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ARTICLE INFO ABSTRACT

Keywords: In polycrystals, grain boundaries (GBs) are widely accepted as potential diffusion pathways and crack-initiation
Molecular dynamics sites. GBs always form network structures in three-dimensional (3D) materials including regular GB planes,
Polycrystal

triple junctions (TJs), and high-order junctions (HJs), and thus the influence of these components on the
mechanical behavior of polycrystals should be understood. In this study, we used molecular dynamics (MD)
simulations combined with a new on-the-fly GB component identification method to investigate dynamic
behaviors such as atomic diffusion and nanovoid formation under uniaxial tensile loading in body-centered
cubic (bece)-Fe polycrystals. Our results show that the local atomic diffusion ability of the HJ is the highest
among the GB components, followed by those of the TJ and GB. Uniaxial tensile loading simulation results
suggest that junction-rich regions containing multiple HJs and TJs act as hotspots for nanovoid formation.
Stress concentration at HJs provides the driving force for vacancy/nanovoid formation, and high atomic
diffusivities of TJs and HJs facilitate vacancy transport and aggregation. The obtained results for the atomic
diffusion ability and nanovoid formation of the GB components are comparable to previous experimental
observations. The present study contributes to a deeper, fundamental understanding of the mechanical behavior
of 3D GB networks and highlights the GB network topology as an important factor in controlling the mechanical
properties of nanopolycrystals.

Grain-boundary junctions
Dynamic behaviors
Three-dimensional grain boundary network

1. Introduction Previous studies demonstrated that GB junctions typically serve as
initiation positions for recrystallization. Xie et al. [15] reported that
dynamic recrystallization grains first nucleate at the QJs and then at the

adjacent TJs in Ni alloys. Their calculation results from thermodynamic

Grain boundaries (GBs) are considered potential migration path-
ways for elements (e.g., alloy atoms) in metals because they usually

consist of massive voids, provide favorable segregation sites, and of-
fer long-range connectivity through the GB network [1-8]. In three-
dimensional (3D) materials, GBs are the interfaces between two grains
with different orientations. The convergence of three distinct grains
along a single line results in the formation of a triple junction (TJ),
also known as a GB junction edge [1,9-13]. The cross sections of the
TJ lines are the GB junction nodes. These nodes have at least four grains
that converge at them and are defined as high-order junctions (HJs) [1,
9,11,12,14-17]. A four-fold HJ is referred to as a quadruple junction
(QJ). In previous studies, quadruple junctions have been divided into
lines and nodes. These QJ lines are the intersection lines of four GB
planes [18-21], and a QJ node is defined as the crossover point of
four TJ lines and six regular GB planes [9,15]. Previous studies have
primarily examined individual GB structures [22-31], and research on
3D GB networks is still limited.
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modeling suggested that the QJ has a lower activation energy for
dynamic recrystallization nucleation than those of the GB and TJ. More-
over, Tuchinda et al. [6] reported that the TJ can attract more hydrogen
atoms than regular GBs in Pd-H systems because of the differences in
their hydrogen segregation energies. Hydrogen-assisted cracking was
observed to start at GB junctions in steel [32,33] and Ni [34]. Crack
initiation is usually observed in a region where both the principal stress
and hydrogen concentration are high. In addition, void formation in Ta
has been reported to occur preferentially at QJ nodes under shock load-
ing [35]. Furthermore, TJs and HJs provide more stable segregation
sites for solute elements with lower segregation energies for certain Ag
and Al alloys [14,36]. However, Tuchinda et al. [36] pointed out that
the junction effects can be negligible in some special cases such as Al-
Y alloys. In addition, GB networks with different characteristics, such
as GB orientation [24,34,37-39], shape [11,40,41], and the fraction
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of high- and low-angle GBs [4,38,42], also affect the properties of GB
junctions.

Theoretical modeling of GBs and TJs has been performed to inves-
tigate their properties in polycrystals [1-3,7,17,36,43-48]. However,
many of these models are based on static assumptions, and do not
consider the dynamic changes that occur in GB networks. Further
research considering the mobility of GB junctions at finite temperatures
is required. In addition, although HJs, including QJs, are widely ac-
cepted as important in affecting material properties, direct observation
is difficult because of their point-like dimensions. Furthermore, the
relative presence of HJs increases with finer grain sizes. Owing to their
complexity, many thermodynamic models for GB networks have not
yet been extended to HJs. Further research is required on the HJ as a
critical component of the GB network that influences the mechanical
properties of polycrystals.

Recently, Nenninger et al. [14] reported a new GB structure descrip-
tor based on GB atom coordination, which enables the distinction of GB
compositions at the atomic level. Based on this descriptor, we propose
a new on-the-fly GB component identification method for GBs, TJs,
and HJs to achieve online tracking of the GB network during atomic
simulation. In this study, we used molecular dynamics (MD) simula-
tions in combination with an atomic-level GB structure identification
approach to investigate atomic diffusion and nanovoid formation in a
3D GB network at finite temperatures. Computation of the GB structure
descriptor was conducted on-the-fly during the MD simulation to better
capture the evolution of the GB network structure. This study focused
on the overall spatial structure of a 3D GB network rather than on
specific GB planes or junctions. The findings of this study contribute
to a more comprehensive understanding of the role of GB networks in
mass transport and crack initiation in polycrystals with fine grains and
are expected to provide a scientific basis for the design of high-strength
materials.

2. Methodology
2.1. Polycrystal model

A polycrystal model of body-centered cubic (bcc)-Fe (lattice con-
stant ap, = 2.86 A) was created using Atomsk [49] with a size of
20 x 18 x 21 nm? and a total number of atoms of 6.5 x 10°. The model
consisted of six grains. These grains were generated using the Voronoi
tessellation scheme and exhibited random orientations. Assuming that
each grain was approximately spherical, the average grain radius was
6.62 nm, with a standard deviation of 0.54 nm. All GBs in the model
were created at high angles because, in our MD calculations, low-angle
GB structures sometimes disappeared due to the merging of neigh-
boring grains. This may be because in MD simulations, grain rotation
sometimes occurs in a low-angle GB-rich polycrystal with nanoscale
grains, as observed in a previous study [42]. Note that this study
focused on the overall spatial structure of the 3D GB network rather
than on the features of specific GB components. Therefore, special GB
planes such as those characterized using the coincident site lattice (CSL)
model [50] are not considered. We estimated that none of the GBs in
the polycrystal model matched the special GBs based on the CSL model.

2.2. Grain boundary coordination

A recently developed descriptor, “GB coordination” [14], for dis-
tinguishing GB components (i.e., GB planes, TJ lines, HJ nodes). This
descriptor defines the number of GB planes near an atom to determine
whether the atom belongs to a regular GB, TJ, or HJ in a 3D polycrystal.
In this study, Python code was created based on the features provided
by the OVITO Python module [51] to compute the GB atom coordi-
nation number for each atom in the polycrystal model. The code was
embedded in the MD simulation to perform on-the-fly computations of
the GB coordination and achieve online tracking of the GB components.
The calculation framework is as follows:

Acta Materialia 318 (2026) 122624

Table 1
Atomic percentages of GB components in the polycrystal model with different
values of rC®.

Component nSB Percentage (%)
/9B =124 9 =6 A r9B =44

Bulk 0 87.57 87.57 87.82
GB plane 1 6.28 9.62 10.95
. 2 0.03 0.05 0.12
TJ line 3 455 2.51 1.07
4 0.01 0.01 0.00
HJ 5 0.42 0.08 0.02
6 and above 1.13 0.17 0.02

1. The GB atoms are identified using Polyhedral Template Match-
ing [52] analysis with a root-mean-square deviation (RMSD)
cutoff of 0.1. Then, the Grain Segmentation modifier [53,54] is
applied to divide all atoms into several grains with a minimum
grain size of 500 atoms, with the options “adopt orphan atoms”
disabled and “handle coherent interphases/stacking” enabled to
define the GB atoms.

2. The Grain Segmentation modifier is applied again using the
same settings, but this time the “adopt orphan atoms” option
is enabled to tag all atoms with grain IDs.

3. The number of GBs is calculated within a sphere centered on
a GB atom i with a cutoff radius rSB. In this cutoff sphere,
each atom pair with two atoms belonging to different grains
and distanced by less than 3 A (between the first and second
nearest neighbor distances of bce-Fe) is defined as a grain pair.
The number of distinct grain pairs detected within this cutoff
sphere is defined as the coordination number of that GB atom i
(.e., n,.GB).

This approach should be extended to a wider range of materials beyond
those considered in this study. In our tests using one core of an Intel
Xeon Gold 5318Y CPU for a polycrystal configuration containing 6.5 X
10° atoms, the Python code required approximately 30 and 300 s to
compute the GB coordination for all GB atoms when the values of rCGB
were 6 and 12 A, respectively. The computation time mainly depends
on the value of rcGB and number of GB atoms. This algorithm is expected
to be adopted in future studies and implemented in a parallelized
manner to achieve further acceleration.

The polycrystal model colored according to nS® is shown in Fig. 1,
and the atomic structures of the GB components are exhibited in Fig.
2. The atomic percentages of the GB components in the polycrystal
model are listed in Table 1. As indicated in Table 1, the percentage
of GB junctions (n°® > 2) increases with +$B. The results of the
convergence test for rSB are presented in Supplementary Material I.1. A
more detailed discussion on the choice of the cutoff radius is provided
in Ref. [55]. Taking a large rS® (e.g., r% > 6 A) can sometimes lead to
overdetermination of the GB junctions. Because during MD simulations
at finite temperatures, the atoms can move away from their initial
positions due to thermal fluctuations or loading conditions. We believe
that an appropriate value of rSB should be selected on the basis of these
requirements. The atomic fractions of different GB components as a
function of rgB are shown in Fig. 1.2. Based on an empirical criterion,
the proportion of HJs should be greater than 0.1%, and these fractions
should be ranked in descending order from GBs through TJs to HJs.
We therefore determined that 6-12 A is an appropriate range for rCGB. In
this study, we used different B values in the calculation and examined
their influence on the estimations.

It should be noted that n®® describes the number of grain pairs
surrounding an atom, rather than the number of grains. For instance,
a four-fold HJ (i.e., a QJ) corresponds to components with nG® = 4,
5, 6. In this case, atoms with n® = 6 represent the typical structure
(i.e., the core) of the four-fold HJ, whereas those with n®® = 4 and
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Fig. 1. Polycrystal model of bce-Fe colored by GB coordination numbers calculated with (a, (b) rfB =12 f\, (©) rf“ =6 f\, and (d) rE'B = 4 A. The white atoms
in (a) are bulk atoms, which in (b-d) were set to be invisible. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 2. Typical GB components in the polycrystal model: (a) TJ, (b) four-fold HJs at which four TJ lines intersect, and (c) HJ-rich zone. The dashed circle in (c)
highlights a region with multiple four-fold HJs and higher order junctions (n°® > 6) inside. The bulk atoms were set to be invisible and rS® = 12 A was used for

a better view.

5 represent the four-fold HJ components that are distant from the
core. In our polycrystal model, n®® can reach 10, which corresponds
to the core of a five-fold HJ. As shown in Fig. 2(c), the five-fold HJ is
inside the four-fold HJs. Because there were relatively fewer fivefold
HJ components, the n%® value for atoms exceeding 6 was uniformly set
to 6. This is equivalent to treating the five-fold HJ as part of the core
of the four-fold HJ. Because the atoms belonging to the junction core
are dominant, we use representative components nS® = 1, 3, and 6 to
describe the typical GB, TJ, and HJ structures, respectively. Note that in
the present atomic model, most HJs exist as nodes. When a relatively
large rCB was used, e.g., r$8 = 12 A, a small number of line-like HJ
structures were observed in the unrelaxed model. These HJ lines were
formed by the overlap of neighboring TJs and represented by a subset
of atoms with n®® = 5. No distinct HJ-line structures predominantly
composed of atoms with larger n°B values were observed. Under this
approximate classification, atoms associated with HJ lines accounted
for less than 27% of all HJ-associated atoms in the unrelaxed model.
The subsequent analysis primarily focuses on atoms with #n® = 6,
which predominantly represent HJ nodes in the present model. HJ lines
are therefore excluded from the analysis.

2.3. Molecular dynamics calculation

The MD calculations were performed using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) [56]. The inter-
atomic potential of Fe systems [57] was used to describe the interac-
tions between atoms in bec-Fe systems. This potential has been widely
used in studies of GBs in Fe, and the results are comparable to those of

their experimental counterparts [23,58-60]. For a more detailed com-
parison of the existing Fe interatomic potentials, refer to Ref. [61]. For
this study, we conducted comparative tests using various interatomic
potentials [57,62,63] and the results are presented in Supplementary
Material II. Machine learning interatomic potentials for Fe-based sys-
tems are available and can achieve near density functional theory-level
accuracy [64-66]. However, because the polycrystal model contains
103-10° atoms, the computational cost of the calculation using machine
learning interatomic potentials remains unaffordable for long-term MD
simulations.

The LAMMPS-GPU package [67-73] was used for acceleration, and
all the calculations were performed with double precision. Before the
MD calculations, each model was energy-minimized using the con-
jugate gradient (CG) method with a force tolerance of 105 eV/A.
Then, the model was thermally relaxed using time integration on Nose—
Hoover style non-Hamiltonian equations of motion from the canonical
(NVT) ensemble at 300 K for 0.01 ns and from the isothermal-isobaric
(NPT) ensemble at the target temperature and zero pressure for 0.1 ns.
The NVT relaxation at 300 K was used as a mild pre-equilibration step
to minimize abrupt structural rearrangements of the GB network. All
calculations were performed under periodic boundary conditions in all
directions.

2.3.1. Effective diffusion coefficients

The NVT ensemble was used to estimate the effective diffusion
coefficients of Fe atoms in bce-Fe polycrystal systems. Because the GB
network rearranges over time at finite temperatures [42], the GB com-
ponents should be tracked during MD simulations. Herein, we propose a
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Fig. 3. Framework of the molecular dynamics (MD) calculation with on-
the-fly GB component identification. The red arrows indicate when the GB
coordination calculation was performed. The length of the time interval Ar =
10 ps. 7y, is the total time interval. The x values are the averages of 10 samples
(51,585, ...,510)- The x values are output directly from the MD calculations.

method that combines on-the-fly computations of GB coordination and
MD calculations to estimate the effective diffusion coefficient for each
GB component. In the MD simulation, the total simulation time 7, is
divided into a sequence of non-overlapping time intervals:

7=t e+ A1) (k=1,2,....n), (€))

where Ar (4r = 10 ps) is the time interval length, and n is the total
number of time intervals (see Fig. 3). At the beginning of each interval,
the atoms are classified into groups according to their GB coordination
numbers n%8. The group labels for atoms are assumed to be constant
during the time interval z,. For the group labeled m, the corresponding
set of atoms is defined as

A= {i | n%B(t) =m}. @)

For the atoms in the set A, the average atomic mean-squared displace-
ment (MSD) in the laboratory frame is defined as

MSD,(t) = AL Z [rit+0) - r,.(tk)]2 0<t< A, 3)
k icAy

where r;(r) denotes the position of atom i at time ¢. During the time
interval At, the average MSD for each group was collected every 100 fs
and averaged over 10 samples (Fig. 3). This framework can also be
used to obtain other values such as potential energy, stress, and atomic
volume. To obtain the effective diffusivity coefficient for time interval
7, MSD,(7) is fitted to a linear form over the second half of the time
interval (¢ € [4t/2, At]) as follows:

MSD, (1) » 2d DSt + C, )]

where d; is the dimension of the system (d; = 3 in this study) and C, is a
fitting parameter. An important reason for using the second half of MSD
values of each time interval is to minimize the potential disruption to
data collection due to group label updates during the calculation. The
effective diffusivity coefficient (Di”) is expressed as follows:

Diff _ % dMka(t) . )

s t 1€[At/2, Af)

This on-the-fly approach computes MSD values during MD simulations
combined with the online tracking of GB components. This can ensure
that the obtained values truly represent the time-averaged dynamic
quantities of the GB components over the entire trajectory.

Note that this method calculates the properties based on the com-
ponent to which each atom belongs at the beginning of each time
interval. Since atoms may change their component at any time during
the simulation, a short time interval and long-term sampling are usually
needed to obtain robust results. An example of the workflow is provided
as a LAMMPS input file and is shown in Supplementary Material I1.2.
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2.3.2. Uniaxial tensile loading simulation

The uniaxial tensile loading was applied by uniformly deforming the
simulation box along the loading direction at a constant engineering
strain rate of 10° s~!. The directions perpendicular to the loading
direction were constrained to zero pressure using the NPT ensemble. To
investigate nanovoid formation in each GB component, we calculated
the number of void surface atoms for each GB component. A void
surface atom is defined by certain criteria based on the atomic volume.
This is discussed in Section 3.3. GB components were identified during
post-processing.

Due to the limited time scale accessible to MD simulations, the
strain rate used in this study is much higher than that in conventional
tensile tests. The present simulation provides valuable insights into void
nucleation behavior under high-rate loading conditions, such as laser-
induced projectile impact testing and shock loading, where local strain
rates can approach a similar order of magnitude [74,75].

3. Results and discussion
3.1. Atomic diffusivity in GB networks

We calculated the DT value of each component of the GB network
during the MD calculations in bcc-Fe polycrystal systems at 300 K,
450 K, and 600 K. The results for Df at 600 K are presented in Fig. 4.
Note that only data for n®8 = 1, 3, and 6 are shown, corresponding to
typical GB, TJ, and HJ structures, respectively. After the 10 ns of MD
calculation, the D°fT data for each GB component nearly converged. The
scalar values were fitted to constant values for 5-10 ns (Figs. 4 and 5).
The GB components were identified by computing the GB coordination
using r% = 12 and 6 A. Note that for GB components with fewer
atoms, the obtained D®f values can fluctuate more because of greater
noise. These results demonstrate the order of the effective diffusion
coefficients for local atomic mobility as follows:

eff eff eff
DHJ > DTJ > DGB' 6)

The same results were obtained at 300 K and 450 K (see Fig. III.1). This
agrees with previous experimental estimations [76-78] suggesting that
GB junctions have a greater diffusion ability than regular GBs in metals.
The present results are restricted to the total time interval accessible
in our simulations. The Dz“ value of the bulk structure obtained in
this study was nearly zero. In addition, as shown in Fig. 5, when the
GB components are determined using the GB coordination calculated
with rcGB = 12 A, the junctions are overdetermined and contain parts
of regular GBs. In this case, the D! values of the GB junctions are
underestimated. We suggest that in future studies, an appropriate rCGB
value can be selected based on differences in the diffusion and other
distinguishable properties of GBs, TJs, and HJs in small samples.

If the objective is to quantify diffusion specifically along GBs and
TJs, the MSD can be projected onto the GB planes and TJ axes,
respectively, as suggested in previous studies [79,80]. This would be
an improvement for future work. Compared with a projection-based
estimate, the value obtained from present method may be smaller when
atomic diffusion is mainly along the TJ axis or within the GB plane.
In addition, a comparison between the diffusivity estimated using the
MD-based approach and that obtained from a geometrical estimation in
previous studies [2,3] is provided in Supplementary Material III.2. The
geometrical estimation and the MD-based approaches give comparable
results for intergranular diffusivities.

To analyze the potential causes of the ranking of the diffusion
ability, we calculated the interatomic potential energy, stress, and
atomic volume for different GB components in MD simulations at
600 K. The results are presented in Fig. 6. The calculations were
performed using configurations obtained from 10 ns of MD simulations
as initial configurations. The mean values were obtained at a total time
interval of 1 ns. The calculation methods for these values were similar
to those for the MSD (see Egs. (1)-(3)), and are the time-averaged
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Fig. 4. Time-dependent effective diffusion coefficient calculated via MD simulations over 10 ns at 600 K. The GB components were identified by computing the
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Fig. 5. Mean values of the effective diffusion coefficient calculated via MD
simulations from 5 to 10 ns at 600 K. The GB coordination (n%?) was calculated
using different cutoff radii (rSB). The effective diffusion coefficient of the bulk
structure is nearly zero.

M

values for short intervals. The von Mises stress is defined as ¢"

[(0’XX — ayy)z +(0yg — Ozp)* + (oyy — 622)2] /2+3 (o‘)z(y + agz + ‘7}%z>’
where ¢ is the atomic stress. The von Mises stress was evaluated from
the per-atom stress tensor. The tensor was obtained by normalizing the

LAMMPS per-atom virial stress by the Voronoi volume of each atom,

12 A and (d-fH) rfB = 6 A. The dash lines are mean values during the total time interval from 5 to 10 ns.

which was calculated using the Voronoi analysis [81] during the MD
simulation. The kinetic contribution was omitted from the calculation
of the per-atom stress tensor. The detailed calculation method of the
virial for individual atoms from the interatomic potential is discussed
in Ref. [82].

The results in Fig. 6(a) show that, in the GB components, the
average potential energy of atoms in the regular GBs and TJs are nearly
the same, whereas that of HJs is slightly higher. This suggests that HJs
are less favorable, more disordered regions in the GB network. The
computed potential energy of the bulk structure (—4.03 eV/atom) in
the polycrystal was slightly higher than that of the ideal bulk structure
(—4.12 eV/atom [57]). This may be caused by the strain in some areas
of the bulk structure in the polycrystal. Moreover, the average value of
the per-atom von Mises stress for each GB component was calculated
to investigate the intensity of local shear stress, which is associated
with local structural relaxation. As shown in Fig. 6(b), high von Mises
stress was observed particularly at the HJs. The von Mises stresses of
GBs and TJs are comparable. Since these von Mises stress values are
statistical averages over each GB component, local stress enhancements
at some TJs may be obscured if they occur only within a small part of
the TJ region. HJs, however, occupy much smaller regions and contain
fewer atoms than TJs. As a result, local stress concentrations near HJs
may be less diluted in the component-averaged analysis. This difference
in the averaging effect may contribute to the higher averaged stress
observed for HJs. As shown in Fig. 6(c), the atomic volume of HJs
is the highest in the GB network, followed by that of TJs and then
that of regular GBs. A large atomic volume may be associated with
a decrease in the activation barriers of typical diffusion pathways in
these structures. It is worth mentioning that there is little difference
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Fig. 6. Mean values of (a) per-atom potential energy, (b) atomic von Mises stress, and (c) atomic volume obtained during the MD calculation at 600 K. These
values are derived from a total simulation time of 1 ns. For identifying GB components, the GB coordination number was calculated using r¢% = 6 A.

between the potential energy and von Mises stress of the GB planes
and TJ lines. The difference in the diffusion abilities of GBs and TJs is
mainly attributed to the difference in their atomic volumes. The atomic
structure of TJs exhibits characteristics similar to those of regular GBs.
However, HJs should be considered a distinct structure. Nevertheless,
these results suggest enhanced atomic diffusion in the GB network,
especially at HJ nodes.

The von Mises stress shown in Fig. 6(b) was calculated by first
normalizing the LAMMPS-output atomic virial stress tensor by the
corresponding atomic Voronoi volume, then evaluating the von Mises
stress for each atom, and finally averaging these atomic values within
each GB component. Because the von Mises stress is calculated before
averaging, the averaged value is still affected by locally high atomic
stresses. For comparison, we also calculated the von Mises stress from
the volume-averaged stress tensor. In this alternative approach, the
six LAMMPS-output virial stress components were first summed over
atoms in each GB component and normalized by the corresponding
total Voronoi volume, and the von Mises stress was then calculated
from the averaged stress tensor. The results are shown in Fig. II1.3. In
this case, the values for the bulk and GB components decrease to below
1 GPa. This reduction arises because tensor-level averaging partially
cancels local stress fluctuations before the von Mises stress is evaluated.
The relative trend among the GB, TJ, and HJ components remains
consistent with that obtained from the atomically averaged von Mises
stress.

Consequently, the high D' at the HJ is attributed to its highly
disordered local structure and large atomic volumes, which can pro-
mote frequent local structural rearrangements. D°f at the TJ was
moderate, and the GB plane exhibited the lowest mobility in the GB
network. These results indicate that the network formed by junctions
may serve as a rapid diffusion pathway for mass transport within the GB
network, owing to their high Df values and long-range connectivity.
For polycrystals with fine grains, diffusion along the junctions may be
the dominant diffusion mechanism.

We performed similar calculations using different interatomic po-
tentials [57,62,63] and the results are presented in Supplementary
Material II. The predicted rankings of the diffusion abilities of these GB
components remained consistent across these interatomic potentials.
Note that although these potentials were designed to predict the regular
properties of bcc-Fe, and many of their predictions are comparable
to the experimental observations, their reliabilities for use in 3D GB
network systems still need to be further evaluated, especially for the
complex structures of GB junctions. Recently developed bcc-Fe-based
machine learning interatomic potentials [64-66] have outperformed
empirical potentials in terms of accuracy and may offer a solution.
Moreover, to simulate the dynamic evolution of a 3D GB network over
a long time scale, a computationally efficient potential is necessary.

3.2. Topological changes of GB networks

During the MD simulation of the Fe polycrystal, topological changes
in the GB network were clearly observed (Fig. 7 and Supplementary
Movies S1 and S2). This change mainly occurred because of the mi-
gration of GB junctions, whereas the regular GB planes hardly moved.
This indicates that the thermally activated migration of the GB network
is primarily influenced by junctions. As shown in Figs. 7 and IV.1,
two HJs (Fig. 7) and two TJs (Fig. IV.1) moving in opposite directions
were observed. The migration of GB junctions is due to changes in the
relative positions of neighboring grains rather than to the long-term
diffusion of specific atoms (see Fig. IV.2 and Supplementary Movie S3).
Notably, topological changes are observed in MD calculations even at
low temperatures (e.g., 300 K). In addition, using rcGB =12 A and
approximately classifying atoms with n®® = 5 as belonging to HJ lines,
the atomic fraction of HJ-line atoms decreased to approximately 75%
of its initial value after a 10 ns MD simulation at 600 K, while the total
atomic fraction of HJs decreased. Consequently, the fraction of HJ-line
atoms among all HJ-associated atoms decreased from approximately
23% to 18% (see Fig. IV.3). The opposite migration of the two neigh-
boring TJs shown in Fig. IV.1 and Supplementary Movie S2 provides
an example of the HJ-line shrinkage consistent with this decrease. It is
worth mentioning that the discussion of topological changes typically
requires considering the effective mobilities of GBs, TJs, and HJs at
a larger scale, such as in Refs. [11,45,83,84]. Because the present
study mainly focuses on the atomic level, the discussion of topological
changes is limited to observations. The observable topological changes
during the MD simulation revealed that on-the-fly GB component iden-
tification is necessary when investigating specific GB components at
finite temperatures.

3.3. Nanovoid formation under uniaxial tensile loading in GB networks

GB structures are often associated with cracks and fractures under
deformation in polycrystals. To investigate this, we estimated the void
formation via tensile loading MD simulations. The void surface atoms
were defined as Fe atoms with Voronoi cell volumes greater than
16 A3, which is close to the maximum value in the unloaded initial
structure (see Fig. V.1). The initial structures were obtained from the
self-diffusion calculation described in Section 3.1 after 10 ns at 600 K
and then relaxed at the corresponding temperature for 5 ns. As shown
in Fig. V.1, the averages of the atomic volumes for each GB component
in the initial configurations were almost in the same range. The change
in #$8 did not significantly modify the atomic volume of each GB
component. For more information on the settings used for the tensile
loading MD calculations, refer to Section 2.3.2.

In computing the GB coordination within the cutoff sphere, each
atom pair was identified at a distance of less than 3 A, approximately
1.2 times the distance of the first nearest neighbor of bcc-Fe. Therefore,
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BT M

Fig. 7. Topological changes of the GB network observed in MD simulations at 600 K. Dashed circles highlight the event of two HJs moving apart. GB atoms were
colored by the GB coordination calculated using r = 12 A and bulk atoms were set to be invisible for a better vision. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

when there were no evident nanoscale voids, and the entire model was
uniformly stretched, the acceptable tensile strain in the calculation was
considered to be less than 20%. However, the formation of nanovoids
can result in significantly increased interatomic distances, and a highly
sensitive descriptor with a short cutoff radius (i.e., rcGB = 6) can lead
to the loss of initial structural information during the tensile loading
simulation. To help preserve the GB structure identification before
the formation of large voids, we applied a large S8 = 12 A in the
calculation. Note that it is usually necessary to select an rcGB value that
exceeds the maximum void width observed during the MD simulation.
Because a relatively large B was used to identify the GB components
during the tensile loading simulation, the region of the junctions may
be overestimated to include contributions from the GB planes.

We performed uniaxial tensile loading MD calculations at 300 K,
450 K, and 600 K. The main body primarily displays the data obtained
at 300 K, while the remaining results are shown in Supplementary
Material V. In MD calculations applying tensile loading in different
directions and at various temperatures, void embryos (i.e., vacan-
cies) were usually observed as discrete void surface atoms, whereas
nanovoids could be observed only in a few runs and were typically
located in junction-rich regions containing multiple HJs. As shown in
Figs. 8(a) and V.2 (see also Supplementary Movie S4), void surface
atoms were more commonly observed near junctions, rather than at the
centers of large GB planes. Nanovoids were observed in the junction-
rich regions (the circle in Fig. 8(a)). The numbers of void surface atoms
in each GB component are shown in Figs. 8(b) and V.3. The largest
void observed in the calculation was located in a small triangular GB
plane surrounded by three TJ lines and HJs nodes (Fig. 8 (c,d)). As
shown in Fig. 8(c,d), at first, isolated void embryos were generated
by local atomic separation near junctions. These void embryos were
then connected to form a nanovoid. The nanovoid formation at this
small triangular junction-enriched region was due to the aggregation
of sufficient void embryos within a small area, which facilitated the
growth of the nanovoid.

As shown in Fig. 8(d), void embryos were frequently observed at
the section area between TJs and regular GBs. This may indicate that
these section areas can provide favorable sites for vacancy formation.
In addition, void embryos were consistently detected at HJs at 6%—8%
strains (Fig. 8(d)), but aggregations of void embryos were not observed

directly at HJs. This indicates that the void embryos at HJs may be
short-lived. These vacancies may either be uniformly distributed inside
HJs and therefore difficult to detect in our simulation or be emitted
outside the HJs. In addition, the small volume of HJs also influenced
the estimation.

Furthermore, the results obtained at various temperatures show
that the number of void surface atoms decreases as the temperature
increases (see Figs. V.3 and V.4). This indicates that a temperature
rise suppresses the vacancy/nanovoid formation. A possible reason
is that the high atomic diffusivity of junctions promotes the relax-
ation of the local structure, thereby impeding the formation of vacan-
cies/nanovoids. Void surface atoms are usually observed in GB com-
ponents that are nearly vertical to the loading direction (see Fig. V.5).
This can be attributed to the weaker atomic bonding perpendicular to
the extension direction of these TJ lines and GB planes and the tensile
loading, which provided the greatest displacement in that direction.
Because HJs are nearly spherical and less directional than TJs and GBs,
extensions within HJ structures may be relatively uniform.

To estimate the contribution of GB planes, we divided a single GB
plane into “Center” and “Border” regions and calculated the number
of void surface atoms for each region. “GB center” is defined as a GB
atom with no junction components inside a cutoff sphere with a radius
of 12 A and the remainder is classified as “GB border”. The atomic ratio
of “Center” to “Border” components is approximately 1 : 1.8. As shown
in Figs. 8(b) and V.4, most of the contribution of nanovoids or vacancies
in GB planes comes from the GB border. Therefore, vacancy/nanovoid
formation is mainly attributed to the GB junctions.

Fig. 8(b) shows that HJs contribute relatively less to vacancy/
nanovoid formation among GB components. This is mainly because HJs
have a small volume, and their contribution to the number of atoms on
the void surface is limited. To further estimate the nanovoid formation
at HJs, we calculated the enrichment ratio of void surface atoms. This
metric evaluates vacancy/nanovoid formation in different GB compo-
nents while minimizing the impact of their volume differences. The
calculation details and results are provided in Supplementary Mate-
rial VI. These results show that HJs can contribute to vacancy/nanovoid
formation at a level comparable to that of TJs.

To investigate the stress concentration within the GB network, we
calculated the mean values of atomic hydrostatic stress. Hydrostatic



H. Liao et al.

200 : : . .
= GB Center ———
- GB Border ==
g —
€ 150 T) i
2 H ——
o Bulk
[0}
v
£ 100
=}
(2]
°
S 50
=
o
#
GB coordination 5

1234526

Acta Materialia 318 (2026) 122624

(b)

4 < 6 7 8 9
Tensile strain (%)

Fig. 8. Atomic structures of the nanovoid formation in Fe polycrystal under tensile loading in the X-axis in MD simulations at 300 K. (a) Image of TJ and HJ
structures. The largest void observed in MD calculations is marked by dashed circles. (b) Number of void surface atoms for different GB components. “GB center”
is defined as a GB atom with no junction components inside a cutoff sphere with a radius of 12 A and the remainder is classified as “GB border”. (c, d) Zoomed-in
views on planes (c) parallel and (d) nearly vertical to the loading direction of the void in the dashed circle in (a, b). Black spheres represent the void surface
Fe atoms and other atoms were colored according to the GB coordination numbers. The label in each subgraph indicates the value of the tensile strain. The GB
coordination is defined with r%® = 12 A. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

stress is defined as o = [0 + oyy + 0,,] /3. As shown in Fig. 9, the
stress concentration was observed in junction-rich regions. This was
because junctions have more complex structures and should coordi-
nate deformation across multiple grains. This was more pronounced
in junction-rich regions, which were associated with the presence of
multiple HJs. This result indicates that the junction-rich regions have
a mechanical driving force for vacancy/nanovoid initiation. Moreover,
the average atomic stresses of each GB component are shown in Fig.
10(a). The results hint that the HJs shared more stress among the
GB components. At higher temperatures, the stress concentration at
HJs remains almost consistent with that at lower temperatures, while
that at GBs and TJs decreases. This indicates that the stress concen-
tration at HJs is less sensitive to temperature, which may contribute
to their strong topological constraints. The presented atomic stress
exhibits large local fluctuations and should not be directly interpreted
as continuum stress without appropriate spatial averaging [85-87].
Fig. 10(b) shows the change in atomic volume during tensile load-
ing. The atomic volume was calculated as the average for each GB
component. The results indicate that, as strain increases, the atomic

volume of GBs, TJs, and HJs also increases, with HJs showing the
largest increase. However, in our simulations, stable void embryos were
less frequently detected at HJs. This suggests that vacancies within HJs
may be uniformly distributed rather than aggregated. Temporary void
embryos at HJs may be transferred to nearby regions or healed by
structural relaxation. In addition, the atomic volume difference of HJs
changes much less with increasing temperature than that of GBs and
TJs (Fig. 10(b)). This may be because the atomic structure of HJs is
already near a volume-excess state, and the structural changes induced
by temperature are limited.

Consequently, the present results indicate that vacancy/nanovoid
formation is related to junction-rich regions. HJs have high stress
concentration, which provides the driving force for vacancy/nanovoid
formation. The high atomic diffusivity of TJs and HJs in junction-
rich regions facilitates vacancy transport. Therefore, the junction-rich
regions are likely to be the hotspots for nanovoid formation. Our results
are comparable to those of previous experimental studies [32-35],
which indicated that crack initiation in polycrystals is associated with
junctions.
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Fig. 9. Hydrostatic stress obtained during MD calculations under 9% tensile strain at 300 K with tensile loading along the X-axis. (a) and (b) show the atomic
structures of colored by GB coordination and hydrostatic stress, respectively. The loading direction is nearly perpendicular to the plane. Positive and negative values
of the hydrostatic stress represent tensile and compressive contributions, respectively. The dashed circles highlight the junction-rich regions with concentrated
tensile stress. The GB coordination is defined with rS® = 12 A. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 10. (a) Atomic stress and (b) atomic volume differences obtained during MD calculations under 9% tensile strain with tensile loading along the X-axis. The
solid and dotted lines represent the data obtained at 300 K and 600 K, respectively. The atomic volume difference is defined as the change in atomic volume

relative to the initial value. The GB coordination is defined with r8 = 12 A.

4. Conclusions

Using MD calculations in combination with an atomic-level GB
structure identification approach, the atomic diffusion and nanovoid
formation within the GB network in Fe polycrystals were investigated
at finite temperatures. The main conclusions are as follows:

1. The present study proposes an approach for estimating effec-
tive diffusion coefficients of different GB components based
on the on-the-fly GB coordination computation. This approach
can accurately capture the dynamic evolution of the GB net-
work and should contribute to future studies investigating the
spatial, temporal, and temperature-dependent properties of GB
networks.

2. The effective diffusion coefficients for local atomic mobility in Fe

ff £ ff
polycrystals follow the order of Dfj; > D77 > Dgg. The results

indicate that TJs may serve as a rapid diffusion pathway for
mass transport within the GB network because of their high D°ff
values and long-range connectivity. For polycrystals with finer
grain sizes, diffusion along TJs and HJs may be the dominant
diffusion mechanism.

. Topological changes of the GB network were observed during

the MD simulation. The rearrangement of the GB network was
observed to be primarily generated by the migration of TJs and
HJs.

. Under uniaxial tensile loading conditions, junction-rich regions

are considered to be the hotspots for nanovoid formation. This
is because the stress concentration at HJs provides the driving
force for vacancy/nanovoid formation while the high atomic
diffusivity of TJs and HJs facilitates vacancy transport and ag-
gregation.
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This study improves our understanding of 3D GB networks, particu-
larly regarding the dynamic characteristics of different GB components
and the topology dependency of nanovoid formation. Our results reveal
that the spatial rearrangement of the 3D GB network is important
when discussing its properties at finite temperatures. This study also
provides a feasible approach for considering dynamic changes in a 3D
GB network during simulations with high temporal resolution. Further-
more, this method bridges the gap between atomic-scale simulations
and mesoscale damage modeling. By quantifying component-dependent
trends in atomic diffusion, stress localization, and void nucleation
tendency, it provides physical guidance for future GB network-level
models. For example, after appropriate calibration, a mesoscale damage
model could assign a higher void-nucleation probability or a lower crit-
ical damage parameter to junction regions under comparable loading
conditions. We expect that this approach will benefit future studies on
the dynamic properties of 3D GB networks.

For future quantitative estimations, interatomic potential develop-
ment and further research are required. In addition, experimental in-
vestigations of GB junctions, particularly junction nodes, remain insuf-
ficient. Further experimental studies on 3D GB networks are expected
to provide additional insights and evaluate the simulation results. Our
future studies will focus on atomic diffusion and void formation in
3D GB networks with different characteristics, such as GB orientation,
shape, and fraction of high-angle and low-angle GBs. These factors may
significantly influence the 3D GB networks and their properties. The
topology dependence is expected to be significant in polycrystals with
uniform GB planes, such as those containing only low-angle GBs or a
single type of GB. The combined effect of the topology of GB networks
and the characteristics of individual GB components requires further
investigation.
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