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Grain boundary structural transitions can lead to significant changes in the properties and performance of ma-
terials. In multi-principal element alloys, understanding these transitions becomes complex due to phenomena
such as local chemical ordering and multi-component segregation. Using atomistic simulations, we explore a
metastable-to-equilibrium grain boundary structural transition in NbMoTaW. The transition, characterized by
structural disordering and reduced free volume, shows high sensitivity to its local chemical environment. Most
notably, the transition temperature range of the alloy is more than twice that of a pure metal. Differences in
composition between coexisting metastable and equilibrium structures highlight the change in local site avail-
ability due to structural relaxation. Further examination of grain boundaries with fixed chemical states at varying
temperatures reveals that the amount of segregation significantly influences the onset temperature yet has
minimal effect on the transition width. These insights underscore the profound effect of chemical complexity and
ordering on grain boundary transitions in complex concentrated alloys, marking a meaningful advancement in

our understanding of grain boundary behavior at the atomic level.

1. Introduction

Grain boundaries are essential in determining the overall behavior of
polycrystalline materials [1,2], with their local structure and chemistry
significantly influencing a range of mechanical [3-5], thermal [6,7], and
electrical [8,9] properties. Recent advances in interfacial science have
revealed the phase-like behavior of grain boundaries, indicating that a
multitude of microscopic interfacial states are available for a given
macroscopic description [10]. To access these unique states, transitions
between stable and/or metastable states can be enabled and studied by
varying thermodynamic parameters such as temperature (T), pressure
(P), or chemical potential (y;). For example, discontinuities in the
interfacial solute excess can trigger grain boundary structural transitions
due to the influence of bonding state on interfacial structure [3,11-13].
Despite the common focus on equilibrium interfacial states, the wide
energetic dispersion and degeneracy of metastable grain boundary
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structures, as demonstrated by Han et al. [14] using molecular dynamics
(MD) simulations, suggests that transitions between non-equilibrium
states must also occur regularly as a result of processing conditions or
dynamic processes. For example, annealing-induced relaxation of
metastable grain boundaries in nanocrystalline metals is a common
approach for pushing interfacial structure closer to equilibrium, result-
ing in significant changes to radiation tolerance [15], hardness [16],
strength [17], and ductility [18]. The role of solute enrichment further
complicates non-equilibrium grain boundary structures and their sta-
bility against transitions [10]. Grain boundaries with higher disorder (e.
g., higher excess volume) typically exhibit greater solute saturation
[19], leading to an increased activation energy barrier for transitioning
to a more ordered structure with less enrichment [20]. Chemical and
mechanical trapping of metastable interfaces are thus fundamental
features governing interfacial evolution, emphasizing the need for un-
derstanding of metastable-to-equilibrium grain boundary structural
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transitions.

The investigation of grain boundary transitions has predominantly
focused on unary and binary systems, but there is a growing need to
understand such interfacial phenomena in more chemically complex
materials. Multi-principal element alloys (MPEAs), for example, show
great promise as next-generation engineering alloys [21,22], demon-
strating properties such as excellent high temperature strength [23-25],
outstanding wear resistance [26,27], and exceptional fatigue and frac-
ture resistance [28,29]. Initially referred to as “high-entropy alloys” due
to the anticipated role of mixing entropy in single-phase stability [30],
the distinctive properties of MPEAs are now attributed to a rich land-
scape of local chemical domains, encompassing phenomena such as
secondary-phase formation [31,32], nanoprecipitation [33], and
chemical ordering [34,35]. These factors have broadened alloy design
parameters beyond initial considerations. For example, in
body-centered cubic (BCC) TiZrHfNb, the affinity of oxygen interstitials
for regions with Ti-Zr chemical short-range ordering (CSRO) induces
significant local lattice distortion, resulting in both interstitial
strengthening and enhanced ductility through a modified dislocation
propagation mechanism [36]. Tuning the concentrations of Nb and O in
Ti-30Zr-xNb-yO alloys further amplifies the formation of these oxygen
complexes [37], highlighting the impact and adjustability of local
chemical domains in MPEAs. These findings motivate further explora-
tion into the role of chemical complexity on defect behavior.

Besides the crystalline regions inside the grains, the immense
configurational phase space in MPEAs presents new challenges in pre-
dicting the complex chemical and structural relationships at grain
boundaries. Unlike dilute alloys, the solute/solvent relationship is less
clear in MPEAs, complicating predictions of interface stability due to
multiple segregating elements competing for similar sites, interacting
with one another, or altering the local structure and therefore site
availability [38-41]. Phenomenological thermodynamic models have
been used to predict some trends in grain boundary segregation and
disordering in MPEAs [41,42], as well as related properties (e.g., sin-
tering from pre-melting like grain boundary transitions [43]). Atomistic
simulations can more accurately address this challenge, offering direct
analysis of the structural and chemical factors that govern defect sta-
bility [11,40,44-47]. For example, Cao et al. [45] used MD simulations
to correlate chemical ordering at a £5 (210) grain boundary with a
higher structural transformation temperature in face-centered cubic
(FCC) CrCoNi. Notably, differences in transition temperatures were
observed for weak segregation conditions (i.e., near equimolar interfa-
cial compositions of Cr, Co, and Ni), suggesting that alloys with even
stronger adsorption tendencies might exhibit a more pronounced sta-
bilization effect. Moreover, a critical knowledge gap exists concerning
how the transition from the segregated conditions at low temperatures
to chemically disordered conditions at high temperatures influences the
structural transition pathway. A more extensive exploration of grain
boundary stability, capable of accommodating the simultaneous relax-
ation of interfacial structure and chemistry, is needed to probe the
possible chemical configurations that emerge due to local atomic
rearrangement.

In this work, atomistic simulations are used to explore the effect of
segregation and local chemical order on a grain boundary transition
from metastable to equilibrium states at a [110] symmetric tilt boundary
in NbMoTaW. MD simulations in pure Nb establish a baseline of the
transition in a model system without compositional complexity,
revealing a structural transition with distinct low- and high-temperature
grain boundary configurations. Hybrid Monte Carlo (MC)/MD simula-
tions extend the investigation to the MPEA, indicating a significantly
delayed structural transformation with a transition temperature range
(temperature span from the beginning to the end of the transition pro-
cess) more than twice that observed in pure Nb. Structural and chemical
analysis of the MPEA transition reveals localized nucleation of the
equilibrium structural motifs and distinct compositional patterns be-
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tween metastable and equilibrium structural motifs. These distinct
segregation patterns appear as the relative enrichment of W and
depletion of Nb in the equilibrium interfacial phase as compared to the
metastable interfacial phase and contribute to thermodynamic stability
of each phase. To decouple the relative contributions of structural and
chemical relaxation, additional MD simulations are performed with
random solid solution (i.e., chemically disordered) and heavily segre-
gated chemical configurations fixed at the boundary. Surprisingly,
similar transition temperature widths are observed in all chemically
complex variants, suggesting that the chemical ordering state does not
significantly influence the extended transition range. Instead, grain
boundary segregation strongly influences the transition initiation tem-
perature, with highly segregated interfaces only beginning to transition
at very high temperatures.

2. Computational methods

To investigate transition behavior in MPEAs, NbMoTaW was selected
as a representative alloy due to its pronounced tendency for Nb
enrichment and Mo co-segregation at low temperatures [39,48,49],
coupled with a significant enthalpic drive for chemical ordering
[49-51]. Additionally, the alloy’s susceptibility to embrittlement by
grain boundary decohesion at ambient temperatures [24,52] un-
derscores the need for a comprehensive characterization of interface
behavior across a broad temperature range. Atomic interactions were
modeled using a moment tensor potential for NbMoTaW [53], which
accurately captures the elemental melting points and has been exten-
sively utilized for studying CSRO [39,48] and its effects on dislocation
mechanics [53]. The same MTP was also utilized for modeling
single-component Nb to enable direct comparisons of any structural
transitions and to verify the effect of chemical complexity. Further dis-
cussion of the reproducibility of the grain boundary structures with
respect to other classical and machine-learning interatomic potentials is
included in Section 3.1. Atomistic simulations were performed using the
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
software package [54], with the OVITO software [55] used for visuali-
zation and adaptive Common Neighbor Analysis (aCNA) [56] imple-
mented for structural analysis.

MD simulations were performed on pure Nb bicrystals to investigate
the grain boundary transition without segregation effects. Each bicrystal
contained two £267(11 11 5)[110] symmetric tilt grain boundaries with
tilt angles of = 144.4° (an example of grain boundary structure shown
in Fig. 1(a)) and periodic boundary conditions in all directions. The
exclusion of sources/sinks during the grain boundary fabrication pro-
cess, such as those provided by a free surface [44,57], maintains a
transformation barrier at low temperatures that traps the metastable
grain boundary structure, allowing for important interfacial transitions
to be studied as temperature is increased. The 0 K grain boundary
configuration was obtained by rotating each grains about the [110] axis
by 6/2, followed by an iterative sampling method developed by Tschopp
et al. [58]. Wagih [59] recently showed that high ¥ values (reflecting
low coincidence in overlapping sites between adjacent lattices) can
more accurately approximate the important features of segregation in
polycrystalline environments as compared to low X (<10) grain
boundaries. Furthermore, grain boundary structure and transitions in
pure BCC metals along the same tilt axis have already been extensively
explored [47,60,61]. These prior studies allow for the contextualization
and validation of the different metastable and equilibrium grain
boundary structures found by the MTP and also provide important depth
to our understanding of misorientation-structure connection. Each cell

contained 76,368 atoms, with approximate dimensions at 0 K of L, =
1542\7 L, = 325A, and L, = 28A. To achieve structural equilibrium,
each sample was brought to a target temperature over 50 ps using the

isobaric, isothermal (NPT) ensemble with an integration timestep of 1 fs.
As a last step in all pure and chemically complex samples, a dynamic
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Fig. 1. Example slices of the different grain boundary states in this study,
where dashed lines outline the grain boundary regions. (a) A slice from the pure
Nb bicrystal with atoms colored by structure type, where green represents BCC
atoms, and white represents grain boundary atoms. (b) A slice of the simulation
cell with equiatomic concentrations of NbMoTaW in the RSS State colored by
atom type. (c) The corresponding slice of the Equilibrated MPEA at 800 K after
MC/MD simulation.

relaxation of the boundary structure was performed for 150 ps at the
target temperature. While a minimum of three independent runs were
conducted at each temperature, up to ten separate simulations were
performed near transition temperatures to ensure sufficient sampling of
possible structural states. Single crystal samples were also simulated to
obtain excess quantities.

For the MPEA, three unique chemical configurations, including a
random solid solution (RSS State), a structurally and chemically relaxed
state (Equilibrated State), and a fixed segregation state (Segregated State),
were investigated to decouple the effect of simultaneous adsorption and
structural relaxation on interface behavior. The RSS configuration
(example shown in Fig. 1(b)) was obtained by randomly assigning atom
type to Nb, Mo, Ta, and W until an equiatomic composition was ach-
ieved, followed by heating to the target temperature and isothermal
annealing. The Equilibrated State (an example at 800 K is shown in
Fig. 1(c)) was obtained using hybrid MC/MD methods for chemical and
structural relaxation. An RSS boundary was heated first, and composi-
tional and structural states were sampled by performing a number of
trial swaps equal to 1 % of all atoms for each elemental pair combination
every other MD step. Each swap was accepted or rejected based on the
Metropolis MC algorithm. The cell was considered chemically relaxed
when the interface element concentrations changed by less than 1 %
over the final 500 timesteps, although chemical convergence often
occurred before this very conservative cutoff. We choose to use a
physical convergence criterion due to the importance of grain boundary
segregation on interfacial transitions, yet the energy of the system also
converges as composition stabilizes. Examples of the evolution of grain
boundary composition, potential energy per atom, and the gradient of
the total potential energy are shown in Figs. S1 and S2 in the Supple-
mentary Materials. We note that, while the Equilibrated samples have
experienced chemical and structural relaxation, this does not necessarily
mean that the grain boundary state reaches an absolute thermodynamic
equilibrium structure for a given set of conditions. The Segregated
configuration was first attained from the 900 K Equilibrated state, where
significant grain boundary segregation is observed, followed by
annealing to the target temperature and subsequent dynamic relaxation.
All samples underwent a conjugate-gradient energy minimization
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procedure as a final step to remove thermal noise and allow for struc-
tural analysis. Melting temperatures for pure Nb (~2860 K) and
NbMoTaW (~3485 K) were obtained using the solid-liquid coexistence
method [62], allowing for homologous temperature (T/T;;,) comparisons
between the two metals. Temperatures from 0.17T;, to 0.95T,, were
investigated in the MPEA samples and from 0.21T;, to 0.94T;, in the pure
Nb samples.

3. Results and discussion

3.1. Frustration of the structural transition in chemically complex
environments

Three common structural descriptors are used to characterize the
temperature-dependency of the grain boundary structure in the pure Nb
(black line) and relaxed NbMoTaW (red line), as shown in Fig. 2. Deri-
vations of each descriptor are provided in Supplementary Note 2.
Analyzing Nb first provides a benchmark for understanding the struc-
tural transition behavior in a model pure metal. In each plot, the Nb data
exhibits a discontinuous change at 0.33T,,, marking the beginning of the
transition. The transition ends at 0.44T,,, with the transition region
shaded and marked with red dashed lines, covering a homologous
temperature range of AT = 0.11T,,. The evolution of the intrinsic
boundary distortion is quantified and plotted in Fig. 2(a) using excess
disorder, a descriptor that quantifies the structural disorder in the grain
boundary relative to a single-crystal environment [63]. The excess dis-
order, Iy, is obtained by first calculating a bond-orientational [64]
disorder parameter, d, for atoms in each bicrystal and single-crystal
sample at a specified temperature. This parameter measures the simi-
larity of each atom’s local bonding environment to that of its eight
nearest neighbors, where a value of 0 corresponds to atoms in a perfect
lattice, and a value of 1 corresponds to atoms in a liquid [63,65]. The
excess disorder is then determined as:

T = (,d% — 2, d") )24 M

where IV, d% is the sum of atomic disorder over all N atoms in the
bicrystal sample, =¥, d?“* is the corresponding sum of disorder over N
atoms in a simulation cell without defects, and 2A represents total grain
boundary area of the simulation cell. The sudden increase of I'4;s over a
narrow temperature range suggests a discrete change in boundary
structure rather than general interfacial disordering, which is supported
by the analysis of the grain boundary free volume (GBFV) in Fig. 2(b).
Initially, the GBFV slowly increases with temperature up to 0.33T;,, but
then undergoes a rapid drop within the same transition range identified
by [g4is. The decrease in GBFV is caused by a rapid reduction in average
volume of grain boundary atoms relative to the average volume of bulk
atoms, implying a transformation to a more compact boundary structure
that reduces excess volume within the grain boundary plane. Subse-
quent heating to even higher temperatures resulted in increasing GBFV,
which has been observed in other pure metals [66], however
pre-melting to a full amorphous structure was not observed for any of
the conditions studied here. Further evidence of a structural transition is
found in the measurement of grain boundary thickness (Fig. 2(c)),
revealing similar transition behavior as that exhibited in [gjs.

Analysis of the same interface descriptors for the Equilibrated
NbMoTaW samples reveals a transformation that is frustrated compared
to its pure counterpart. Similar to pure Nb at low temperatures, both the
Igis (Fig. 2(a)) and the GBFV (Fig. 2(b)) initially remain constant with
increasing temperature. In this low-temperature range, the interface
composition is highly enriched in Nb, slightly enriched in Mo, and
heavily depleted in both Ta and W. Site stabilization due to strong
segregation tendencies can therefore play a significant role in reducing
the thermodynamic driving force for nucleation and growth of a new
structural phase, leading to a more gradual transformation. For example,
while I'gis in the MPEA begins to increase after 0.34Ty,, relatively slow
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Fig. 2. The (a) excess disorder (I'y;s), (b) grain boundary free volume (GBFV), and (c) grain boundary thickness as a function of homologous temperature for pure Nb
and the Equilibrated MPEA. In (a) and (c), red and black shaded regions mark the identified transition regions for Nb and the MPEA, respectively. In (b), the dashed
line and arrow indicate the decrease in GBFV through the transition, and values indicate the percentage decrease from the initial to final transition temperatures. All
shaded bands along the trend lines in this and the following figures show the standard deviation of each measurement.

growth up to a maximum value at 0.60T;, (black dashed line in Fig. 2(a))
suggests a transformation barrier not observed in the pure system. The
total transition (shaded black region in Fig. 2) accounts for 26 % of the
homologous temperature range, or approximately 2.5 times that
observed in pure Nb. Notably, the final disorder value in the MPEA is
significantly lower than that observed for pure Nb at the end of the
transition despite exhibiting similar values at low temperatures. Because
little segregation is expected at high temperatures, this discrepancy in-
dicates that chemical disorder also plays a key role in frustrating the
structural transition. Similarly, the GBFV decreases until it reaches a
minimum at 0.60T},, showing only a 36 % decrease in GBFV over the
transition (compared to a 57 % decrease observed for pure Nb),
providing further evidence of an incomplete atomic rearrangement into
the new structural motif.

The evolution of the grain boundaries to a more compact structure
should have implications for key material properties. For example,
experimental studies have pinpointed grain boundaries as the primary
sites for impurity-induced embrittlement [67], leading to a broad
ductile-to-brittle transition temperature window (room temperature to
600 °C) [24]. This observed embrittlement has generally been attributed
to weakened interfacial bonds due to oxygen embrittlement [68]. While
we do not explicitly treat this phenomenon in this study, it is likely that
the high grain boundary free volume in the low temperature structure
creates a more hospitable environment for oxygen interstitial segrega-
tions, as compared to a more compact equilibrium grain boundary
configuration. High-resolution transmission electron microscopy of
nanocrystalline W suggests that non-equilibrium, high-angle interfaces
contain a larger number of sites for preferential interstitial segregation
[69]. Conversely, highly ordered grain boundaries, such as 3 coherent
twins in Ni, exhibit less oxygen segregation than more random bound-
aries [70]. The reduction in grain boundary free volume due to inter-
stitial impurity segregation decreases the grain boundary energy and
provides a structural driving force for interfacial enrichment [71].
Although the chemical interactions of the segregating elements and the
interstitial impurities should not be ignored [52], the transition to a
lower energy, compact grain boundary structure should also be impor-
tant and resist such embrittlement.

Differences between the Equilibrated MPEA and pure Nb are also
observed in grain boundary thickness. At low temperatures, the inter-
facial thickness (Fig. 2(c)) in the multi-component system is initially
larger than that of pure Nb, revealing how the structural disorder at the
interface is moderately amplified due to chemical complexity, especially

at low temperatures where compositional fluctuations can more effec-
tively distort local bonding environments. At higher temperatures, this
effect is largely reduced due to decreasing segregation and the weakened
influence of chemical bonding on structural stability. Beyond 0.60T,, all
parameters exhibit trends similar to those of the pure system.

The relaxed grain boundary structures for pure Nb from before,
during and after the identified transition temperatures are shown in
Fig. 3. The side view provides a parallel perspective of the interface
(along the z-axis), including nearby BCC atoms, while the top view is
tilted perpendicular to the interface (along the y-axis) and exclusively
displays defect atoms. To differentiate between the metastable and
equilibrium configurations, a descriptor that effectively distinguishes
the two structures is needed. Specifically, the real component corre-

sponding to (I = 4, m = —1) of the normalized spherical harmonic 17; is
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Fig. 3. Grain boundary structures for pure Nb at temperatures spanning the
transition range. (a) The initial, (b) intermediate, and (c) final structures are
provided to illustrate the complete structural transition and atom coloring is
used to separate the BCC atoms (green) from the defect (blue and orange)
atoms. Views from both the side and top of the grain boundary are provided. In
(b), arrows highlight examples of the interstitial atoms that are hallmarks of the
equilibrium phase.
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utilized. For a complete description of this parameter, the reader is
directed to Supplementary Notes 2 and 3.

Before the transition (Fig. 3(a)), the grain boundary plane consists of
normal kite (labeled “N”) and split-kite (labeled “S™) structural units,
differentiated by varied atomic densities [72,73]. During the transition
(Fig. 3(b)), the coexistence of homogeneous metastable and equilibrium
structures is observed, each significantly present and separated by a
discrete phase junction where the blue and orange atoms meet. Black
arrows denote the emergence of an “interstitial” atomic pattern in the
equilibrium configuration, signifying an incommensurate number of
atoms in the grain boundary plane compared to adjacent grain planes.
Because the choice of interatomic potential can have significant effect on
structural stability and defect evolution [74], we verify the reproduc-
ibility of the metastable and equilibrium phases using both classical and
alternative machine-learning potentials. Sun et al. [61] developed a
generalized embedded atom method (EAM) potential specifically for the
study of grain boundary structural transitions in Nb. In studying the
metastable structures of a ¥27(552)[110] using the y-surface method,
these authors found similar normal kite and split-kite boundary phases
that subsequently transition to the same equilibrium structure with in-
terstitials after high-temperature annealing. Equilibrium structural units
with the characteristic interstitial patterning were previously found in
elemental BCC metals along the [110] tilt boundary using evolutionary
algorithms [47,75,76], a method that can more broadly explore the
structural phase space by including operations such as insertion of atoms
in the grain boundary core [73]. We further validated the equilibrated
state for the tilt-angle used in this study in both pure Nb and NbMoTaW
using a spectral neighbor analysis potential (SNAP) developed for
NbMoTaW. The equilibrated structures obtained after annealing at 1600
K are shown in Fig. S4. The results show that both classical and
machine-learning models are able to capture the important grain
boundary states and simulate metastable-to-equilibrium grain boundary
transitions.

To understand the energetic relationship between the two configu-
rations and confirm the nature of the metastable-to-equilibrium transi-
tion, grain boundary energies of the complete structures were compared
at 0 K, revealing that the equilibrium structure has an energy that is
5.3 % lower than the metastable configuration. Therefore, once the
equilibrium structure is unlocked, the system will not revert back to the
metastable structure if subsequently re-equilibrated at lower tempera-
ture. To put this energy difference into context, Wei et al. [77]
demonstrated that grain boundary migration in a-Al,O3 involves coop-
erative atomic shuffling of the grain boundary through metastable and
equilibrium states that differ in energy by no more than 4.5 %. Similarly,
a 4 % energy difference between coexisting metastable domino and
equilibrium pearl phases was observed at a grain boundary in Cu [78].
Therefore, the transition reported in this study falls within the range of
possible energetic states that may be sampled under different processing
and thermal treatments.

After the transition, in Fig. 3(c), the equilibrium grain boundary
structure is exclusively present. Importantly, the analysis of pure Nb
interfacial structures reveals a highly homogenous transition between
ordered states, with distinct structural coexistence regions easily
discernable at intermediate temperatures.

The interfacial transition for the Equilibrated NbMoTaW samples is
shown in Fig. 4. Before the transition (Fig. 4(a)), the boundary structure
is arranged in a kite configuration similar to pure Nb, with the MPEA
exhibiting a slightly larger grain boundary thickness due to defect atoms
penetrating deeper into the bulk regions. Identification of the same
atomic arrangement in the Equilibrated samples confirms that the
metastable grain boundary state persists at lower temperatures, even
after undergoing the simultaneous chemical and structural relaxation
process. As the transformation takes place (Fig. 4(b)), the grain
boundary structure in the MPEA transitions into a similar equilibrium
structure observed in Nb. However, unlike the uniform transformation
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Fig. 4. Grain boundary structures for the Equilibrated MPEA at temperatures
spanning the transition range. The initial (a), intermediate (b) and final (c)
structures illustrate the incomplete structural transition. Views from both the
side and top views of the grain boundary are provided and arrows indicate
examples of the interstitial atoms.

observed in the pure system, the transition in the MPEA is highly
localized, resulting in disconnected regions of transformed interface.
This phenomenon is highlighted in Fig. 4(b) during the transition, where
the side view shows both metastable (blue atoms) and equilibrium
(orange atoms) configurations overlapping within the x-z plane. In the
top view, localized regions of both grain boundary states are observed.
Even at higher temperatures (Fig. 4(c)), once the Iy plateaus, an
incomplete transformation is observed for the MPEA, accounting for the
lower magnitude of I'g;s and smaller percentage decrease in GBFV pre-
viously observed in Fig. 2.

To quantify the incompleteness of the transition, the fraction of the
metastable state is plotted against homologous temperature for the pure
Nb and Equilibrated MPEA in Fig. 5. In pure Nb, a mostly horizontal line
with a metastable configuration fraction of 1.0 is observed. However,
even before the transition starts, at 0.28T;,, a subtle fluctuation occurs,
indicative of a small nucleus of the transformed interface and empha-
sizing the metastable nature of the kite configuration. In the MPEA, this
behavior is amplified due to the diverse chemical configurations that can
locally modify the potential energy landscape. By 0.34Tp, (i.e., the
beginning of the transition in the Equilibrated MPEA from Fig. 2), an
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Fig. 5. The fraction of the metastable grain boundary structure as a function of
homologous temperature for the Equilibrated MPEA (black) and pure Nb (red)
systems. The dashed lines and shaded regions indicate the previously identified
transition temperature ranges.
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average of 10 % of interface atoms have already transformed into the
equilibrium configuration. This transformation likely occurs at interface
regions with energetically unfavorable local compositions, due to
desorption of strongly segregating elements, resulting in destabilization
of the local structure. Conversely, at elevated temperatures, the
completeness of the transformation is restricted by either residual
segregation, entropy-driven chemical disorder, or a combination of
these two effects. A nearly complete transformation is observed for pure
Nb at the end of the transition (less than 1 % of atoms are associated with
the metastable configuration), while 8 % of the boundary remains in the
metastable state at 0.60T;, in the MPEA.

The dramatic morphological difference of the metastable and equi-
librium structural states in the MPEA implies that grain boundary
properties will also be significantly altered. The frustrated transition in
the MPEA over a wide temperature window will result in a grain
boundary that behaves non-uniformly from intermediate to high tem-
peratures [79] as well as the delay of key grain boundary behaviors. For
example, one can expect variations in structurally dependent processes,
such as dislocation transmission and grain boundary sliding. Tucker at
al. [80] observed a correlation between higher interfacial excess free
volume and reduced resistance to grain boundary sliding and migration
in pure Cu and Al, attributed to enhanced local atomic shuffling under
lower shear stresses. Therefore, grain boundary sliding could occur more
readily in the MPEA at lower temperatures, as a transition to the more
compact structure with lower excess free volume is significantly
delayed. Similar dynamic mechanisms are likely also influenced by the
chemical inhomogeneity in MPEAs, requiring further investigation to
elucidate the role of both structure and chemistry on grain boundary
properties.

3.2. Segregation state and chemical ordering in the Equilibrated MPEA

Next, the temperature-dependent segregation states in the Equili-
brated MPEA are identified to understand the role of dynamic chemical
environments in frustrating the transition. Fig. 6 provides structural and
compositional comparisons between Nb and the Equilibrated MPEA at a
very low temperature (0.14T},) in order to illustrate both the starting
structure and the initial segregation pattern in the alloy. Black lines
serve as reference for the repeating structural units identified in Figs. 3
and 4 in both Nb and the MPEA. In Fig. 6(a) and (b), coordination
number and hydrostatic stress for grain boundary sites are shown in pure
Nb, demonstrating how important local descriptors vary spatially. Ar-
rows highlight the correlation between over-coordination and highly
compressed sites in the elemental interface. In the MPEA, Mo atoms
dominate filling of these sites, resulting in a periodic segregation
pattern, as indicated by arrows in Fig. 6(c). Additional Mo decoration is
also observed at sites with slightly reduced compressive stresses just
outside the grain boundary core (blue in Fig. 6(a)), resulting in a partial
bilayer configuration, while Nb occupies the remaining grain boundary
sites. The enrichment of Nb and Mo can be partly attributed to the large
difference in melting points between the pure base elements (Nb < Mo
<< Ta < W). Because melting point is positively correlated with bond
energy [81], Nb and Mo incur the smallest bond energy penalty in
under- and over-coordinated sites. Furthermore, differences between Nb
and Mo site preferences are related to the elastic strain relaxation
induced by smaller Mo atoms segregating to compressed grain boundary
sites, and vice versa for Nb [39]. With complex chemical interactions
largely minimized due to Ta and W depletion, the primary driving force
for stabilizing the metastable grain boundary structure is the reduction
of interatomic distortion through mechanical relaxation. We note that
increasing temperature leads to a reduction in the segregation tendency
and, therefore, the dominant site occupancies shown in Fig. 6.

In Fig. 7, grain boundary concentrations for each element are plotted
as a function of temperature. The vertical dashed lines designate the
transition temperature range for the Equilibrated MPEA and the hori-
zontal dotted line indicates equiatomic fractions (i.e., 0.25 of each
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Fig. 6. Grain boundary configurations in the pure Nb and Equilibrated MPEA
models at 0.14T,,, colored according to (a) hydrostatic stress, (b) coordination
number, and (c) elemental type. The structural unit pattern is identified using
black lines in (a-c) to show how grain boundary structure correlates with
elemental occupancy. Arrows highlight the correlation between compressive
stresses and over-coordinated sites with Mo segregation. Dashed lines in each
plot are used to indicate the grain boundary region.
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Fig. 7. Element concentrations at the grain boundary as a function of homol-
ogous temperature. Vertical dashed lines at 0.34T,, and 0.60T,, indicate the
identified transition range for the MPEA. The horizontal dotted line shows the
equiatomic concentrations.

element). Consistent with the interfacial analysis in Fig. 6, the boundary
composition at 0.14T;, (i.e., 500 K) is predominantly composed of Nb
and Mo atoms, accounting for nearly 94 % of grain boundary atoms.
With increasing temperature, enrichment of Nb decreases and the
depletion of Ta and W tends towards equiatomic concentrations. Despite
these trends, enrichment of Nb and depletion of W remain throughout
the transition, possibly contributing to the localized stabilization of the
metastable configuration into high temperatures. Interestingly, the
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concentration of Mo at the grain boundary does not change much with
temperature, remaining slightly enriched across the entire temperature
range.

During the transition, the reduction of GBFV could be expected to
result in significant changes in the variety of local structural environ-
ments at the interface. Evidence of structure-composition relationships
at grain boundaries in chemically complex environments [39,40,42]
suggests that segregation tendencies are highly susceptible to such local
changes. Despite this, Fig. 7 does not capture any abrupt compositional
variations, likely due to the slow growth of the equilibrium phase which
smooths out the differences in chemical patterns over a broad temper-
ature range. For a detailed understanding of the compositional differ-
ences between the two phases, local concentrations in each grain
boundary structure type are calculated and plotted for each element in
Fig. 8. Elemental concentrations for atoms in the respective metastable
and equilibrium structures are calculated using the same normalized
spherical harmonic descriptor implemented for structural identification
in Figs. 3 and 4. Solid lines denote the concentration of each element in
the metastable grain boundary structure and dashed lines indicate the
corresponding concentration in the equilibrium structure. Our focus is
on temperatures where sufficient amounts of each phase are present
(>25 %) to ensure statistical significance, limiting the analysis to tem-
peratures between 0.40T,, and 0.52T,, Distinct compositional differ-
ences are indeed observed between the two phases. For example, the
concentration of Nb in the equilibrium structure is ~6 at. % lower than
the metastable structure for all temperatures shown here (Fig. 8(a)). In
contrast, Mo and W become more enriched in the equilibrium structure,
with this effect most notable for W where an increase of ~5 at. % is
observed (Fig. 8(d)). Ta exhibits little concentration change induced by
the transition (Fig. 8(c)).

To provide a physical interpretation of these segregation patterns,
the local structural environment for each element in each phase is
evaluated using the averaged first nearest-neighbor coordination num-
ber for grain boundary atoms (Fig. 9). As shown previously, the
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coordination number is highly sensitive to the local atomic configura-
tion and is often used to correlate elemental properties and segregation
tendencies. For example, Geiger et al. [39] showed that crowding by
atomic neighbors in over-coordinated grain boundary sites results in
compressed grain boundary sites that attract solutes with intrinsically
smaller atomic volumes, while under-coordinated sites have more room
to accommodate larger ones. This trend is captured in Fig. 9, with the
relatively larger Nb and Ta atoms exhibiting lower average coordination
than the smaller Mo and W atoms in both structures. During the struc-
tural transition, an increase in average coordination number is expected
due to the reduction in grain boundary free volume that rearranges grain
boundary sites into a more compact bonding configuration. Despite this
expected change, negligible differences in average coordination number
are observed for Nb (Fig. 9(a)) and Ta (Fig. 9(c)) between the two
phases. This result, combined with the decrease in Nb concentrations
from the metastable to the equilibrium structure, suggests that the
number density of preferred local environments (i.e., large free volume
sites) for Nb atoms is decreasing through the transition temperature
range, in combination with temperature-induced desorption. On the
other hand, there is a significant increase in coordination number for Mo
and W between the two phases. This trend, coupled with the increase in
Mo and W concentrations from the metastable to equilibrium structure
(Fig. 8(b) and (d)), suggests that the change in local bonding environ-
ment promotes increased concentrations of these two elements. Inter-
estingly, the equilibrium structure is stabilized by only a modest
increase in W (~4-5 %) and Mo (~1-3 %) concentrations compared to
the average grain boundary concentration, as shown by the difference
between equilibrium and metastable concentrations in Fig. 8(b) and (d).
Despite this, the transition remains highly frustrated due to the strong
Nb segregation character that locally stabilizes the metastable structure.

It is worth noting that the chemical interactions, both within the
grain and the grain boundaries, may play a role in the temperature-
dependence of the transition. To evaluate the pairwise interactions
among different elemental pairs in bulk and grain boundary environ-
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Fig. 8. Grain boundary concentrations for each element in the Equilibrated MPEA interface, where the solid and dashed lines indicate the local concentrations in the

metastable and equilibrium structures, respectively.
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Fig. 9. Average first nearest-neighbor coordination number for atoms in the Equilibrated MPEA grain boundary with the solid and dashed lines indicating the

concentrations in the metastable and equilibrium phases, respectively.

ments, the first-nearest neighbor Warren-Cowley order parameter [82]

a’{ was used for atomic subsets contained within the two structures

(Fig. S5). A detailed description of this order parameter is included in
Supplementary Note 4. At lower temperatures, the dominant role of
mixing enthalpy leads to greater pair interaction probabilities for certain
elements (e.g., Mo-Ta, Nb-Mo in Fig. S5(b)), resulting in negative ailj
values, while positive ailj values reflect repulsive pair interactions (e.g.,
Ta-Ta, Nb-Ta in Figs. S5(a) and (b)). The preferential bonding states are
likely related to differences in atomic size and electronegativities be-
tween the larger Group 5 (Ta, Nb) and smaller Group 6 (Mo, W) ele-
ments [83], approaching pseudo-binary type ordering at very low
temperatures dominated by B2 Mo-Ta interactions. As temperature in-
creases, the drive to form energetically favorable bonds is overcome by
increasing configurational entropy and long-range chemical frustration,
leading to an order-to-disorder transition. The disordering behavior
occurs gradually, complicating the identification of a critical transition
point. However, between 1100 and 1300 K (0.31 and 0.37T,,), the
regression towards zero (i.e., a random solid solution) becomes
approximately linear and differences in chemical ordering become very
small. This transition point aligns with previous reported values when
considering only short-range interactions such as those in the
first-nearest neighbor shell [50,83]. A more complete representation of
this critical temperature will include longer-range interactions as well as
low temperature calculations [50,84].

At the grain boundary, different bonding relationships emerge as a
result of elemental segregation and depletion. However, heavy Nb
segregation conflates the effects of chemical ordering and structural
relaxation on the grain boundary stability at lower temperatures. This is
captured by the very negative o~™° interactions in grain boundary
sites (Fig. S5(d)). Because the Nb and Mo unambiguously segregate to
distinct sites in correlation with structural relaxation, the co-segregation
behavior or chemical effect is obscured. Moreover, the previously
identified order-to-disorder temperature indicates that chemical

ordering should play a secondary role to segregation-induced structural
relaxation due to the high structural transition temperature. Nonethe-
less, a significant consequence of a more compact grain boundary
structure (i.e., more sites with closer neighbors) is the increased number
of chemical interactions between solutes. The enhanced interaction
between solutes can potentially lower the energy barrier for trans-
formation if the grain boundary transition leads to a greater number of
attractive neighbors or raise the transformation barrier when unfavor-
able neighbor interactions are the result. In the latter case, higher
temperatures for transformation would likely be required. This effect
should become more pronounced in alloys with higher order-disorder
transition temperatures, allowing chemical ordering to persist beyond
the segregation regime. For example, the addition of V to NbMoTaW can
drastically increase the disordering temperature due to strong bonding
of V with other elements [85], indicating a more clear role of chemical
order on grain boundary stability.

3.3. Impact of segregation state and sluggish diffusion on the transition

In the following section, the effect of local segregation state on grain
boundary stability is probed using a random solid solution (RSS)
configuration and a highly segregated configuration extracted from MC/
MD simulations at the low temperature of 900 K (Segregated). The RSS
interface comprises randomly placed atoms with elemental concentra-
tions of approximately around 25 %, representing a chemically disor-
dered interface. On the other hand, the Segregated interface has
significant elemental enrichment, with a composition of 50.4 at. % Nb,
28 at. % Mo, 13.5 at. % Ta, and 8.2 at. % W. To isolate the structural
relaxation without any additional chemical relaxation, only MD simu-
lations were conducted for each boundary type at various annealing
temperatures (i.e., no MC steps were executed, and the grain boundary
composition remained constant).

In Fig. 10(a), the evolution of I'gjs is presented for each of the two
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Fig. 10. (a) Excess disorder (I'y;s) (b) grain boundary free volume (GBFV) and (c) fraction of the metastable configuration of the Segregated, Random Solid Solution
(RSS), and Equilibrated chemical configurations as a function of homologous temperature. Colored dashed lines indicate the transition ranges for each interfacial

ordering condition.

new interfacial states, alongside the previous findings from the Equili-
brated MPEA. The transition widths for both the RSS (0.26T,,) and
Segregated (0.23T},) conditions cover a similar fraction of the total ho-
mologous range as that of the Equilibrated MPEA (0.26T,,). However,
differences in the initiation temperature for each system demonstrate
the influence of segregation state on the transformation. For example, in
the RSS configuration, the transition starts and ends at temperatures
approximately 200 K lower than those for the Equilibrated MPEA,
occurring at 0.29T,, and 0.55Ty,, respectively. In stark contrast, the
beginning of the structural transition for the Segregated MPEA is
considerably delayed to higher temperatures. For the strongly segre-
gating grain boundary, the Igis decreases slightly in the temperature
range from 0.26T,, (900 K) to 0.57T,, (2000 K), indicating that the
overall disorder in the bulk regions actually increases faster with tem-
perature than the disorder at the interface. Subsequently, after 0.63T;,
(2200 K), the I'gjs increases monotonously to the last investigated tem-
perature at 0.95T,,. The continuous increase in I'gjs complicates the
precise determination of the transition end in the Segregated MPEA, yet
a change in the slope of this curve near 0.83T;, (2900 K) suggests that the
transition reaches a point of stagnancy before the interface continues to
disorder due to high temperature.

To gain deeper insights into the transition for the RSS and Segregated
MPEAs, Fig. 10(b) and (c) present the GBFV and fraction of the meta-
stable configuration, respectively. The Equilibrated and RSS MPEA
exhibit a comparable decrease in GBFV of approximately 36 %,
reflecting similar accommodation of atomic rearrangement into a more
densely packed structure. However, Fig. 10(c) reveals a greater fraction
of transformed interface at the lowest homologous temperature for the
RSS as compared to the Equilibrated MPEA. This suggests greater sus-
ceptibility to local transitions in the chemically disordered state, likely
in high-energy regions with sub-optimal elemental occupancy. In
contrast, the Segregated MPEA shows a more modest decrease in GBFV
of only around 8 %. While this may lead one to believe that the Segre-
gated MPEA undergoes a much more restricted transformation response,
analysis of the fraction of the metastable configuration shows that sig-
nificant interfacial reconstruction is achieved, concluding with ~78 %
of the interface consisting of the equilibrium configuration. The delayed
transition to significantly higher temperatures in the Segregated MPEA
results in competing dynamics between GBFV decrease due to the
transition and GBFV increase induced by increasing temperature,
resulting in an overall dampened response and reduced net GBFV
decrease during the transition. Importantly, the sharp upturn in GBFV
after 0.83T;, aligns with the slight change in slope at the end of the

transition in Fig. 10(a) and is similar to the responses of the both the RSS
and Equilibrated MPEAs after their respective transition end points.

In Fig. 11, boundary structures for the RSS and Segregated MPEA
samples are shown both before (Fig. 11(a) and (c)) and after (Fig. 11(b)
and (d)) their transitions. Despite their significantly different transition
start temperatures, the boundary structures for each ordering condition
just before the transition are the same, being comprised of kite-type
structural units. At the end of the transition, both MPEAs undergo sub-
stantial structural transformations, evident in the top view perspective
by the density of orange atoms which represent the equilibrium struc-
ture. Comparisons of the two transformed interfaces in Fig. 11(b) and (d)
show more blue atoms in the Segregated MPEA, reflecting the greater
fraction of residual metastable configuration at the end of the transition
for the chemically-ordered state (0.22) as compared to the RSS (0.08).
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respective transitions.
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The high-temperature structural frustration in the Segregated MPEA,
coupled with the significantly delayed transition start temperature,
confirms the influence of segregation in delaying the metastable-to-
equilibrium transition in the Equilibrated MPEA. In both cases, Nb
enrichment lowers the energy of the metastable grain boundary struc-
ture through local structural and chemical relaxations. Mo, to a lesser
extent, also contributes to this effect. Consequently, greater thermal
energy is required to overcome the transition barrier from metastable to
equilibrium states. However, due to restricted desorption, the effect of
segregation is more pronounced in the Segregated state.

Since segregation state can alter the mobility of interface atoms and
therefore the capacity to rearrange into a new structure, grain boundary
diffusivity measurements were conducted to assess kinetic contributions
to the frustrated transition. First, the average mean-square displacement
(R?) (MSD) of grain boundary atoms in the Segregated and RSS states
was calculated at three temperatures in 100 K increments below the
transition initiation temperature. To account for slight structural fluc-
tuations, the MSD was calculated for all atoms within a 1.0 nm wide
region centered at the mean y position of defect atoms within each grain
boundary. For the RSS state, this approach requires diffusion simula-
tions near and below ~0.26T;,, a temperature far less than the melting
point, and thus impractical to implement due to the very long MD run
times needed to acquire sufficient atomic hop statistics. For example,
during five separate diffusion simulations at the lowest temperature
investigated (i.e., 0.20Ty), only a few scattered atomic jumps were
observed for grain boundary atoms over a 15 ns run time (Fig. S6) and a
diffusivity could not be reliably measured. To enable appreciable atomic
motion on MD timescales, 1 at. % vacancies (~20 vacancies) were
introduced into the grain boundary and three simulations were per-
formed for each chemical configuration and temperature, each with
different random vacancy placements. By introducing excess vacancies,
grain boundary diffusion is sped up yet inherently biased towards va-
cancy diffusion mechanisms. Recent studies have highlighted the
importance of self-interstitial atoms and exchange mechanisms in
facilitating diffusion, especially at the grain boundaries [57,86,87]. In
this study, the addition of vacancies is done in the same manner across
all samples allowing for self-consistent comparisons of atomic mobility
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in the two chemical environments. Importantly, the other diffusion
mechanisms are not explicitly restricted and may also have an effect on
the diffusion process. A comparison set of simulations was also per-
formed at 900 K, without additional vacancies, to directly measure
atomic mobility without any confounding factors. The diffusion coeffi-
cient for each segregation state and temperature was determined from
the linearized relation between MSD and time following an initial
relaxation period [88].

Fig. 12(a) illustrates the MSD values for the Segregated (blue) and
RSS (green) grain boundary atoms as a function of time at 0.26T;, (or
900 K). Additional MSD data for various temperatures is provided in
Fig. S7. The RSS boundary exhibits a much faster increase in MSD
compared to the boundary with significant segregation, indicating a
more rugged potential energy landscape in the Segregated state leading
to reduced and localized diffusion [89]. In contrast, without chemical
relaxation, grain boundary sites will exhibit lower migration barriers,
thus promoting a higher rate of atomic hops and reducing the barrier for
initiation of structural transformation. This disparity in atomic mobility
provides an additional factor, beyond higher relative grain boundary
energy, to explain why the RSS boundary begins to transition at lower
temperatures. Since the atoms in the RSS are more likely to hop to new
sites, they exhibit a greater propensity to accommodate the driving force
for transformation. This also suggests that the phenomenon of ‘sluggish
diffusion’ in MPEAs is more pronounced when heavy segregation is
present than in the case of maximized configurational entropy (i.e., the
RSS state).

In Fig. 12(b), the Arrhenius relation between diffusivity and recip-
rocal temperature shows a clear difference in diffusion kinetics between
the segregation conditions. Dashed lines represent the fitted relationship
between the measured diffusivities. The diffusivity error is calculated
from the standard deviation of the MSD vs. time relation for all grain
boundaries at a given temperature and chemical state. The activation
energy, Q, is calculated from the slope of the respective lines. An
important observation is the significantly higher diffusivity of the RSS
boundary compared to the Segregated boundary. Even at 700 K, the RSS
configuration exhibits larger diffusivity than the Segregated configura-
tion at 900 K. This difference, along with the lower activation energy (38
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Fig. 12. (a) Mean-squared displacement of grain boundary atoms at 900 K as a function of time for the RSS (green circles) and Segregated (blue squares) chemical
configurations. (b) Arrhenius plot of grain boundary diffusivity for the RSS (green circles) and Segregated (blue squares) states. Linear fits according to the respective
data points for each ordering configuration are used to calculate the diffusivity values at the beginning of each transition (dotted vertical black lines). The error at
each point in (b) is the standard deviation of the slopes from the MSD versus time relationship acquired for each grain boundary at a specific temperature.
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kJ/mol for RSS vs. 49 kJ/mol for Segregated), confirms that the atoms in
the chemically random interface are able to migrate more easily,
contributing to a lower transition temperature. However, this behavior
alone cannot fully explain the drastic differences in initiation tempera-
ture. Extrapolating the Arrhenius relations to the respective transition
start temperatures reveals the diffusivity for the RSS configuration near
the transition is ~5.1 x 107'* m?/s, while for the Segregated configu-
ration near the transition, it is an order of magnitude higher at ~2.5 x
107'® m?/s. This difference indicates that, although diffusion is
restricted, the dominating factor in the delayed metastable-to-
equilibrium transition is segregation-induced structural effects rather
than restricted kinetics. For the simulations without extra vacancies, the
grain boundary diffusivity for the RSS state was 1.97 x 10~1* m?/s while
the Segregated state did not exhibit discernible atomic motion (Fig. S8).
Therefore, the overall greater diffusivity of the RSS state relative to the
Segregated state is a natural consequence of the segregation state, with
or without excess vacancy concentrations.

4. Summary and conclusions

In this study, atomistic simulations were used to explore the effect of
segregation and chemical complexity on a metastable-to-equilibrium
grain boundary transition in an MPEA. The results presented here lead
to the following conclusions:

(1) Structural transitions in MPEAs can be highly frustrated, span-
ning a broader temperature range compared to a pure reference
system. Unlike the rapid nucleation and growth of the new grain
boundary structure observed in pure Nb, the transition in the
Equilibrated MPEA is spatially localized, resulting in scattered
regions of untransformed interface, even at high temperatures.
Heavy segregation of Nb decreases with increasing temperature
in the Equilibrated MPEA, destabilizing the metastable grain
boundary structure and initiating the transition. At temperatures
with structural coexistence, segregation patterning emerges,
characterized by a relative decrease in Nb concentration and an
increase in W concentration in the equilibrium motifs. This
change in composition correlates with an increase in the number
density of preferred local structural environments for the smaller
elements.

Analysis of different segregation states shows that the transition
range is minimally affected by local chemical enrichment at the
MPEA interface. The transition range for all MPEA variations was
approximately 2.5 times that observed in the pure system,
emphasizing the predominant influence of general chemical
complexity on transition temperature width.

In contrast, the initiation temperature of the transition is strongly
influenced by the segregation state. Increased segregation (RSS —
Equilibrated — Segregated) leads to higher transition start tem-
peratures. Analysis of grain boundary kinetics suggests that
thermodynamic stabilization induced by segregation signifi-
cantly contributes to delaying the initiation temperature, rather
than only being the result of sluggish kinetics.

(2)

@3

—

(4

—

Overall, this study provides fundamental insight into the thermo-
dynamic and kinetic driving forces underlying interfacial structural
transitions in MPEAs. Future experiments should account for the long-
range diffusion required to obtain equilibrium structural and composi-
tional patterning, as it will inevitably affect the transition rate and
probability. Our findings suggest that significant chemical segregation is
not a prerequisite for the delayed transition and its associated structural
features. This further supports the motivation for in-situ electron mi-
croscopy experiments, even in non-equilibrium conditions, to better
understand the role of chemical complexity and ordering on structural
transitions.
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