results, and
is more computationally efficient. These latter studies used a rate of
approximately 0.001 cDPA per cycle or larger. In the simulations be-
low, we accumulate 0.001 cDPA per algorithmic cycle and repeat these
cycles until the desired dose is achieved.

Chartier and Marinica [56] performed Frenkel Pair Accumulation
(FPA) simulations of iron, using an algorithm that shares conceptual
similarities with the CRA. The FPA simulations were performed at 300 K
and hence included some thermal effects whereas the CRA focuses
solely on the evolution driven by lattice deformations. The patterns of
evolution deduced from both simulations are consistent [42], and the
predicted microstructures also agree with experimental observations by
Wang et al. [44]. Remarkably, the microstructures observed experimen-
tally in [44] are similar to those predicted by simulations irrespective
of the fact that experiments were performed at room temperature and
hence included the effects of thermally activated diffusion of SIA defects
that in tungsten are mobile at temperatures as low as 27 K [57,58].

3. Identifying grain boundaries from atomic positions

In this work, we want to characterise defect concentrations as a func-
tion of distance from the nearest grain boundary. Hence we start by
summarising the algorithms used for determining whether an atom is
in a particular grain, and how we find its distance to a GB.

The assignment of a grain index to each atom is adapted from the
DBSCAN algorithm [59], and considers the orientation mismatch be-
tween each atom and its near neighbours. This assignment algorithm
has four stages.

1. The crystal lattice orientation is determined for each atom. If we
write the expected position of the k" neighbouring atom in the perfect
lattice as xg, and the observed position as x,, we can minimise a fitting
function S = ¥, (Tx, — xg — 8)? with respect to the components of the
deformation gradient matrix T and the vector displacement 5. While
this algorithm is known to be less efficient than the graph-based Poly-
hedral Template Matching algorithm [60] in a perfect crystal, it is more
robust when there are many lattice defects. We choose to fit to the ex-
pected neighbour positions within 1.5 lattice parameters (between the
third and fourth nearest neighbour shells for bcc). We interpret the de-
formation gradient as a stretch and rotation, T = (1 +&)R using the polar
decomposition method, and find a quaternion representing the local lat-
tice rotation R.
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2. Regions where clusters of atoms have similar orientations to their
neighbours are identified. These regions are the grain interiors. The
quaternion distance between two neighbouring atoms, d = 1 — (¢; - ¢,)?,
gives the angle of rotation, §, between two atom orientations as cos 6 =
1 —2d. Each atom for which 6 < 6, for every neighbour is in a (lo-
cally) crystalline region. These are clustered so a pair of atoms within
a distance r, of each other in a crystalline region are assigned to the
same grain, g, if the angle between them 6 < 6.. We choose §, = 5° and
r. = 1.1 lattice parameters. Atoms without similar orientation neigh-
bours form an unsorted pile.

3. The atoms in the unsorted pile are adopted into grains where
possible. We first return to the pile any atom already assigned to grain
g if the majority of its neighbours (distance within r.) are in a different
grain g’. Then we assign any atom on the pile to grain g if it has a
close orientation (6 < 6,) to a majority of neighbours already in grain
g. Finally, we assign any atom on the pile to grain g if it has a simple
majority of neighbours already in grain g.

4. We return all atoms in a grain with fewer than N, ;, atoms to the
pile. We choose N,,;,, = 100. This process of unassigning and reassigning
to adopt atoms into grains is iterated until a stable grain distribution
is found. Some atoms will never be assigned to a grain if no majority
can be found. In this work, we find that typically much fewer than 1%
of atoms are left unassigned, and we find no evidence of amorphous
regions.

While the algorithm above will place nearly all atoms into grains,
even when there is a large number of lattice defects, it does not define
grain boundaries. We use the definition that a GB is a hypothetical sur-
face dividing two crystalline regions with different orientations. This
definition does not preclude the possibility that there exists a volume
near the surface which is amorphous, nor does it preclude a void or a
precipitate straddling the GB. If a GB is so defined, then a computa-
tionally efficient representation of it is a triangulated surface. Using a
triangulated surface, the subsequent calculations we need - the volume
enclosed, the area, and the distance of a point to the surface - are well
defined.

To identify the location of GB surfaces, we start with the atom po-
sitions and their assigned grain indices, found above. We then define
a regular spaced node lattice with spacing L chosen to be greater than
the lattice parameter and smaller than the expected radius of curva-
ture of the grains. For this work, we chose L =35 f\, and found that the
result is insensitive to the exact choice of L. Each node is at the cen-
tre of a cell containing several atoms. We consider the positions and
grain index of all atoms within the neighbouring 27 cells of a node
point. For each pair of grains, g and g’, we fit a smooth phase pro-
file ¢y (x) =tanh(x - b, o +a which minimises the function S =

1

0.0 )
)2 (g0 (0%;) + 1)2 + 2=y’ (g0 (%) = 1)2 * < byl
5.8

5x; is the vector from the node to atom i. This fitting returns a vector
b, ., normal to the GB locally, oriented such that ¢, , = —1 in grain g,
and ¢, , = +1 in grain g’. The last term in the fitting function stops the
interface from becoming infinitely sharp. The position across the g — g’
GB at the node point is ¢, ,/(0) = tanh(a, ,).

With the phase parameter position across each of the GBs computed
at each node, the extent to which the node is in grain g is the value
¢, =min({¢, s }), which takes the value —1 for a point deep inside grain
g, and the value +1 for a point far outside grain g. We can (tri)linearly
interpolate this function to find a phase field at every point in space,
such that ¢,(x) returns the correct values on the nodes, and so a trian-
gulated surface for the boundary of grain g can then be found as the
isosurface ¢,(x) = 0 using the Marching Cubes algorithm [61,62].

An illustration of the result of this method is shown in Fig. 1. We
can see a few GB atoms and defects with local lattice orientations
proving difficult to identify, but a near-constant orientation in grains
is produced by the method described above. One grain is shown as a
triangulated surface, within which vacancies are drawn using the iso-

2
L> , where
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Fig. 1. A nanocrystalline sample (4, = 10.0 nm) at dose 2.5 cDPA analysed using
the methods described in the text. Atoms on the back left face are coloured by
orientation. Atoms on back right face are coloured by distance to grain bound-
ary. The pink surface shows the triangulated surface constructed for one grain,
and the purple surfaces show voids within this grain. Image rendered using data
exported to OVITO [64]. (For interpretation of the colours in the figure(s), the
reader is referred to the web version of this article.)

surface method of Ref. [63]. Note that a zone denuded of vacancies is
also clearly visible.

4. Results and discussion

Fig. 2 illustrates one of the main findings derived from our simula-
tions of NC materials, showing that samples with smaller grains appear
more resistant to radiation-induced swelling. The figure shows the vari-
ation of the average atomic volume and relative volume of systems with
various initial grain sizes as a function of dose. The perfect crystal case
is also shown for comparison. Samples with smaller grains have a larger
volume per atom prior to irradiation, where the initial excess volume is
due to the non-crystalline arrangement of atoms in the GBs. The volume
of the sample, i.e. the volume of the entire simulation cell, increases as
defects accumulate. At high doses, the relative increase is lower for the
smaller grain samples. An examination of the relative volume change
of the simulation cell shows that systems with smaller grain sizes ex-
hibit lower swelling than samples with initially larger grains or single
crystals.

Fig. 2 also illustrates an important, and well-known, effect of de-
layed microstructural evolution of a nanostructural material under ir-
radiation in comparison with a material with simple microstructure.
Experiments [13,15] show that over a certain initial interval of dose,
steels exposed to irradiation exhibit almost no dimensional change or
swelling. Subsequently, after a certain “incubation” dose, the rate of
swelling of steels approaches that of simple alloys, showing that it is
the initial nanostructure of the material that is responsible for the ob-
served resistance to irradiation. The bottom panel of Fig. 2 illustrates
this phenomenon, showing that a nanostructural material with an aver-
age smaller grain size evolves more slowly towards the asymptotic high
dose driven steady state of the material [42,44] than a single crystalline
or a large grain size system.

The origin of radiation resistance of a fine grain nanostructure stems
from a combination of contributions from the variation of the total GB
area and vacancy & void (v + v) content.

First, we examine the effect of the total GB area. Fig. 3 shows a sam-
ple with initial d, =7.5 nm at different radiation exposures. Both the
defect content and GB nanostructures evolve and change significantly
as a function of dose, graphically illustrating that GBs do not represent
static sinks for defects that remain stationary in real space, as it is some-
times assumed in literature [65]. GBs interact with defects, evolve, and
fluctuate. Grains change shape and coarsen as the dose increases. Ren-
dering the orientation of the atoms using polyhedral template matching
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Fig. 4. Number of grains and grain boundary area per unit volume as a function of dose. Error bars are the standard deviation defined across the five samples.

in Fig. 3 highlights the increasing number of non-bcc atoms both at the
grain boundary and at lattice defects, and could be compared to our
analysis of the grains in Fig. 1.

Our simulations are consistent with the studies by Levo et al. [66],
who performed collision cascade MD simulations of NC nickel and
nickel-based multi-components alloys with a grain size of 10 nm, ob-
serving similar grain coarsening. Our results also agree with Refs.
[18,28-32] showing that GBs interact with defects and change mor-
phology as a result of local atomic rearrangement of their structure.

To examine the changing number of grains and the total GB area
quantitatively, we plotted them in Fig. 4 as a function of dose. For
the smaller grain samples, the number of grains decreases rapidly as
a function of dose, whereas the samples with larger grains show a
markedly lower decrease in the grain count. All the samples exhibit

grain coarsening, where the GB area per unit volume decreases signifi-
cantly, especially if the initial grain size is small. Therefore, the excess
volume due to the presence of GBs in the sample decreases. This is the
first phenomenon counteracting the increase of the average atomic vol-
ume due to the accumulation of defects.

Do the grains really coarsen? The variation of grain size distribu-
tion can be quantified similarly to how it was done in Refs. [37,40]
by plotting a histogram of grain sizes, see for example Fig. 5. The cor-
responding density map is shown in Fig. 6. The grain diameter d, is
evaluated from each grain volume in the spherical shape approxima-
tion [37]. For systems with the initial grain size of d, = 5.0 nm, a clear
pattern of grain coarsening is observed. For samples with the initially
larger grains, the grain size distributions exhibit broadening instead.
Not only larger grains can be observed at doses above 1.0 cDPA, small
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Box size = 80x80x80, Initial d. = 10.0 nm
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Fig. 5. Histogram of grain diameters at various exposures to radiation, where the dose is defined by the canonical DPA (cDPA) parameter. Grain diameters are
computed from the grain volume in the spherical grain approximation. Shaded areas refer to varying levels of grain visibility.

grains also form at high doses. A grain is often defined as a group of
atoms with neighbourhoods sharing similar crystal orientation, while
in our algorithm we use a cutoff of 100 atoms as the smallest size of
a grain, corresponding to d, ~ 1.4 nm. It is not unlikely that the high
number of grains with d, < 1.4 nm stems from the very small fragments
produced by irradiation that collectively appear as small grains. On the
other hand, we also observe a greater number of small grains with d,
in the size range from 2 to 5 nm.

By inspecting the histograms summarising the results of ion irradia-
tion [39,40] and neutron irradiation [67] experiments, one can define
the visibility limit of grains at about d, =5 nm. Below this size, grains
cannot be unambiguously identified due to the limitations of exper-
imental imaging techniques. We shaded the histogram of grain sizes
derived from simulations by different colours at 1 nm increments. As the
visibility decreases, small grains are gradually eliminated from the anal-
ysis. This procedure recovers the size distribution generally observed in
experiments where only large grains are identified. Although numerous
small grains are present in the samples, for the initial size d, > 10.0 nm,
the total volume of grains smaller than 5 nm at all doses is lower than
1% of the total. In the actual observations, such small grains are easily
confused with a part of the GB structure and ignored.

Grain coarsening implies the increase of the average grain diam-
eter as a function of radiation exposure. Ion irradiation experiments
[68] suggest that the average grain diameter varies with dose as

d,"($) - d,"(0) x ¢, where 1.9 < n < 4.3. Kaoumi et al. [37] developed a
thermal spike model that predicts n = 3, in agreement with experimen-
tal observations. Experimental data on neutron-irradiated NC copper
[67] also exhibit a sublinear increase of Jg as a function of dose. Our
analysis suggests that the grain visibility limitations involved in the
interpretation of experimental observations or the choice of the cut-
off diameter in a simulation affect the counting and identification of
grains. The average grain diameter is a quantity that depends on one’s
subjective interpretation. The thermal spike effect, which causes local
heating, is not considered in CRA simulations, making a direct compar-
ison to Kaoumi et al.’s model not appropriate. Additional analysis on
the variation of grain diameters as a function of dose can be found in
Supplementary Material.

Other than grain coarsening, the interaction of defects with GBs af-
fects the production of defects, especially the v + v content, resulting
in the lower radiation swelling of NC samples in comparison with sin-
gle crystalline or large grain size samples. Interpreting the dependence
of swelling on the grain microstructure requires analysing the spatial
distribution of defects in the presence of GBs. The algorithm described
in section 3 generates an instantaneous configuration of GBs as a tri-
angulated surface. A distance from an atom to each triangle can be
computed, enabling the definition of the minimum distance from an
atom to a GB. Using this measure, various parameters can be defined
and plotted as a function of distance to a GB.
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Fig. 7. Dislocation density and void and vacancy (v + v) volume density plotted as functions of the distance from a grain boundary. A detailed account of the method
used for evaluating the v + v volume density is given in the Supplementary Material.

Fig. 7 shows the dislocation density and v + v volume density as
a function of distance from a GB. The definitions used in the Figure
are detailed in the Supplementary Material. The majority of dislocation
lines have the Burgers vectors b = %(111) and (100), and the proportion
of dislocations with b = (110) Burgers vectors is negligible. Both the dis-
location density and the v + v content are lower near GBs, exhibiting
a clear signature of a defect-depleted “denuded” zone [22]. Since the

presence of vacancies and voids is associated with radiation swelling,
the occurrence of zones with a lower vacancy and void content implies
that the total v + v content in a nanostructure is lower than in a per-
fect crystal near the GBs. This is the second aspect of microstructural
evolution making NC materials more irradiation swelling resistant.
Prior to conducting a dislocation analysis, we need to exclude atoms
close to the GB, because a low angle GB can be considered as an array of
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dislocations. We excluded atoms with distances less than 1 A from a GB.
Fig. 8 illustrates that the dislocation density associated with the Burg-
ers vector b = %(111) is higher than that of (100). This finding agrees
with the results of TEM experiments conducted by Yi et al. [69] on
tungsten under self-ion irradiation. Importantly, simulations show that
the presence of the initial NC structure suppresses the accumulation of
dislocation density at low doses.

Fig. 9 illustrates a relationship between the variation of the v + v
volume and cDPA. The v + v volumes observed in a perfect crystal
exhibit a quantitative trend similar to that found in simulations con-
ducted by Derlet and Dudarev [42]. Materials with small and medium
grain sizes tend to display lower v + v volumes. Interestingly, an NC
sample with d, =20.4 nm exhibits a higher v + v volume fraction than
a perfect crystal at high doses. The origin of this phenomenon remains
unclear. From the examination of Fig. 2, we conclude that the relative
volume change of a large grain system and a perfect crystal are simi-
lar. This appears to suggest that the decrease of excess volume due to
GBs opposes the increase of the v + v volume here. Even though the
microstructures are different, the swelling values are not dissimilar.

What is the origin of defect denuded zones in the absence of dif-
fusion and what is the mechanism of grain coarsening driven by irra-
diation? These two seemingly different questions reflect two manifesta-
tions of the same physical phenomenon. Both result from the fluctuating
movement of GB structures due to irradiation and from GB-defect in-
teractions. When GBs and defects interact, since both represent higher
energy atomic structures, a lower energy configuration is attained as
a result of relaxing the atomic environment. Local lattice distortions,
associated with high stress concentrations, drive the rearrangement of
atomic configurations [42,54,55,43,70]. Defects near a GB are absorbed
and incorporated into the GB, changing its morphology, and the process
itself has a clear signature of a local structural fluctuation.

Fig. 10 shows snapshots of the von Mises stress (VMS), illustrating
the evolution of a nanostructural sample over the dose interval from
2.515 cDPA to 2.520 cDPA. Each figure corresponds to the dose in-
crement of 0.001 cDPA. At the bottom of the first few frames, we see a
large defect, corresponding to atoms with high VMS. In the later frames,
this high stress region is relaxed. The atomic configuration of the defect
is strongly perturbed by a small increment of dose. This destabilises the
defect structure, enabling the atoms to rapidly reconfigure into a locally
lower stress configuration. Given the simulation methodology, it would
be incorrect to conclude that an interstitial defect cluster has diffused
towards, and has been absorbed by a GB ‘sink’, in this sequence of im-
ages. Instead, it is appropriate to say that the local atomic configuration
rearranged and attained a lower stress - lower energy state.

This sequence of images also shows that interfaces between the
relatively disordered high-energy-per-atom and relatively perfect crys-
talline regions act as regions catalysing the recombination of defects.
GBs do not act as static sinks for defects, as was assumed in Ref. [65].
Instead, they are dynamic fluctuating catalysts for recombination and
structural relaxation of defects generated by irradiation, capable of
slowing down the accumulation of radiation effects even in the absence
of diffusion. This study provides insight into the microscopic processes
of interaction and relaxation driving the complex evolution of nanos-
tructures under irradiation.

5. Conclusions

By direct atomic scale simulations, we show that nanocrystalline
tungsten is more resistant to the effects of irradiation-induced swelling
than a single crystalline material. Simulations describe the limit of high
dose and low temperature conditions, where a single crystalline ma-
terial has recently been extensively explored theoretically [42] and
experimentally [44]. Irradiation generates lattice defects that GBs can
absorb and incorporate through continuous fluctuating rearrangement
of local atomic configurations, leading to the formation of defect de-
nuded zones. This also changes the GB morphology, resulting in grain
coarsening. The average defect concentration is lower in a small grain
size nanostructure, correlated with a higher relative volume of denuded
zones. The relative volume increase is also lower due to the higher
initial volume of the material containing high GB density, explaining
the lower radiation swelling observed in NC materials. In a remarkable
departure from predictions derived from simulations and observations
of single crystalline materials [42,44], we do not attain a dynamically
fluctuating steady state in an NC tungsten within 2.5 cDPA, illustrat-
ing a critically significant role of transient changes associated with GB
structures slowing down the accumulation of defects in a nanostruc-
tural material. Concluding the narrative, we note that thermal effects
at GBs in materials exposed to a high irradiation dose warrant further
investigation.
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