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Abstract

This work investigates the influence of chemical composition, grain boundary (GB) type,
and atomic distribution on the thermal conductivity of Hf–Nb–Ta–Zr refractory high-
entropy alloys (RHEAs) via atomistic simulations. Three compositions—equiatomic
HfNbTaZr (M1), Hf10Nb40Ta10Zr40 (M2), and Hf40Nb10Ta40Zr10 (M3)—were studied in
single-crystalline and bicrystalline models containing Σ3 or Σ5 GBs. The effect of chemical
short-range order (SRO) and GB segregation was probed by comparing results for non-
relaxed structures with those obtained for corresponding materials relaxed using combined
Monte Carlo/molecular dynamics (MC/MD) simulation. Material relaxation is accompa-
nied by the formation of coherent nanoclusters (NbTa in M1, Nb or Zr in M2, Hf or Ta in
M3) and Hf/Zr segregation to GBs. In single crystals, SRO reduces thermal conductivity
by up to ~2.7% (e.g., from 3.66 to 3.56 W/m·K in M1), which is explained by the phonon
scattering effect from matrix–cluster interfaces, densely distributed in the structures. In
contrast, in certain bicrystals, the combined effects of GB healing and intragranular cluster
coarsening lead to a 6.9% increase in thermal conductivity (from 4.59 to 4.93 W/m·K),
despite the presence of high-energy Σ5 GBs. These results demonstrate that the interplay
between SRO, GB segregation, and microstructural evolution governs phonon transport in
RHEAs, revealing a counterintuitive pathway to enhance thermal conductivity through
controlled atomic redistribution.

Keywords: high-entropy alloys; thermal conductivity; molecular dynamics; short-
range order; grain boundaries; phonon transport; Monte Carlo simulations; segregations;
refractory materials

1. Introduction
High-entropy alloys (HEAs) are a class of materials formed by combining multiple

principal elements in near-equiatomic ratios, leading to high configurational entropy and
complex chemical environments [1–3]. Their unique atomic structure, often characterized
by severe lattice distortion and sluggish diffusion, provides a platform for exceptional
mechanical and functional properties, such as high strength, hardness, corrosion resistance,
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and thermal stability [4–6]. Among these, refractory HEAs (RHEAs) based on early tran-
sition metals, particularly those with body-centered cubic (bcc) structures, have gained
attention due to their excellent performance at elevated temperatures [7–10].

In HEAs, the intrinsic lattice disorder caused by varying atomic sizes and bonding
characteristics strongly affects phonon transport, making thermal conductivity a particu-
larly interesting and complex property to study [9,11]. Unlike conventional metals, where
heat is predominantly carried by electrons, in HEAs, the electronic contribution can be
significantly suppressed due to scattering on the disordered potential field [12]. As a result,
the phononic component of thermal conductivity becomes dominant, especially at low and
intermediate temperatures [13–15]. Recent studies have demonstrated that the thermal
conductivity of HEAs can be lower than that of their constituent elements, offering the
potential for applications such as thermal barriers and thermoelectric devices [16–18].

The atomic-scale structure and chemical short-range order (SRO) in HEAs are now
recognized as key factors influencing their mechanical and thermal properties [19–21]. It has
been shown that local chemical ordering can arise even in nominally random alloys, giving
rise to nm-sized clusters or modulations in atomic distribution [22,23]. These structural
features not only affect dislocation behavior and phase stability but also act as phonon
scattering centers, thereby reducing the mean free path and thermal conductivity [24–27].
The role of SRO is particularly critical in bcc refractory HEAs, where subtle changes in
local bonding can result in significant changes in lattice dynamics and energy transport
mechanisms [28].

Despite the growing interest in the thermal properties of HEAs, experimental investi-
gations remain limited due to the challenges in synthesizing well-controlled, defect-free
samples and the difficulties in isolating phonon contributions from electronic ones [29,30].
In this context, atomistic simulations serve as an essential tool, allowing researchers to
explore how alloy composition, atomic ordering, and microstructural features such as grain
boundaries influence thermal transport [31,32]. Molecular dynamics (MD) simulations are
widely used due to their ability to simulate large systems and capture anharmonic lattice
dynamics, while Monte Carlo (MC) techniques can efficiently model atomic exchanges and
mimic chemical ordering during diffusion [33–35].

Several studies have employed MD to calculate phonon thermal conductivity in
model HEAs and assess the influence of compositional disorder, mass fluctuation, and
strain fields on phonon scattering [36–38]. For example, MD studies of fcc CrFeCoNiCu
alloys have demonstrated a strong temperature dependence of phonon transport, diverging
significantly from predictions based on pure element behavior [39]. In addition, coupling
MC simulations with MD has proven effective in capturing the effects of SRO and its impact
on thermophysical behavior [40–42].

Another important factor is the presence of grain boundaries (GBs), which introduce
additional phonon scattering mechanisms that can further reduce thermal conductiv-
ity [43,44]. The interaction between GBs and SRO in RHEAs is still not fully understood,
yet it holds key implications for tailoring thermal performance through microstructural
engineering. Theoretical studies have shown that GB structures, including their character
distribution and chemical composition, can significantly influence vibrational properties
and energy dissipation [45–48].

Given the limitations of analytical models and the complexity of HEAs, computational
approaches offer a viable pathway for understanding and predicting thermal transport in
these alloys [49]. Therefore, in the current work, we employ large-scale atomistic simula-
tions to systematically investigate the influence of chemical composition, GB structure, and
SRO on phonon-mediated thermal conductivity in Hf–Nb–Ta–Zr RHEAs. Considerable
attention has been paid to the mechanical properties of alloys in this system, but questions
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remain regarding the influence of defect structures and particles on thermal conductivity.
By combining MC and MD (MC/MD) methods, we aim to reveal the influence of coherent
nanoparticles and GB segregation on thermal conductivity in three different RHEAs.

This study identified the conditions under which microstructural relaxation can
increase thermal conductivity, which is important to consider when designing heat-
conducting refractory materials. The main hypothesis of this study is that material re-
laxation (through SRO and GB segregation) can either decrease or increase thermal con-
ductivity. This is determined by the contribution of lattice distortions and defects, such as
coherent interfaces and GBs, to phonon scattering as well as the involvement of segregation
in reducing phonon scattering at GBs.

Although MC/MD methods have been previously applied to HEAs, most of these
studies have focused on single crystals or only mechanical properties [40–42]. To our
knowledge, the combined effect of solute segregation to Σ3 and Σ5 GBs and intragranular
clustering on heat transfer in RHEAs has not yet been investigated.

It has been demonstrated for the first time that, due to the solute segregation, high-
energy symmetric GBs can transform into boundaries with lower resistance to phonon
transport. This opens up new possibilities for prediction in the design of RHEAs with
tunable thermal characteristics.

2. Materials and Methods
2.1. Material of Study and Considered Models

In this work, thermal conductivity is calculated for RHEAs of three different composi-
tions, namely, equiatomic one HfNbTaZr, Hf10Nb40Ta10Zr40, and Hf40Nb10Ta40Zr10, which
are denoted in the text as M1, M2, and M3, respectively. The interaction between atoms
in these RHEAs is described by the modified embedded atom method potential [21]. A
total of ~30,000 atoms of each alloy fill three different simulation cells having the form of
orthogonal parallelepiped with dimensions 5 nm × 22 nm × 5 nm. At the initial state, the
atoms of M1, M2, and M3 are distributed randomly within their structures (Figure 1a). The
first model is single crystal of bcc lattice and, obviously, does not have any GBs; the second
one contains two bcc crystals separated by low-energy symmetric tilt GBs Σ3(112)[110];
while in the third one, they are separated by GBs Σ5(210)[001] (Figure 1b). In each bicrystal,
one of the GBs is located in the middle of the constructed cell, with the GB plane oriented
perpendicular to the y-axis, and the second boundary is formed by the right and left edges
of the bicrystal as a result of using periodic boundary conditions along the y-axis upon
subsequent simulations.

2.2. MC/MD Relaxation Procedure

As was mentioned earlier, at the initial state, the atoms in the RHEAs are distributed
randomly (Figure 1a). Obviously, such solid solutions have non-relaxed structures and
represent materials before diffusion-mediated relaxation. Despite the absence of thermody-
namic equilibrium, such configurations are widely used in atomistic modeling of HEAs to
eliminate the effects of chemical ordering [36,40,42]. By comparing relaxed and non-relaxed
states under identical modeling conditions, it can be confirmed that the observed differ-
ences in thermal conductivity arise precisely as a result of structural features that occur
during material relaxation.

Combined MC/MD simulation is performed to reduce the initial energy of the ma-
terials and obtain more relaxed structures. This method allows for consideration of the
diffusion process, while MD modelling itself cannot take it into account. It should be noted
that material relaxation using such a hybrid approach is quite time consuming, especially
when we deal with multicomponent alloys.
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Figure 1. RHEAs of three considered compositions M1, M2, and M3 (a); three different computational
cells filled with atoms of M1, M2, or M3 (b).

Prior to the MC/MD relaxation simulation, three single crystalline and six bicrystalline
samples (three models for each composition) are subjected to an energy minimization using
the conjugate gradient method. After this process, the alloys are equilibrated at 600 K
within 20 ps in the isobaric–isothermal ensemble. All the pressure components during the
MD equilibration are maintained at 0 Pa. The periodic boundary conditions are imposed
along the x-, y-, and z-axis, and a timestep is set as 1 fs.

Subsequent material relaxation is realized through the hybrid MC/MD modelling
when MC-based atomic swapping and a simultaneous MD thermalization process at 600 K
and zero stresses take place. The former is based on a widely used Metropolis criterion,
which determines the probability of atom exchange. The latter happens when the energy
of a system E after the exchange (i + 1) is less than the energy before it (i). In the opposite
situation, the atomic exchange can be accepted with a probability P that can be found as
follows [50]:

P = exp
(
−E(i + 1)− E(i)

kT

)
, (1)

where k is the Boltzmann constant and T is temperature. Only one atom exchange is
realized within one timestep, and the kinetic energy of the system remains unchanged
after each swap. For each atomic pair of considered RHEAs, a total of 200,000 swaps
within 100 MC/MD relaxation cycles are performed. The simultaneous MD equilibration
during the MC atom exchange provides an additional structure stabilization and decrease
in system energy.

2.3. MD Modelling of Heat Transfer

The thermal conductivity is calculated for 18 different structure configurations, which
can differ by chemical compositions (M1, M2, or M3), considered MD model (without
GBs, with Σ3 or Σ5 GBs), or atomic distribution (i.e., the states before or after the MC/MD
relaxation). Figure 2a shows a schematic representation of the computational cells used for
modelling of heat transfer. Note that, due to replication of the initial computational cells
along the y-axis, the length of the samples for the thermal conductivity calculation along this
direction is twice as big as the length of the samples used earlier for the MC/MD relaxation.
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Figure 2. Schematic illustration of computational cell used for MD modelling of heat transfer in
the alloys with the hot block in the middle and cold blocks at the edges of the cell (a); MD models
obtained by replication of the initial bicrystal (see Figure 1b) along the y-axis (b).

First, the considered 18 samples are subjected to energy minimization and thermaliza-
tion at 300 K. To initiate the heat transfer in the materials, a block of atoms in the middle
part of the cells along the y-axis is heated up to 350 K, while two blocks of atoms at their
edges are cooled down to 250 K (see Figure 2a). After that, the obtained structures are equi-
librated within 25 ps in the NVE ensemble. The Langevin thermostat is adopted to maintain
the blocks at the desired temperature during the equilibration and upon subsequent heat
transfer modelling within 250 ps.

To ensure convergence of the calculated thermal conductivity, we monitored the
temperature profile evolution over time, where all systems reach smooth, quasi-parabolic
profiles by 20 ps, beyond which no significant changes occur up to 250 ps of simulation.
Furthermore, the energy flux dQ stabilizes within the first 50 ps and remains constant
thereafter, confirming steady-state heat flow. Regarding system size, the sample length
along the heat flux direction (the y-axis) is ~44 nm after replication (see Figure 2), which
exceeds typical phonon mean free paths in disordered alloys (~1–10 nm) [36]. Additional
test simulations with doubled length (88 nm) showed less than 3% variation in κ, consistent
with convergence benchmarks reported in similar MD studies of HEAs [40].
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The phonon thermal conductivity coefficient of the composites is calculated using the
following expressions:

k =
dQ × dY

dT
, (2)

where k represents the phonon thermal conductivity coefficient, dQ is the energy flux, and
dT/dY corresponds to the temperature gradient along the y-axis.

dQ =
Q1 − Q2

2
× N

2nτS
. (3)

In this equation, N denotes the total number of atoms, and (Q1 − Q2)/2 is the av-
erage energy per atom, derived from the difference between the input energy Q1 and
output energy Q2 across the two regions. Here, n is the number of simulation steps, τ

is the timestep, S is the cross-sectional area in the xz-plane, dT is the average tempera-
ture difference between the two regions, and dY is the distance separating the hot and
cold blocks.

For convenience, abbreviated notations for the 18 considered structures are introduced.
If “M1”, “M2”, or “M3” defines the alloy composition, then “noGB”, “S3”, or “S5” indicates
single crystal models with four Σ3 or Σ5 GBs, respectively (Figure 2b). To differentiate
materials before and after the MC/MD relaxation, shortened “noR” and “R” are introduced,
respectively. For example, if we deal with RHEA Hf10Nb40Ta10Zr40, then the sample of this
composition having Σ3 GBs that is not subjected to the MC/MD relaxation is referred to as
“M2_S3_noR” in the text.

3. Results
3.1. SRO and GB Segregation

Figure 3 demonstrates how fast energy of the systems considered decreases with
the MC/MD relaxation cycles. It is seen that, for all three compositions, regardless of
the presence of GBs, the energies drop abruptly within the first ~20 cycles. With further
relaxation, they decrease more gradually, and after 100 cycles, the materials reach more
or less steady-state conditions with reduced energy. The energies of the models with GBs
Σ5(210)[001] (S5), however, are higher than the corresponding values for the other samples
(Figure 3a–c), even after all the relaxation cycles. This indicates that the GB energy of Σ5 is
higher than that of GB Σ3. It is important to note that, in the case of composition M2, after
the MC/MD relaxation procedure, the energy of the sample with GBs Σ3 is even lower
than that of the corresponding single crystal (Figure 3b). For the other compositions, they
are very close (Figure 3a,c).

Figure 3. Decrease in average energy per atom with the MC/MD relaxation of (a) M1; (b) M2; and
(c) M3.

The atomic structures of the samples after the MC/MD relaxation are given in Figure 4.
It can be seen that, in the case of the equiatomic composition, nanocoherent clusters of
NbTa having the B2 structure [51] can easily be observed in sample M1_noGB_R (Figure 4a),
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while in M1_S3_R (Figure 4b) and M1_S5_R (Figure 4c), they are not so visible. During
MC/MD relaxation, coherent nanoclusters form—locally ordered domains (e.g., B2-type
NbTa in M1) that retain crystallographic alignment with the surrounding bcc matrix but,
due to differences in composition, lead to the appearance of local elastic strains at the
cluster–matrix interface. In addition, some segregation of Zr or Hf can be found in the
structures. Unlike the single crystal, in materials with GBs, the areas formed solely by Nb
atoms can be detected. It is important to note that some atoms of Hf and Zr segregate to
GBs, especially clearly seen for sample S5. It is noticeable that Hf, having a bigger atomic
radius than that of Zr, first occupies atomic positions in the GBs with the highest free
volume (see Figure 4b,c). In the case of the second considered composition (M2), the NbTa
cluster formation does not take place. Instead, relatively large conglomerates of Nb or Zr
can be seen. It is important to note that, for S3 and S5, GB regions are occupied by atoms
of Hf or Zr, similar to M1_S3_R and M1_S5_R. When we deal with the third composition
(M3), the areas formed solely by Hf or Ta atoms can be observed. Along with such areas,
some clusters of NbTa can be found in the structures. Like in the previous cases, Hf and Zr
segregate to GBs.

The segregation of atoms to GBs is more pronounced in the samples S5 having GBs
Σ5(210)[001] than in S3 with GBs Σ3(112)[110]. The latter is mainly due to the difference
in the GB energy. According to [52], the GB energy of Σ5 is much higher than that of Σ3
(1.61 J/m2 over 0.43 J/m2). The segregation of atoms to GB reduces its energy, leading to
relaxation of the entire system.

Quantitatively, SRO is usually estimated by calculating the Warren–Cowley parameter
(α), also known as the SRO parameter, for various atomic pairs of the material under
consideration [40]. If the calculated α is negative, then the two atoms tend to form a
chemical bond, while a positive value indicates that they are far apart from each other.

The diagrams of order parameter α for possible atomic pairs in the considered RHEAs
are given in Figure 5. The calculated values agree well with the atomic structures described
earlier (Figure 4). For all three compositions, HfNbTaZr (M1), Hf10Nb40Ta10Zr40 (M2), and
Hf40Nb10Ta40Zr10 (M3), the atomic pairs Zr–Ta, Zr–Nb, Hf–Ta, and Hf–Nb do not form
chemical bonds with each other since α > 0. At the same time, Ta, Zr, and Nb strive to
form bonds with atoms of the same type of element (α < 0). For the equiatomic alloy,
this tendency is not so strong. However, for the alloys with less content of Ta (M2) or
Zr (M3), it becomes more pronounced. For Ta–Ta in M2 (Figure 5b) and Zr–Zr in M3
(Figure 5c), the α values are more negative compared to the values for M1 (Figure 5a).
This finding is consistent with the results obtained earlier by Jarlov et al. [28]. Two atoms
form interatomic bonds more easily when their content in the material is lower. Only for
two different element pairs, namely for Hf–Zr and Nb–Ta, the order parameter α can be
negative, indicating the possibility for chemical bond formation. However, it is difficult to
find Nb–Ta clusters in M2 (Figure 4), and the corresponding order parameters α are even
positive (Figure 5b). This can be explained by the very low α for the Ta–Ta atomic pair,
which indicates a low contribution of Ta atoms to the formation of Nb–Ta bonds.

3.2. Thermal Conductivity

To evaluate the impact of chemical composition, SRO, and GB structure on thermal
transport in RHEAs, we calculated the lattice thermal conductivity (κ) for all 18 studied
samples. Recall that they can differ by alloy composition, defect structure (without or with
GBs Σ5 or GBs Σ5), or by level of material relaxation. The results show a strong dependence
of thermal conductivity on material composition as well as a complex relationship between
atomic structure and phonon transport in the RHEA under consideration. Table 1 lists the
calculated κ values.
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Figure 4. Atomic structures of the alloys after the MC/MD relaxation in the considered models:
(a) noGB; (b) S3; and (c) S5.
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Figure 5. SRO parameter α for different atomic pairs in RHEAs M1 (a), M2 (b), and M3 (c).

Table 1. Thermal conductivity of RHEAs (W/(m·K)). The values of κ that increased after MC/MD
relaxation are underlined.

noGB_noR noGB_R S3_noR S3_R S5_noR S5_R

M1 3.66 ± 0.15 3.56 ± 0.14 3.44 ± 0.12 3.24 ± 0.13 3.51 ± 0.15 3.70 ± 0.17
M2 3.81 ± 0.17 3.74 ± 0.16 3.64 ± 0.14 3.48 ± 0.15 3.63 ± 0.16 3.66 ± 0.17
M3 4.90 ± 0.21 4.81 ± 0.20 4.30 ± 0.18 4.66 ± 0.22 4.59 ± 0.20 4.93 ± 0.23

It is seen that the thermal conductivity increases in the sequence M1 -> M2 -> M3.
Accordingly, the equiatomic alloy exhibits the lowest κ value (first column). For all compo-
sitions, in the absence of GBs, SRO leads to a decrease in κ (see the first two columns). In
the presence of GBs, κ is determined not only by the alloy composition but also by the GB
structure. As a result, after MC/MD relaxation of the material, κ decreases in some cases
and increases in others (highlighted in yellow). The latter effect is particularly pronounced
for the M3 alloy (bottom row), which is rather unusual, since it is generally believed that
GBs reduce κ by hindering phonon transport.

4. Discussion
The highest κ value is observed for M3 (4.90 W/m·K), followed by M2 (3.81 W/m·K)

and M1 (3.66 W/m·K). The lowest κ value for M1_noGB compared to M2_noGB and
M3_noGB (Table 1) is obvious because equiatomic HEAs have the highest entropy and
can be characterized by strong lattice distortion initiated by elements of different sizes
contained in the material in equal proportions. As suggested by previous studies [21,28],
a more uniform distribution of atomic masses and reduced configurational entropy may
facilitate longer phonon mean free paths. According to [53], the covalent atomic radii of
Ta, Hf, Nb, and Zr are 217, 212, 207, and 186 pm, respectively. The content of Zr and Nb
in M2 and Hf and Ta in M3 is much higher. The atomic size difference between Zr and
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Nb is bigger than that between Hf and Ta. Therefore, unlike M3, atoms of M2 can cause
strong distortion of its lattice. The latter explains the higher thermal conductivity for M3
compared to the other compositions.

These observations align with the Hume–Rothery rules for solid solution formation,
which emphasize compatibility in atomic size, crystal structure, electronegativity, and
valence electron concentration [54]. All four elements (Hf, Nb, Ta, Zr) have the bcc structure
at high temperatures and exhibit similar electronegativities (Pauling scale: Hf 1.3, Nb 1.6,
Ta 1.5, Zr 1.3) and VEC (~4–5 electrons/atom), favoring complete solubility. However, de-
viations arise due to atomic size mismatch: Zr (160 pm metallic radius) differs significantly
from Nb (147 pm), whereas Hf (159 pm) and Ta (146 pm) are closely matched. This explains
why M3 exhibits weaker lattice distortion and higher κ compared to M2, despite similar
levels of SRO.

Figure 6 shows that temperature fluctuation inside the grains (σ_Grain) varies signifi-
cantly across the considered structures. The relaxed samples of M1 tend to exhibit slightly
lower σ_Grain values, which is consistent with the structural changes observed after the
MC/MD equilibration. SRO inside grains of the equiatomic alloy leads to the formation
of relatively big clusters of NbTa having the B2 superstructure (Figure 4) that reduce the
average temperature fluctuation. However, for the single crystals of M2 and M3, one can
observe the opposite situation; after the relaxation, the level of temperature fluctuation
increases. The latter in M2 can be explained by the difference in SRO parameter α of
constituent elements. The positive value of α for Zr–Nb (Figure 5) results in the formation
of small single-element (Zr or Nb) ordered clusters, with Hf located inside or at interfaces of
Zr clusters. Disperse distribution of Hf atoms within crystal M2 and positive α for Hf–Nb
inhibit cluster growth (compare Figure 4a–c for M2), leading to significant temperature
fluctuation. In the case of single crystal M3, Zr behaves similar to Hf in M2, since the order
parameter for the Zr–Ta atomic pair is positive; Zr atoms retard growth of single-element
(Ta or Hf) clusters (Figure 4a–c).

Figure 6. Temperature fluctuations inside the grains of the structures under consideration.

However, in the presence of GBs, the temperature fluctuation level before and after
the MC/MD relaxation is relatively close for both M2 and M3, which is associated with the
formation of GB segregations of Hf and Zr and a decrease in their content inside the grains.
The latter contributes to the growth of clusters and a decrease in the length of coherent
boundaries between them (Figure 4). As for M1_S3 and M1_S5, the GB segregation of Hf
and Zr increases the Nb and Ta content inside the grains. The latter reduces the tendency
for chemical bond formation between Nb and Ta atoms [28], thus decreasing the size of
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clusters. Therefore, for these cases, the fluctuation is slightly higher than that for the single
crystal (Figure 6).

Overall, subjecting the materials to the MC/MD relaxation leads to a moderate de-
crease in thermal conductivity in single crystals of M1, M2, and M3. This may be explained
by the formation of nanoclusters with an ordered structure during relaxation as well as the
emergence of coherent interfaces between the clusters and the surrounding matrix. These
regions introduce local structural distortions, thereby impeding phonon propagation. For
instance, after the relaxation, κ for M1_noGB decreases from 3.66 W/m·K to 3.56 W/m·K.

The reduction in thermal conductivity upon MC/MD relaxation in single crystals
aligns with expectations based on increased phonon scattering due to mass and strain
fluctuations induced by SRO. According to the Callaway formalism, the lattice thermal
conductivity κL is inversely related to the total phonon scattering rate τ−1 = τ−1

U + τ−1
B +

τ−1
D + · · · , where τ−1

D accounts for point defect scattering arising from mass variance and
bond disorder [11,27]. In the equiatomic M1 alloy, the formation of ordered B2 NbTa
nanoclusters introduces high-density coherent interfaces with the matrix, creating localized
strain fields and vibrational mismatches that effectively shorten the phonon mean free
path. This explains the ~2.7% decrease in κ from 3.66 to 3.56 W/m·K. Similarly, in M2
and M3, the emergence of Zr/Nb- or Ta/Hf-rich domains increases local compositional
heterogeneity at interfaces, contributing to enhanced phonon scattering.

To gain insight into phonon scattering in SRO structures, it is desirable to compare
the vibrational density of states (VDOS) for alloys before and after MC/MD relaxation.
Recently, Mora-Barzaga et al. [55] compared the VDOS for unrelaxed and SRO RHEA
HfNbTaTiZr as well as the VDOS of the corresponding ordered binary alloys. The authors
concluded that the ordered B2 structure increases the phonon thermal conductivity of the
alloy, and as its proportion in the material increases, the thermal conductivity increases
even more. This proves that a slight decrease in thermal conductivity in relaxed samples
in our case (Table 1) may be associated with the dispersed distribution of B2 nanoclusters
and the high density of formed interfaces in the corresponding structures. Moreover, the
significant difference in VDOS between binary alloys and RHEA observed in [55] suggests
strong phonon reflection at coherent interfaces.

In general, in the non-relaxed samples, GBs are expected to reduce κ, which is indeed
observed when comparing columns 1 with 3 and 5 (Table 1). However, unlike single
crystals, the SRO process in defective samples can lead to either a decrease or an increase
in thermal conductivity. The observed “exceptions,” when κ increases after the MC/MD
relaxation, are most likely explained by a reduction in structural distortion at the GBs
due to segregation of Hf and Zr atoms, which facilitates phonon transport. Caused by
segregation of Hf and Zr atoms to GBs having high energy and free volume, the VDOS
for such regions could become smoother and more homogeneous, implying improved
vibrational continuity and reduced scattering strength. Moreover, the coherent interfaces
between Ta and Hf clusters within the grains of the M3 alloy, unlike the Zr and Nb clusters
in M2, do not introduce significant elastic strain, as the atomic radii of Ta and Hf are very
similar. As a result, κ increases after relaxation in both M3 samples containing GBs. It is
also worth noting that, in the case of M2, the Zr and Nb clusters in S5 are slightly larger
than those in S3 (Figure 4b,c). The latter reduces the total length of the interphase boundary
acting as a barrier to phonon motion and, therefore, may also contribute to the increase in κ

observed for M2_S5 (Table 1).
Understanding the temperature distribution inside grains and GB regions can help

reveal the role of chemical composition and local structural features, such as GB struc-
ture, in governing phonon scattering efficiency. For example, Figure 7 shows the spatial
temperature distributions in samples M3_S5_noR and M2_S3_noR.
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Figure 7. Temperature distribution in GBs and grains of (a) M3_S5_noR and (b) M2_S3_noR.

It is seen that GB regions in M3_S5_noR exhibit a significant spread of temperatures
compared to grain interior (Figure 7a), indicating strong scattering effects from the GBs
in the non-relaxed structure. Meanwhile, in M2_S3_noR, the situation is slightly different:
the corresponding temperature histogram for the GB regions is narrower (Figure 7b). This
indicates a more uniform heat flow and less scattering effect from the GBs S3 compared
to the GBs S5. At the same time, the temperature spread within the grains in material
M2 becomes more significant than in M3. This proves that a high proportion of elements
that vary greatly in atomic size, as in the case of Zr and Nb in M2, leads to significant
lattice distortion, a broader histogram (Figure 7b), and a decrease in thermal conductivity
(Table 1).

Figure 8 further quantifies the thermal inhomogeneity in the structures by assessing
the standard deviation difference between the temperature in GBs and inside grains (∆σ). It
is seen that, due to significant phonon scattering at the GBs, M3_S5_noR demonstrates the
highest ∆σ values (~1.8 K). In contrast, some relaxed samples (e.g., M1_S3_R and M2_S3_R)
exhibit much smaller ∆σ (~0.25–0.45 K), suggesting that the formation of GB segregations
and clusters during material relaxation can effectively mitigate the GB-induced scattering.
However, the results also demonstrate a strong dependence on composition.

This reduction in ∆σ—particularly pronounced in systems like M3_S5_R—indicates a
significant mitigation of phonon scattering at GBs. To understand the underlying mecha-
nisms, we analyzed the structural and chemical characteristics of Σ3 and Σ5 GBs. Using
Voronoi tessellation, we calculated the average excess volume per atom at the interfaces,
finding ~0.8 Å3/atom for Σ5 GBs versus ~0.3 Å3/atom for Σ3, consistent with their higher
intrinsic energies (~1.61 J/m2 vs. ~0.43 J/m2) [52]. This larger free volume in Σ5 boundaries
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provides preferential sites for oversized atoms such as Hf (covalent radius: 212 pm) and Zr
(186 pm) to segregate. Radial distribution function (RDF) analysis near GB cores reveals
that Hf concentration increases by ~35–40% after relaxation in Σ5 models compared to only
~15–20% in Σ3. This pronounced segregation lowers interfacial energy and stabilizes the
boundary structure, weakening its efficiency as a phonon scatterer—a process analogous to
“defect healing”.

Figure 8. Difference in temperature fluctuation in GB areas and inside grains (∆σ = σ_GB − σ_Grain)
for the considered defect structures.

Concurrently, depletion of Hf and Zr from the grain interior promotes coarsening
of intragranular Ta/Hf-rich clusters in M3, thereby reducing the total area of coherent
phase boundaries that act as secondary scattering centers. As a result, the net increase
in thermal conductivity observed in M3_S5_R (from 4.59 to 4.93 W/m·K) does not stem
solely from reduced scattering intensity but rather from a microstructurally driven redis-
tribution and consolidation of scattering sites—a phenomenon conceptually analogous to
precipitate coarsening or dislocation starvation in mechanical strengthening mechanisms.
This finding highlights a non-trivial design principle: controlled segregation can enhance
phonon transport by minimizing the density of active scattering interfaces, even in defective
polycrystalline materials.

Next, to understand the effect of GB on heat flow, the temperature profile along the
y-axis is analyzed for selected samples after simulation for 2 ps, 5 ps, 10 ps, and 20 ps
(Figure 9a–d). Each profile represents a set of averaged temperatures for 50 slices of the
sample along the y-axis.

At an early stage (Figure 9a), heat diffusion is still limited, and temperature gradients
are mainly localized near the hot and cold blocks. After 2 ps, a small disturbance is observed
in samples with GBs, especially in M1_S5_noR and M1_S3_R, since the boundaries act as
phonon scattering centers. It is also noticeable that the profile in the GB region for M1_S5_R
is smoother than that for the corresponding non-relaxed material. By 5 ps (Figure 9b),
the temperature oscillation between the blocks in the samples subjected to the MC/MD
relaxation indicates a positive effect of GB segregation on the heat flux. It is also noticeable
that the profiles are slightly asymmetrical due to a decrease in thermal diffusion on the hot
block side, apparently caused by atomic vibrations and/or local differences in composition
after relaxation of the materials. In another 5 ps (Figure 9c), most samples exhibit a nearly
linear or smoothly curved profile line; however, the temperature plateau still remains in
between the hot and cold blocks. At 20 ps (Figure 9d), all the temperature profiles have
smooth, quasi-parabolic shapes, typical for near-steady-state heat flow. Further analysis
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confirms that, beyond 20 ps, the spatial temperature distributions for the considered
structures remain unchanged.

Figure 9. Temperature profiles for selected structures after modeling of the heat transfer within
(a) 2 ps, (b) 5 ps, (c) 10 ps, and (d) 20 ps. The length of the sample along the y-axis is conditionally
divided into 50 segments of 9 Å thickness, the positions of which are shown on the abscissa by
corresponding numbers. Positions of GBs located between the hot and cold blocks are shown by
circles and arrows.

It is important to mention that temperature profiles at 10 ps still display some curvature
in all systems, including those without grain boundaries. However, by 20 ps, all the curves
become nearly linear, regardless of GB presence or relaxation state. This suggests that the
influence of GBs and coherent clusters on heat flow is largely transient and diminishes over
time when the system approaches the steady state. We assume that, although GBs initially
impede the flow of phonons due to local lattice mismatch and scattering of vibrational
modes, ongoing interactions between phonons allow equilibrium to be achieved throughout
the entire region, effectively smoothing out spatial disturbances within 20 ps of the heat
transfer modelling [56,57].

The combination of statistical data on the non-uniform distribution of heat across the
structure (Figures 6–8) and the dynamics of the temperature profile over time (Figure 9)
provides a comprehensive understanding of the heat transfer mechanisms in RHEAs and
highlights the importance of assessing thermal diffusion in alloys with defects and local
chemical heterogeneity.

Our predicted thermal conductivity values (3.5–4.9 W/m·K at 300 K) are indeed lower
than those of pure refractory metals (e.g., Ta: ~57 W/m·K, Nb: ~54 W/m·K) but align well
with reported data for complex solid solution and HEAs. For example, Zhang et al. [36]
reported κ ≈ 2.5 W/m·K for NbMoTaW using machine-learning potentials, while Lu
et al. [38] found ~5.3 W/m·K for AlCoCrNiFe. The suppression arises primarily from mass
and strain fluctuations inherent to multicomponent lattices. Additionally, finite-size effects
in MD simulations may slightly reduce κ due to artificial phonon confinement, though our
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system size (~44 nm) minimizes this. Overall, the absolute values are consistent with the
expected trend for disordered bcc alloys, and the relative trends across compositions and
microstructures remain robust and physically meaningful.

5. Conclusions
In the current study, the effects of chemical composition, GB type, and atomic distribu-

tion on thermal conductivity in Hf–Nb–Ta–Zr RHEAs were analyzed based on atomistic
simulation. Three compositions, namely, M1 (HfNbTaZr), M2 (Hf10Nb40Ta10Zr40), and M3
(Hf40Nb10Ta40Zr10), were examined for single-crystalline and two bicrystalline models con-
taining either Σ3 GBs (S3) or Σ5 GBs (S5). The atomic distribution effect was examined for
the structures subjected to the MC/MD relaxation in comparison with the corresponding
non-relaxed samples.

Structural analysis revealed that, during the MC/MD relaxation, the formation of
coherent clusters and GB segregations take place. As a result of SRO, the NbTa clusters in
M1, Nb or Zr conglomerates in M2, and areas enriched with Hf or Ta atoms in M3 were
observed in the relaxed materials. For all the compositions, the segregation of Hf and Zr to
GBs is observed in the defected samples (S2 and S3).

Both SRO and GB segregation significantly affect the phonon scattering and local
thermal fluctuation. Analysis of thermal fluctuations inside the structures shows that GBs
serve as scattering centers for phonon motion. However, phonon scattering at interfaces is
transient and decreases with time under steady-state conditions.

In materials without GBs, due to the increased atomic disorder arising at the coherent
boundaries between clusters and the matrix, the thermal conductivity of the materials
decreases after MC/MD relaxation. However, in some samples with GBs, the segregation
of Hf and Zr at the GBs and the decrease in the density of boundaries inside the grains due
to the formation of relatively large clusters can promote phonon motion and increase the
thermal conductivity compared to the corresponding non-relaxed materials.

These results highlight the important role of microstructural design considering
both SRO and lattice defects for tailoring thermal transport in RHEAs used for high-
temperature applications.
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