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ARTICLE INFO ABSTRACT

Keywords: Spectral analysis of local atomic environments has become a powerful tool for studying solute atom segregation
Grain-bounda_ry segregation and interactions at grain boundaries in nanocrystalline alloys. When applied to individual grain boundaries, the
Solute clustering spectral analysis has shown that solute-solute interaction can be either attractive or repulsive, with long-range

Solute attraction

) L relative attraction enhancing the likelihood for solute atoms to begin clustering. In this article, we combine
Grain-boundary junction

this analysis with a new grain-boundary structure descriptor based on grain-boundary atom coordination, to
investigate the impact of grain-boundary junctions on solute atom segregation in polycrystals. Specifically, we
systematically characterize the tendency of solute clusters to begin forming at various types of ordinary grain
boundaries, triple junctions, and high-order junctions in Ag polycrystals containing either Ni or Cu solute atoms.
Our findings demonstrate that the formation of solute clusters at grain boundaries is primarily driven by long-
range relative solute attraction, rather than short-range solute-solute interactions. This effect is most pro-
nounced near grain-boundary junctions. Our study highlights the multiscale nature of solute segregation at
crystalline interfaces and provides new insights into the complex phenomena governing heterogeneous solute
segregation in grain-boundary networks.

1. Introduction AE??S(A) _ E;ZTQ A _ Eiolute A )
Nanocrystalline (NC) materials are thermodynamically unstable due where E;g{?fe 4 represents the total energy of a polycrystal containing a

to their ultrahigh grain boundary (GB) volume fraction [1-3]. This
instability arises from the fact that GB atoms possess significantly higher
energies than bulk atoms because of their disordered structure. Conse-
quently, grain coarsening occurs to reduce this excess GB energy, which
has proven to have detrimental effects on mechanical properties [4]. A
successful design strategy for stabilizing nanograins is by engineering
NC alloys with a solute that can favorably segregate to the GBs to either
lower their energy or pin their movement, while strengthening them at
the same time [5-16]. A modern analysis for studying local effects on GB
solute segregation in polycrystals is through the lens of GB segregation
energy spectra [17-20]. These spectra are produced by atomistic com-
puter simulations using diverse techniques such as density-functional
theory [21], semi-empirical-potential-based molecular statics [22,23],

single solute A at GB atom site i and E° 4 is that with the same solute
atom at a different position in the bulk crystal, sufficiently far away from

GBs. As such, a negative AE;eg(A) value indicates favorable segregation of
solute A to this specific GB atom site. When applied across all GB atom
sites in a polycrystal, a spectrum of GB segregation energies can be
established for a given alloy. This approach assumes dilute solute atoms,
meaning that no interactions are considered between the solutes.

An important unresolved challenge is predicting the equilibrium GB
segregation when solute concentrations exceed their dilute limit and
solute-solute interactions become significant [6,23]. Until recently, so-
lute interaction effects in NC alloys have been observed through two
distinct behaviors of heterogeneous solute segregation. The first

or machine learning [24-26]. In those atomistic models, the segregation behavior involves a uniform distribution of few-atoms solute clusters
energy of a solute atom A at a GB atom site i is computed by the equation Wlthm GBs, akin to short-range o.rderlng [27-29]. The second be}.lavu')r
[25]: includes heterogeneous segregation of solute among GBs, resulting in

either nanoscale solute clusters at GB junctions [29-36] or highly
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uneven solute concentrations within different interfaces of the same
polycrystal [37-40]. Current segregation models lack the predictive
capability to attribute these segregation behaviors to either micro-
structural features, such as GB junctions, or the inherent attraction of GB
solute interactions. In particular, it is observed that GB junctions exhibit
different local excess energies and long-range strain or stress fields than
flat GBs [41,42], which could arguably influence solute segregation [43,
44].

In our previous study on individual symmetric tilt GBs [45], we
developed an atomistic algorithm based on spectral analysis of local
atomic environments, which revealed distinct short-range and
long-range solute-solute interaction energies within single GBs. Other
atomistic simulation studies [46-48] have also employed spectral
analysis to examine solute-solute interactions at GBs in various alloy
polycrystals, though these studies primarily considered only
first-neighbor interactions. In our approach, a mean-field method is
applied to incorporate long-range interaction effects by averaging
solute-solute interaction energies over a group of atoms that extends
beyond their closest neighbors. The interaction energy between a solute
atom A located at a GB atom site i and a neighboring solute atom B fixed
at a different GB site is defined as:

AE?“ _ AE;eg(MB) _ AE;egM) )

where AE“*B) represents the GB segregation energy of solute A at GB
atomic site i in the presence of a second solute atom B at a GB site
different from GB site i. By this definition, a negative AE™ value in-
dicates a solute-solute attraction, and repulsion when AE™ is positive. It
is hypothesized that the ability to divide GB solute attractions into both
short-range and long-range effects is critically important for dis-
tinguishing the different types of solute clustering behavior in NC alloys.

In this article, we combine the spectral analysis with a new GB
structure descriptor, which is based on GB atom coordination, to
investigate the influence of GB junctions on solute atom segregation in
Ag polycrystals containing two types of segregating solutes, Cu and Ni.
The interatomic potentials used to simulate these two solute elements in
Ag polycrystals are expected to show opposite trends in terms of GB
solute interactions in single GBs, repulsive for Cu and strongly attractive
for Ni [45]. Additionally, hybrid Monte-Carlo and molecular dynamics
(MC/MD) simulations are performed to predict the equilibrium segre-
gation behavior in the same Ag polycrystal containing either 4 at.% Cu
or 4 at.% Ni solutes. As a result, we systematically characterize the
tendency for solute clusters to form at different types of ordinary GBs,
triple junctions, and high-order junctions, and test these tendencies with
two very distinct solute-solute attraction behaviors.

2. Methodology
2.1. Polycrystal model

A polycrystal was created with the software Atomsk [49] as a cube of
side 30 nm with six randomly oriented and randomly distributed grains
in pure Ag constructed by Voronoi tessellation scheme. The model had
periodic boundary conditions on all sides. The total energy of the
structure was minimized by conjugate gradient method with energy (eV)
and force (eV/A) tolerance stopping criteria of 10® and maximum
evaluations set to 10° evaluations. Subsequently, a thermal annealing
was applied using a Nose-Hoover thermostat and a Parrinello-Rahman
barostat held at 500 K and zero pressure for 50 ps. The timestep was 1
fs. Then, the structure was cooled to 1 K at zero pressure over 40 ps in
accordance with the methods shown by Wagih et al. [25]. The final
polycrystal configuration had a GB atom fraction of 9.1 %, with a total of
1,578,562 atoms. The largest grain was made of 19.9 % of all atoms, and
the smallest one, 12.6 %. The average grain size after thermal relaxation
was 21 nm. We note that Wagih and Schuh [22] have proven that the GB
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misorientation angle distribution is random in polycrystals made by the
same method. By inspecting our models in the atomistic visualization
software OVITO [50], we found that our polycrystals contained mostly
high-angle general GBs. Therefore, the GB structure of the simulated
polycrystals was considered random in the present study.

2.2. GB atom coordination

To distinguish atoms associated with ordinary GBs, GB triple junc-
tions, or high-order GB junctions in a polycrystal, we developed the GB
atom coordination, which defines the number of interfaces a GB atom is
part of. A Python script was written through the software OVITO [50] to
utilize its built-in modifiers. The GB atom coordination was constructed
by first identifying each grain in the relaxed pure Ag polycrystal using
the Polyhedral Template Matching analysis with an RMSD cutoff of
0 and ‘Lattice orientation’ chosen as the output. Next, the Grain Seg-
mentation modifier was applied using the automatic Graph Clustering
algorithm, with the minimum grain size set to 500 atoms and the ‘adopt
orphan atoms’ and ‘handle coherent interphases/stacking’ options
selected. This identified the six grains in the polycrystal and assigned
each of the atoms in the model a new ‘grain’ attribute numbered from 1
to 6, as can be seen in Fig. 1(a). Additionally, all potential GB segrega-
tion sites were given a grain attribute of 0. These sites were chosen as all
atoms with a centrosymmetry value greater than or equal to 0.01. As per
our previous study [45], the GB segregation sites of interest were not
limited to only GB atoms, but also included bulk atoms adjacent to them,
as shown in Fig. 1(b).

Second, a volume around each GB atom corresponding to a sphere of
influence of 15 A in radius was isolated. Inside the selected volume, the
grain number of the closest neighboring atoms within a 4.5 A radius was
found for each atom. Any unique pair of grain numbers within this
smaller radius was denoted as a GB within the sphere of influence. The
total number of unique GBs found within the sphere of influence of a GB
atom was defined as the GB atom coordination. The final assignment of
GB atom coordination for the whole polycrystal can be seen in Fig. 1(c).

Using this metric, a GB coordination of O represents an atom in the
bulk of a grain. A value of 1 represents an atom in ordinary GB between
two grains and a value of 3 a regular GB triple junction. As the number of
grains at the junction increases, the total possible number of GBs an
atom can be part of increases. For example, considering four grains (A,
B, C, and D) that all meet at a high-order junction, there are six possible
GBs that an atom in the center of the junction would belong to in this
scenario: the AB, AC, AD, BC, BD, and CD boundaries, hence a GB atom
coordination of value 6. Now considering a polycrystalline structure
with four grains (E, F, G, and H) where the junction is slightly disjointed,
like two triple junctions (grains EFG and FGH) that are very close
together. In this scenario, there are five, not six, total possible GBs that
an atom could be contained within: the EF, EG, FG, FH boundary, and
GH boundaries. Due to the random nature of polycrystalline structures,
we accounted for this possibility in our GB atom coordination algorithm.

2.3. Local atomic interaction analysis

A generalized form of the embedded-atom-method (EAM) potential
based on Finnis-Sinclair formalism was used to compute each pair
interaction in Ag-Ni [38], which was fitted on ab-initio calculations to
accurately predict the segregation and interaction of Ni solute atoms at
GBs in Ag. The Ag-Cu interactions were modeled using an optimized
EAM potential by Wu and Trinkle [51]. The size mismatch for the Ag-Ni
and Ag-Cu potentials are 15.4 % and 14.6 %, respectively. Past hybrid
MC/MD simulations on polycrystals using the same interatomic poten-
tials have predicted that the AggsNi4 alloy exhibits heterogeneous Ni
segregation in GBs at 500 K [29,35], whereas Cu segregation in the
AgosCuy alloy is distributed more homogeneously along GBs at the same
temperature [28].

To study short-range and long-range interactions of two GB solutes,
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Fig. 1. Relaxed Ag polycrystal with (a) atomic sites highlighted by grain number, (b) heat map of atomic sites with a centro-symmetry parameter greater than 0.01,
including GB and GB adjacent sites, and (c) GB sites colored by GB atom coordination. Note that bulk atoms shown in grey color have a GB atom coordination of 0.

we applied the molecular statics (MS) algorithm developed in our pre-
vious work [45], which iteratively computes the terms of Eqs. (1) and
(2) for each potential GB site. The first step consisted in recording the

one-solute segregation energy AE®“) with each solute A iteratively
moved to a different GB site i and minimizing the total potential energy.

Second, a solute atom B was affixed at a chosen site of interest and the

two-solute segregation energy AE*“™® was re-calculated with each

solute A moved to a different GB site i. Third, the solute-solute inter-
action energy AE™ was calculated as the difference between the
one-solute and two-solute segregation energies at each GB site i. Fourth,
the average solute-solute interaction energy around the fixed solute B
was obtained by graphing the radial distance-averaged AE™ for that
site. The only change made to the methodology described in [45] cor-
responds to the selection of the GB site for solute B, which was based on
hybrid MC/MD simulation results, instead of GB sites with the highest
(most negative) segregation energy. It should be noted that a limitation
of this methodology is that it functions solely on the use of atomic
substitution as the segregation mechanism. As such, solute diffusion to
interstitial sites is ignored as a segregation mechanism due to the nature
of the algorithm.

2.4. Segregation simulation using hybrid MC/MD

Hybrid MC/MD simulations were performed in a variance-
constrained semi-grand-canonical ensemble at a temperature of 500 K,
following the same methodology described in [29]. The variance for MC
swap acceptance (k) was set to 2000. The initial chemical potential
difference (Apo) was set to 2.0 for the Cu solute and 1.015 for the Ni
solute. The MC algorithm was interrupted by short MD runs to achieve
both structural relaxation and chemical mixing, which is in accordance
with ref [52]. Each MC/MD cycle consisted of trial moves equal to the
total number of atoms in the system, followed by 100 MD steps at 500 K.
This cycle was repeated 6000 times to reach a total simulation time of
600 ps. Subsequently, each model was cooled down by MD to 1 K at 2
K/ps under zero pressure. The MD timestep was 0.001 ps. MD was
performed in the isothermal-isobaric (NPT) ensemble using a
Nose-Hoover temperature thermostat and a Parrinello-Rahman barostat
fixed at zero pressure in all spatial directions. Since trial rejections
occurred at each MC step, differences in concentration and chemical
potential were observed. Additionally, to obtain consistent convergence

to the target concentration within the total simulation time, the
maximum change of chemical potential differences after 10 cycles (i.e.
1000 MD steps) was fixed to 0.1 eV/mol, while the minimum rate of
change with respect to the composition difference was fixed at —100
eV/mol for the Cu solute and —10 eV/mol for the Ni solute.

3. Results
3.1. GB site selection from hybrid MC/MD simulations

To investigate local solute interactions in a random polycrystal, we
selected two representative GBs based on their equilibrium segregation
behavior at a solute concentration of 4 at.%. We performed hybrid MC/
MD simulations to study the equilibrium segregation of either Ni or Cu
solute atoms in the Ag polycrystal shown in Fig. 1.

At equilibrium (500 K), the Ag — 4 at.% Ni alloy simulation showed
that 87.4 % of Ni solute atoms segregated to the GBs. The Ni atoms
clustered at GB junctions, and certain GBs were clearly more favorable
for Ni segregation based on local solute concentration, as depicted in
Fig. 2(a).

In contrast, the simulation for an Ag — 4 at.% Cu alloy indicated that
65 % of Cu solute atoms segregated to the GBs. Unlike the Ni atoms, Cu
solute atoms had an even distribution throughout the GB network and
no signs of local clustering, as illustrated in Fig. 2(b).

Fig. 3 presents the two GBs selected for more detailed analysis. GB A
was an interface exhibiting strong heterogeneous Ni segregation char-
acterized by an uneven Ni solute distribution. At the same time, GB A
promoted homogeneous Cu segregation with more uniformly distrib-
uted Cu solute atoms across this interface. Additionally, GB B was
studied because Ni solute atoms in this interface were found to segregate
uniformly rather than heterogeneously, albeit at a high concentration,
similarly to an amorphous interface film observed in past experiments in
amorphous Ni-Ag alloys [53]. Likewise, GB B exhibited homogeneous
Cu segregation with identical uniform Cu solute distribution as in GB A.

The GB atom coordination was computed after each MC/MD simu-
lation to identify any significant structural differences between the two
GBs. This analysis was necessary because the two models were gener-
ated with different interatomic potentials, resulting in slight variations
in their relaxation. Table 1 shows that the overall distribution of atomic
sites by GB atom coordination was similar for both GBs. However, sig-
nificant differences in GB solute concentration were observed between
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(a) Ag - 4 at.% Ni (b) Ag -4 at.% Cu

.Ag (FCC) ()Ag (GB) ‘ Ni solute atom ' Cu solute atom

Fig. 2. Hybrid MC/MD simulations of equilibrium segregation states at 500 K in (a) the Ag — 4 at.% Ni alloy and (b) the Ag - 4 at.% Cu alloy.

(a) [ Ni solute in GB A | (b) Cu solute in GB A|
Site 3 Site 1 Site 2

(c)

Fig. 3. Hybrid MC/MD simulations with chosen sites of interest indicated on each GB. (a) GB A with Ni solute. (b) GB A with Cu solute. (c) GB B with Ni solute. (d)
GB B with Cu solute. Sites 1 and 2 have been highlighted in orange and green colors, respectively, and Sites 3 and 4 in blue color. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.).
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Table 1
The percentage of GB atoms per GB atom coordination number (ACN) in GB A
and GB B.

Ordinary Triple Junction High-order Junction
GB
GB ACN: 1 2 3 4 5 >6
GB With Ni 50.30 % 10.13 28.44 1.08 3.08 6.25
A Solute % % % % %
With Cu 50.69 % 8.42%  33.17 1.33 1.67 4.72
Solute % % % %
GB With Ni 47.41 % 14.46 34.88 2.47 0.78 0.00
B Solute % % % % %
With Cu 47.33 % 12.19 36.80 1.79 1.88 0.00
Solute % % % % %

the two solute types. For instance, the average GB solute concentration
in GB B was 46.9 % for the Ag — 4 at.% Ni alloy, compared to only 21.3 %
for the Ag — 4 at.% Cu alloy. This finding suggests that variations in
equilibrium solute segregation are primarily influenced by localized
solute-solute attraction effects, prompting the need for spectral analysis
at specific GB sites of interest.

We chose representative GB atom sites within GB A and GB B based
on their different GB atom coordination numbers, which were either 1,
3, or 6, corresponding to ordinary GBs, GB triple-junctions, or high-
order GB junctions, respectively. In GB A, four sites were selected, as
shown in Fig. 3(a) and 3(b). Site 1 had a GB atom coordination of 1
(ordinary GB), Site 2 had a GB atom coordination of 3 (GB triple-

|Grain boundary A|

(a)

Site 3

Atomic interaction AE,,

-12kJ/mol I M 12 kJ/mol
(b)

Average AE,, (kJ/mol)

GB coordination

N W
1234526
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junction), and Sites 3 and 4 had a GB atom coordination of 6 (high-
order junctions). We chose two sites with a GB atom coordination of 6 in
GB A for testing, because they were located at opposite corners of the
GB, where high-order junctions exhibited varying degrees of clustering
in the Ag — 4 at.% Ni alloy after the MC/MD simulation. Site 3 was
located inside a large Ni cluster in that simulation, as opposed to Site 4
located in a smaller Ni cluster. In GB B, three sites were selected, as
shown in Fig. 3(c) and 3(d). Site 1 had a GB atom coordination of 1
(ordinary GB), Site 2 had a GB coordination of 5 (high-order junction),
and Site 3 had a GB coordination of 3 (triple junction).

3.2. Local atomic interaction analysis

3.2.1. Ni solutes in grain boundary A

The spectral analysis of local solute-solute interaction energies with
Ni solutes in GB A is shown in Fig. 4(a), along with its local GB atom
coordination in Fig. 4(b). Furthermore, Fig. 4(c) presents the graphed
radial distance-averaged solute-solute interaction energy (AE;,) for each
test site. Three distinct interaction patterns are observed, corresponding
to the GB coordination of each solute site.

At Site 1, which is an ordinary GB site (GB coordination of 1), the
averaged AEj, is positive at all radial distances, indicating solute-solute
repulsion, and remains constant at distances above 8 A. This behavior
aligns with the MC/MD results in Fig. 3(a), which show that Site 1 is
located in a region of GB A relatively devoid of solute, suggesting a non-
segregating site, despite the generally attractive interactions of Ni

g_ , Long-range Ni-Ni interaction (6 - 35 A)
_ I
6 —]
4 —
7 A
- [¢)
©
7] =
2 —\,\\va’—l—_g:ilenvironment radius (A) |Z
- =
Long-range pd
Relative 3
Interaction Q
o
=
-6 Site 1 (ordinary GB)
] Site 2 (GB triple junction)
| Site 3 (high-order junction)
-8 - Site 4 (high-order junction)

Fig. 4. Spectral analysis of solute-solute interaction energy AE;, for Ni solute atoms in GB A. (a) Localized heat maps showing AE;,; around Sites 1-4. (b) Atomic
sites color-coded by GB atom coordination. (c) Radial distance-averaged energy AE;,; surrounding Sites 1-4. The short-range interaction domain is highlighted in
grey and long-range interaction domain is marked by a horizontal arrow. A positive AE;, indicates repulsive solute-solute interaction, while a negative AE;y in-
dicates attractive solute-solute interaction. Long-range relative interaction energy is defined as the averaged AE;, energy taken at a 6A-radius (short range) minus

that at a 35A-radius (long range), as indicated by the arrow direction in (c).
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solutes in Ag [38,45].

At Site 2, which is a triple junction site (GB coordination of 3), the
averaged AE;,; is negative at short radial distances but rises sharply to
become positive beyond 8 A, indicating short-range solute-solute
attraction but long-range repulsion. In the MC/MD results, Site 2 is
located within a large cluster of Ni solute atoms, also part of a triple
junction. The short-range attraction observed in Fig. 4(c) directly cor-
relates with the clustering around Site 2 in Fig. 3(a). The long-range
increase in average AEy, reflects a larger radius around Site 2, encom-
passing both the solute cluster and the central area of GB A, which is
void of solute in the MC/MD simulation in Fig. 3(a).

Sites 3 and 4 both are high-order junction sites (GB coordination of
6) but exhibit slightly different behaviors in Fig. 4(c). While both sites
show attractive interactions (negative AEj) across most radial dis-
tances, Site 3 exhibits a more constant average AE;j, in the short range,
followed by a steady increase between 7 and 35 A. In the MC/MD results
in Fig. 3(a), Site 3 was found in a large Ni solute cluster at a high-order
junction. Notably, the 7 A range around Site 3 includes all other atomic
sites with a GB atom coordination of 6.

Furthermore, as shown in Supplementary Material, a generalization
of the above conclusions to the six nearest atom neighbors of Sites 1 and
3, was found.

On the other hand, while Site 4 has also a negative AE;,; over the
short range, particularly among its nearest neighbors, AE;;; increases
sharply until reaching a radius of 20 A, where it remains constant
through the long range, following the same pattern observed for Site 2 at
a triple junction. In the MC/MD results in Fig. 3(a), Site 4 is located
inside a smaller Ni cluster at the junction of four grains, surrounded by a
solute-devoid area of GB A.

(a) |Grain boundary A| (c)

ite 2

Site 1

3
(S
Atomic interaction AE,, 3
-12 kJ/mol I T 12 kJ/mol =
(b) &
(0]
(o]
o
Z
—10A
GB coordination
N
1234526
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In summary, the spectral analysis of Ni solute segregation in GB A is
consistent with the MC/MD simulation results, which predicted highly
heterogeneous segregation in this GB. Qualitatively, the tendency for
solute clustering can be explained by short-range and long-range inter-
action behaviors. Here, we define short-range interactions as being
significant only for GB sites with first-neighbor atoms, estimated to be
approximately 6 A Consequently, the domain of long-range interactions
spans 6 to 35 A, as analyzed in Fig. 4(c). Sites with strongly negative
average AEj, at short range align with those predicting larger solute
clusters in GB A in the MC/MD simulation. Fig. 4(b) shows that those
sites have a greater GB atom coordination as well. This finding suggests
that local solute attraction effects increase as GB atom coordination
increases.

3.2.2. Cu solutes in grain boundary A

The spectral analysis results for Cu solute in GB A, shown in Fig. 5,
follow a similar pattern based on GB atom coordination. However, they
show significantly different results compared to the Cu solute MC/MD
simulation, unlike the Ni solute simulation. The repulsive short-range
interactions at Sites 1 (ordinary GB) and 2 (triple junction) align with
the MC/MD results in Fig. 3(b), which showed that there was no solute
clustering in the Cu solute simulation of GB A. However, in Fig. 5(c), Site
2 displays a negative (attractive) AE;, at long range, with a significant
decrease in AE;;; between 5 and 12 A, after which it stabilizes through
the maximum range of 35 A. This result indicates strong Cu solute
attraction effects near triple junctions. However, no Cu clustering at this
site was observed by MC/MD simulation.

Sites 3 and 4 (high-order junction) both exhibit negative (attractive)
long-range interactions, but their short-range interactions differ. At Site

8— Long-range Cu-Cu interaction (6 - 35 A)
— I -
6 —
4 —]
)
[}
©
=
[
2 <}
>
Local environment radius (A)
0] 5
-2 %
o
Q
=
=}
4 —
-6 Site 1 (ordinary GB)
] Site 2 (GB triple junction)
| Site 3 (high-order junction)
-8 - Site 4 (high-order junction)

Fig. 5. Spectral analysis of solute-solute interaction energy AE;,, for Cu solute atoms in GB A. (a) Localized heat maps showing AE;, around Sites 1-4. (b) Atomic
sites color-coded by GB atom coordination. (c) Radial distance-averaged energy AE;,, surrounding Sites 1-4.
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3, AE; is negative and increases sharply within a 6 A range, then slightly
decreases as the radial distance increases. In contrast, at Site 4, AEj, is
higher and increases within the 6 A range before sharply decreasing over
the long range (6 —35 A). Despite the negative (attractive) AEj, beyond
6 A, the absence of clustering in the MC/MD simulation results for both
sites, as shown in Fig. 3(b), may be due to the relative increase of AEj;; at
short range (6 A).

The spectral analysis of Cu solute segregation in GB A highlights an
important aspect. The MC/MD simulation predicted homogeneous Cu
segregation at this interface. However, Fig. 5(c) shows that AE;;; strongly
depends on GB atom coordination, ranging from highly positive
(repulsive) at the ordinary GB site to strongly negative (attractive) at GB
triple junctions and high-order junctions. This analysis suggests that the
relative difference between short-range (6 f&) and long-range (up to 35
A) interaction energies may be a more accurate predictor of solute
cluster formation.

We define the long-range relative interaction energy as the averaged
AEq energy taken at a 6A-radius (short range) minus that at a 35A-
radius (long range), as indicated by the arrow direction in Fig. 4(c). This
definition aligns with the sign of AEj, used throughout this work. The
long-range relative interaction energy is positive when the solute-solute
interaction becomes more repulsive, as solute A approaches solute B,
and negative when the interaction becomes more attractive. It is
observed that the long-range relative interaction energy is predomi-
nantly positive (repulsive) for Cu solutes across all sites, as indicated in
Fig. 5(c), in contrast to the negative (attractive) trend for most sites filled
with Ni solutes, as shown in Fig. 4(c). We hypothesize that solute
attraction effects are multiscale in nature and are best characterized by
long-range relative interaction energies. This hypothesis is further

(a) |Grain boundary BJ (c)

Atomic interaction AE,

int

-12 kJ/mol I M 12 kJ/mol
(b)

Average AE,, (kJ/mol)

GB coordination

1234526
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supported by the results for GB B.

3.2.3. Ni solutes in grain boundary B

The spectral analysis results for Ni solutes at three atomic sites in GB
B, shown in Fig. 6, are consistent with our previous finding on a sym-
metric bicrystal in [45], which demonstrated strong solute attraction at
all radial distances. In Fig. 6(c), each site exhibits predominantly
negative (attractive) solute-solute interactions over both short and long
ranges.

Site 1, located at an ordinary GB site (GB coordination of 1), shows
the most negative average AE, at every radial distance. For Site 2, at a
high-order junction (GB coordination of 5), the average AE;, increases
more sharply between 4 and 10 A, then stabilizes around zero between
10 and 35 A, indicating minimal influence from solute-solute in-
teractions at these distances. At Site 3, a standard triple junction (GB
coordination of 3), the trend of average AE;,, is like that of Site 2 but is
shifted towards more negative values.

The strong attractive solute-solute interactions observed for Ni sol-
utes at each site of GB B align with the results from the MC/MD simu-
lation shown in Fig. 3(c) for this interface. In the MC/MD simulation, the
strong solute attraction effect was independent of GB atom coordination,
leading to the formation of a Ni-rich amorphous interface film, essen-
tially creating one large Ni solute cluster across the entire GB. This
behavior is also consistent with the strong long-range relative segrega-
tion energies analyzed for each site in Fig. 6(c).

3.2.4. Cu solutes in grain boundary B
The spectral analysis results for Cu solutes in GB B, shown in Fig. 7,
reveal similar behaviors across all three sites, which respectively include
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Fig. 6. Spectral analysis of solute-solute interaction energy AE;, for Ni solute atoms in GB B. (a) Localized heat maps showing AE;,, around Sites 1-3. (b) Atomic
sites color-coded by GB atom coordination. (c) Radial distance-averaged energy AE;, surrounding Sites 1-3.
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Fig. 7. Spectral analysis of solute-solute interaction energy AE;, for Cu solute atoms in GB B. (a) Localized heat maps showing AE;,; around Sites 1-3. (b) Atomic
sites color-coded by GB atom coordination. (c) Radial distance-averaged energy AE;,, surrounding Sites 1-3.

an ordinary GB, a triple junction and a high-order junction. In Fig. 7(c),
the average AE;, is predominantly positive (repulsive) at short range
and negative (attractive) at long range, similarly to our finding for Cu
solute at Site 2 in GB A. Despite the long-range solute attraction, the
strong repulsive short-range solute-solute interactions observed at each
site align with the absence of Cu solute clustering in the MC/MD
simulation results shown in Fig. 3(d). Also, the long-range relative
interaction energy depicted in Fig. 7(c) is strongly positive (repulsive)
across all sites.

4. Discussion

This study used two atomistic modeling techniques to examine GB
segregation behavior in polycrystals, specifically at GB junctions. First,
hybrid MC/MD simulations were conducted to gain a macroscopic un-
derstanding of solute distribution across GB networks at a constant so-
lute concentration. Second, site-specific spectral analysis based on MS
simulations was employed to study two-solute interactions, allowing us
to quantify short and long-range solute attraction effects on a micro-
scopic scale. Although these two methods offer different perspectives
about the evolution of solute clusters at GBs, comparing their results
showed that the GB network macrostructure, local solute-solute in-
teractions, and heterogeneous solute segregation behavior are deeply
interconnected. This work raises three fundamental questions: What is
the role of solute-solute interactions? What is the influence of GB
junctions? And how do these factors combine to predict heterogeneity in
equilibrium solute segregation in polycrystals? We explore these ques-
tions in the following discussion.

4.1. Significance of long-range relative solute interactions

The present findings emphasize the need to consider both short- and
long-range solute interaction effects when analyzing the tendency for
solute clustering at GBs. In our previous work on solute segregation in
symmetric Ag bicrystals, we proposed that a positive average AEjy in-
dicates repulsion of a secondary solute from a fixed solute, and a
negative average AEjy indicates attraction [45]. This suggested that
solute-solute interaction energy could help determine whether solutes
are in the initial stages of clustering. However, the current study shows
that calculating the long-range relative solute interaction energy may
serve as a more accurate predictor for understanding the influence of
solute-solute interactions on GB segregation behavior in polycrystals.

To explore this idea further, we compiled the results of our MC/MD
simulations and spectral analysis, along with the GB atom coordination
computed at each test site, for both solutes in GB A and GB B, as shown in
Tables 2 and 3, respectively. These tables provide, for each site, the
average AEj, values at radii of 6 A and 35 f\, representing the nearest-
neighbor and long-range solute-solute interaction energies, respec-
tively. We then calculated the difference between these values, which
we defined above as the long-range relative interaction energy. As per
our definition, a positive change in this energy is considered as “relative
repulsion,” while a negative change suggests “relative attraction.”
Additionally, the tables include the local solute density, predicted at 4
at.% by MC/MD simulations, for a small spherical volume of 6 A around
each test site in the GBs.

GB A was selected as a test boundary because the MC/MD simula-
tions exhibited heterogeneous solute clustering in the Ni solute model,
while showing homogeneous segregation behavior in the Cu solute
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Table 2
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Results across the MC/MD simulations and spectral analysis for both solute types on GB A. GB atoms sites with a high or low local solute density in hybrid MC/MD

simulation are highlighted in red and blue colors, respectively.

Lone-Ran MC/MD
Solute GB Atom AEin AEin (;{eglativege Local Solute
GB Site S GB Type atr=6A | atr=354A . Density
Type Coordination Interaction e
(kJ/mol) (kJ/mol) (kJ/mol) withinr=6 A
(atom/nm?)
Site 1 1 Ordinary GB 1.134 1.501 -0.367 8.84
§ Site 2 3 Triple Junction -1.587 0.98 -2.567 39.79
)
97]
iz Site 3 6 High-Order Junction -4.357 -0.653 -3.704 42.00
Site 4 6 High-Order Junction -2.634 0.204 -2.838 30.95
Site 1 1 Ordinary GB 6.727 5.393 1.334 7.74
§ Site 2 3 Triple Junction 1.602 -1.546 3.148 12.16
)
[75]
5 Site 3 6 High-order Junction -1.547 -2.675 1.128 9.95
Site 4 6 High-order Junction 0.103 -4.092 4.195 11.05

Table 3

Results across the MC/MD simulations and spectral analysis for both solute types on GB B. GB atoms sites with a high or low local solute density in hybrid MC/MD

simulation are highlighted in red and blue colors, respectively.

Long-
GB Atom AEint AEin Range MCEMD Logal
Solute GB L —6A —354 ;i Solute Density
Type Site Coordination GB Type atr=06 atr=235 Relatlye withinr =6 A
yp (kJ/mol) (kJ/mol) Interaction 3
(kJ/mol) (atom/nm°)
Site 1 1 Ordinary GB -5.732 -3.001 -2.731 32.05
o
= -
2 Site 2 5 High Order 2.465 0.078 2534 37.58
-~ Junction
Z
Site 3 3 Triple Junction -5.214 -2.7 -2.514 37.58
© Site 1 1 Ordinary GB 2.16 -2.626 4.786 9.95
5 -
3 Site 2 5 High Order 1.089 2.63 3.719 8.84
= Junction
O
Site 3 3 Triple Junction 1.464 -3.168 4.632 11.05

model. Local solute density from the MC/MD simulations was found to
be high when it ranged between 30 and 42 atoms/nm?® and low when it
was below 13 atoms/nm?®. Table 2 provides direct evidence that the local
solute density was higher and more variable in GB A with Ni solutes
compared to Cu solutes.

The spectral analysis for the Ni solute shows that the long-range
relative interaction energies at Sites 2, 3, and 4 (representing different
types of GB junctions) are strongly negative, indicating a relative
attraction. These sites correspond to regions with high solute density in
the MC/MD simulations, as highlighted in red in Table 2. In contrast,
Site 1 (representing a standard GB) has a low Ni solute density, as
highlighted in blue in Table 2. This corresponds well with a near-zero
long-range relative solute-solute interaction, combined with a short-
range positive (repulsive) interaction with its nearest-neighbor sites.

Now, consider the spectral analysis results for the Cu solute in GB A.
All test sites with Cu solutes in Table 2 exhibit long-range relative

repulsion, which is consistent with the homogeneous segregation
behavior of Cu solutes in the Ag polycrystal, demonstrating resistance to
solute clustering even in highly segregating GB structures. Interestingly,
however, Site 3, located at a high-order junction, shows negative
(attractive) AEj,; in both short- and long-range interactions, unlike the
repulsive short-range interactions observed at the other three sites. This
finding supports the main conclusion that the tendency of solute clusters
to begin forming is primarily driven by long-range relative attraction
effects, rather than short-range solute-solute interactions.

Similarly, for GB B, which was selected because MC/MD simulations
showed it to be highly saturated with Ni solutes throughout, forming an
amorphous thin film, Table 3 shows long-range relative attraction across
all sites with Ni solutes (highlighted in red). In contrast, the same
boundary displayed homogeneous Cu solute segregation in the Cu solute
MC/MD simulation, which matches the long-range relative repulsion
observed at the same sites with Cu solutes (highlighted in blue). These
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results reinforce the conclusion from GB A that long-range relative
attraction or repulsion effects dictate local solute densities inside GBs in
polycrystals.

4.2. Atomic elastic stress analysis

To understand how the elastic stress state of the polycrystal was
affected by the addition of a single solute atom, we compared the in-
ternal von-Mises stress of the polycrystal containing zero solute atoms to
that with one solute atom. We used LAMMPS to calculate the virial stress
tensor of each atom [54]. Since the virial tensor components are re-
ported in bareA3, we divided these values by the Voronoi atomic volume
to compute the Von Mises stress at each atom and converted the result to
GPa. This procedure was then repeated with an Ni atom in Site 4 of GB A,
and with a Cu atom in the same site of GB A.

Fig. 8(a) shows that the Von Mises stresses oy are larger in the GB
regions than in the bulk of the grains, suggesting that elastic strain in-
teractions at GBs govern the solute segregation behavior as discussed by
Petrazoller et al. [55]. The difference between the one solute stress states
and the pure Ag stress state for a Ni or Cu solute at Site 4 in GB A is
shown in Fig. 8(b) and (c) respectively, reported as Aoyy. For Ni solute,
the average Aoy was 0.557 GPa within the short-range radius of 6 A
and 0.002 GPa within the long-range radius of 35 A. For Cu solute, the
average Aoyy was 0.018 GPa within the short range and —0.002 GPa
within the long range. This comparison reveals two distinct elastic stress
fields at Site 4, influenced by the type of GB solute, specifically the
opposite stress fields found in the long range. This finding confirms that
the observed difference in long-range attraction between Ni and Cu
solutes at a GB junction could be related to localized GB elastic strain
effects in polycrystals.

(@)

[Pure Ag Polycrystal|

o, (GPa)

ONB W29

10 nm T<Z<
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4.3. Influence of local GB atom coordination

To understand the influence of GB junctions on solute segregation
behavior, we examine the relationship between GB atom coordination,
spectral analysis, and MC/MD simulation results for GB A. At 4 at.% Ni,
the simulation revealed an uneven Ni solute distribution within GB A,
with pronounced clustering observed around a triple junction (Site 2)
and two high-order junctions with high GB atom coordination (Sites 3
and 4). In contrast, the center of GB A (Site 1) was an ordinary GB
relatively devoid of Ni solute, showing no significant clustering. This
pattern aligns well with the long-range relative attraction and short-
range negative interaction energies observed at Sites 2-4, compared to
the short-range positive interaction energy and lack of long-range rela-
tive interaction at Site 1, as shown in Fig. 4(c).

This finding establishes a simple criterion: The tendency of solute
clusters to begin forming in polycrystals is enhanced by the combined
effects of GB junctions and long-range relative attraction. The segrega-
tion of Ni solutes in GB A suggests that a macrostructural effect, likely
related to GB junctions, influenced the segregation energy and resulted
in a Ni-depleted region at Site 1, despite the generally attractive nature
of Ni solutes found in a previous study on symmetric Ag bicrystals
without GB junctions [45]. The same macrostructural effect appears to
intensify the solute attraction at Sites 2-4, as reflected in the
solute-solute interaction energies.

The established criterion is further supported by the segregation
behavior of Cu solutes in GB A. At 4 at.% Cu, the MC/MD simulation
predicted uniform segregation across all sites. However, the spectral
analysis shown in Fig. 5(c) suggested a strong dependence of the average
AEj,; on GB atom coordination. Site 1 (GB coordination of 1) exhibited
strong solute-solute repulsion at all interaction ranges, while Site 2
(coordination of 3) showed a combination of short-range positive
interaction energy and long-range relative attraction. Sites 3 and 4
(coordination of 6) displayed both short- and long-range negative AE;,

z

Fig. 8. Atomic Von Mises stress distribution. (a) Von Mises stress in the relaxed pure Ag polycrystal. (b) Change in Von Mises stress between the pure Ag
polycrystal and the polycrystal with one Ni solute atom located at Site 4 of GB A, highlighted in green. (c) Change in Von Mises stress between the pure Ag polycrystal
and the polycrystal with one Cu solute atom located at Site 4 of GB A, highlighted in green. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.).
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values, indicating a strong attraction to solutes. However, the long-range
relative interaction energies are positive (i.e., relative repulsion) for
Sites 2-4, preventing the initialization of Cu solute clusters. This case
demonstrates that the conditions of GB junction presence and long-range
relative attraction are not always met simultaneously, which may
explain the absence of Cu clustering in the MC/MD simulation.

Finally, we validate the robustness of this criterion with GB B. As
shown in Figs. 6(c) and 7(c), there is no significant influence of GB atom
coordination on long-range interactions, either attractive or repulsive, at
this interface. In the Ag-4 at.% Ni alloy, the solute forms an amorphous
thin film due to long-range attraction across all sites, as predicted by
spectral analysis. In contrast, in the Ag-4 at.% Cu alloy, segregation is
homogeneous, driven by long-range relative repulsion observed at every
site.

Overall, this theory offers new insights into GB junction solute
clustering, helping to explain previous experimental observations of
higher solute concentrations at triple junctions compared to ordinary
GBs [14,36,56]. Because it involves only MS predictions at zero tem-
perature, our methodology reveals that the solute clustering mechanism
is driven by a direct attraction toward GB junctions, without the inter-
vention of solute diffusion along the GBs. Therefore, this finding could
be critical for improving the accuracy of thermodynamics phase-field
models of GB segregation in polycrystals that rely on diffuse interface
theories [57-59].

4.4. Predicting solute clustering and heterogeneity

The purpose of this study was primarily to identify the main driving
factor behind heterogeneous GB segregation behavior in NC alloys.
However, it is essential to clarify that, at this stage, heterogeneous
segregation is defined as any behavior that is not homogeneous
throughout the entire polycrystal. We investigated two distinct exam-
ples of heterogeneous segregation in GB A and GB B. In GB A, our Ag-4
at.% Ni equilibrium MC/MD simulation revealed internally heteroge-
neous solute clustering, indicating that the locations of these clusters
were directly linked to the positions of GB junctions. In contrast, the
macrostructural effect that caused GB B to exhibit such significant
segregation with Ni solutes, resulting in the formation of an amorphous
interface film throughout GB B in this simulation, remains unclear.

A particularly intriguing discovery is that GB junctions with the same
GB atom coordination, such as the two high-order junction regions of GB
A shown in Fig. 4(c), displayed different cluster sizes of Ni solutes in the
same MC/MD simulation. This suggests that while these GB junctions
had a high likelihood of solute cluster formation, the evolution of the
clusters varied as solute concentration increased. In the case of GB A, we
can envision a competition for solute atom attraction among neigh-
boring GB junctions. This effect could amplify the heterogeneous
segregation behavior in alloy polycrystals with a high density of junc-
tions, such as NC alloys.

This observation could suggest that long-range relative attraction
between two solute atoms may change when one solute interacts with a
pre-existing solute cluster. In other words, there could be a cluster size
effect on GB junction solute attraction. Another potential reason could
be linked to entropic effects on GB junction solute attraction [60], which
have been ignored in the present study and would require more complex
computations of entropy spectra for GB segregation in polycrystals [61].

5. Conclusion

In conclusion, we find that spectral analysis of short-range and long-
range solute-solute interaction energies within GBs in random poly-
crystals is a highly effective approach for predicting the tendency of
solute cluster formation at GB junctions. The most accurate metric for
predicting GB solute clustering is the long-range relative solute inter-
action energy, defined as the difference between the distance-averaged
solute-solute interaction energies in the first-neighbor and long-range
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atomic environments, identified in this study as 6 A and 35 .IO\,
respectively.

We also introduced the GB atom coordination number as a new
descriptor for the GB network macrostructure in polycrystals, particu-
larly for identifying regular triple junctions and high-order GB junctions.
By pairing spectral analysis with GB atom coordination, we demonstrate
that the tendency of solute clusters to begin forming in polycrystals is
enhanced by the combined effects of GB junctions and long-range rela-
tive solute attraction. This criterion is validated through hybrid MC/MD
simulation results showing heterogeneous GB segregation and solute
clustering in Ag polycrystals containing Ni solutes. Conversely, the
absence of clustering with Cu solutes in the MC/MD simulations is
explained by the lack of simultaneous conditions of GB junction pres-
ence and long-range relative solute attraction.

Overall, this study reveals the multiscale nature of solute interactions
near GB junctions in polycrystals, without involving solute diffusion
along the GBs. These findings may help explain previous experimental
observations of higher solute concentrations at triple junctions in NC
alloys, compared to ordinary GBs.
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