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Check for
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In the work, simulations using Monte Carlo (MC) and molecular dynamics (MD) methods are
carried out to investigate the Nb—Ta—Hf-Zr system refractory high-entropy alloys (HEAs). In
particular, the effects of chemical composition and grain boundary (GB) network on
short-range ordering (SRO) during combined MC/MD modeling of relaxation mimicking
diffusion process are investigated on single-crystalline and nanocrystalline (NC) HEAs. In
addition, using MD modeling, the influence of SRO on the mechanical behavior of NC HEAs
(NbTa)Sofo25*Zr25, (NbTa)gofo5er5, (NbTa)SQ*Hf45*ZI'5, and (NbTa)507HfoZr45 Subjected
to the high-temperature (1000 K) uniaxial tensile loading is studied in comparison with
corresponding alloys without preliminary MC/MD relaxation. It is revealed that the level of
SRO of certain elements is dictated by their content in a material; the lower the number of
atoms forming ordered clusters, the higher the tendency to form such clusters. Along with some
nano-conglomerates formed by solely Nb, Ta, Hf, and Zr atoms, the MC/MD relaxation results
in SRO of Zr with Hf and Nb with Ta in coherent nanoclusters having the B2 lattice. The
presence of a dense GB network can significantly affect the SRO process; Zr, Nb, and Hf
segregate to GBs, but they are depleted of Ta atoms. Such distribution of atoms in NC samples
is mainly dictated by the difference in atomic sizes and chemical affinity between constituent
elements. Results of MD modeling of tensile deformation for the relaxed and non-relaxed NC
HEAs show that SRO strengthens the alloys, increasing the yield strength, especially in
equiatomic alloy and in (NbTa)sq—Hf4s—Zrs. This is explained by both the formation of GB
segregations and the enrichment of grains by Ta atoms, enhancing the body-centered cubic
structure stability and, therefore, inhibiting preliminary phase transition and dislocation
nucleation. Meanwhile, coherent B2 particles of NbTa can lead to additional strengthening of
the HEAs through the load transfer mechanism. The work sheds light on the high-temperature
mechanical behavior of Nb-Ti-Hf-Zr-based HEAs and can be used as a guide in the
development of advanced HEAs for high-performance applications.
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I. INTRODUCTION

HiGH-ENTROPY alloys (HEAs), unlike conven-
tional alloys composed of a single principal element,!"*
represent an innovative class of multi-principal element
materials that typically consist of four or more elements,
either in equal or relatively large fractions. Comprising
multiple principal elements, HEAs stabilize into
face-centered cubic (fcc) or body-centered cubic (bec)
solid solutions and are commonly based on quaternary
or quinary alloy systems.”*¥ Recently, these materials
have garnered significant research interest due to their
superior properties, which often surpass those of tradi-
tional alloys. In particular, HEAs have demonstrated
outstanding mechamcal gropertles along with exceP
tional corrosion,' wear,! radiation,””! and oxidation
resistance. These attributes make them highly promising
for applications in both functional and structural
materials. Refractory high-entropy alloys (RHEAs), a
prominent class of HEA systems, are primarily com-
posed of refractory elements including Nb, V, Zr, Ta,
Hf, Mo, and W. Their remarkable resistance to soften-
ing and exceptionally high melting points render them as
ideal candidates for high-temperature applications such
as gas turbine blades, nuclear power stations, and
aerospace.p’1

Compared to conventional bcc alloys, fcc alloys
generally exhibit better ductility owing to multiple
dislocation slip systems. However, several studies have
reported that at very low temperatures, such as cryo-
genic conditions, bcc-structured RHEAs can demon-
strate enhanced fracture resistance.'¥) Among various
bee alloys, in particular, TiZrHfTa-based alloys have
received great attention owing to their excellent mechan-
ical propertles and unique balance between strength and
ductility,"*'®! outperforming the existing HEAs. Such
alloy systems have demonstrated superior corrosion
resistance.!'”! biocompatibility,"'® and hydrogen storage
capabilities.!'”?% These characteristics make such alloys
highly suitable for structural applications across the
biomedical, aerospace, automotive, and energy indus-
tries. Among many, the equiatomic HINbTaTiZr alloy,
also known as the Senkov alloy, has been one of the
most investigated examples.?*!

Generally, the HEAs are assumed to exhibit a random
elemental distribution to maximize their configurational
entropy,”” which is their signature effect. The high
configurational entropy promotes the formation of a
stable single solid solution without chemical segregation
and the formation of intermetallic compounds. How-
ever, recent studiesi”>?* indicate that this assumption
does not always hold and provide strong evidence of
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chemical short-range ordering (SRO) in HEAs. This
local ordering influences the nucleation and mobility of
dislocations, thereby significantly altering the mechan-
ical properties of the alloys.®”) Also, the grain
boundary (GB) segregation and formation of inter-
metallic phases through local ordering are believed to
significantly influence the deformation mechanisms of
HEAs. Chemical ordering can result in reduced stacking
fault energy (SFE), which in turn can induce twinning
and phase transformation resulting in additional hard-
ening.®” Ma er al.®*" believed that lattice distortion and
chemical SRO contribute to the unconventional behav-
ior of dislocation slip in HEAs. Chen er al.”? proposed
that SRO in CoCuFeNiPd influenced phase stability,
and the interplay between phase tendencies and other
material properties contributed to the enhanced stren%th
and toughness of the alloy. Reportedly, Jian et all**
argued that the atomic clusters result in enhanced
nucleation strain of Shockley incomplete dislocation,
thereby increasing the yield strength of the material. In
short, SRO is widely regarded as a fundamental
characteristic of HEAs, and optimizing chemical SRO
in multi-principal element systems is crucial for achiev-
ing ideal mechanical properties. However, it is noted
that the studies on SRO have predominantly focused on
equiatomic compositions CrFeCoNiPd,*®! FeCoNi-
CuPb,?%32 NbMoTaW,B** and ZrNbHfTa,*” leaving
its effects in non-equiatomic HEAs relatively
unexplored.

Atomistic simulation methods have gained wide
popularity in investigating the deformation evolution
in alloys. To better understand the deformation mech-
anisms in HEAs, numerous molecular dynamics (MD)
studies have been conducted, focusing on aspects such
as SFE,’%37 compositional effects,*® mechanical prop-
erties,??4% defect interactions,*!! and phase transfor-
mations.*?) Using MD simulations, Liu er al*
conducted indentation studies on bcc HEAs, including
a non-equiatomic Hf-Ta-Ti—Zr. They reported the
phase transformation from bcc to hexagonal close-
packed (hcp) as the primary mechanism of plastic
deformation. Theoretical studies have predicted that
such phase transformations play a crucial role in
TiZrNbHfTa-based alloys. HEAs."¥ Chen er al™
investigated equiatomic HfNbTaZr alloys, which are
compositionally similar to the Senkov alloy but lack the
Ti component. Their study highlights the significance of
incorporating short-range order in understanding the
material’s behavior. Liu et al.*® conducted a study on a
TaTiZrV alloy using a relatively small sample of fewer
than one million atoms, with a focus on the initial stages
of plastic deformation and dislocation nucleation.

Since the chemical SRO occurs at the atomic scale,
MD simulations in combination with Monte Carlo
(MC) technique!*’ % provide an effective means to
characterize SRO in HEAs and unveil its correlation
with mechanical properties. Recently, numerous studies
have integrated MD and MC simulations to investigate
the evolution of chemical SRO and its influence on
deformation mechanisms at the atomic scale in mul-
ti-principal element alloys.?**>°"! In other investiga-
tions, using the method, it was revealed that for the
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nanocrystalline (NC) alloys, SRO could suppress the
inverse Hall-Petch effect,[szl alter SFE,[53] and help
explain the simultaneous enhancement of strength and
ductility.?” Recent investigations indicate that there
exists a strong interaction between GBs and SRO in
polycrystalline HEAs, with GB segregation playing a
crucial role in determining the degree of SRO within the
crystal.’>3* Li et al® recently conducted a theoretical
study on polycrystalline NbMoTaW-based HEAs, iden-
tifying both GB segregation and SRO within the crystal
structure. Mantha er al.’* experimentally investigated
polycrystalline CoCuFeMnNi HEAs and observed Mn
and Ni segregation at GBs, along with the formation of
B2-ordered structures within the crystals. GB segrega-
tion, the accumulation of solute atoms at GBs, is an
effective mechanism for inhibiting grain growth in
polycrystalline materials.’®>”) Additionally, the segre-
gation can alter elemental distribution within the grain
interior, thereby affecting the formation of SRO struc-
tures.> The complex interplay between GB segregation
and SRO remains still unclear, which hinders the
rational design of HEAs.

This research aims to systematically investigate the
effects of chemical composition and GB networks on
SRO in NbTaHfZr HEAs using combined MC and MD
simulations. The study focuses on the effects of chemical
composition on SRO during material relaxation by
employing MC/MD modeling on single-crystal samples
to explore the effect of different elemental combinations
on atomic clustering and local chemical ordering.
Additionally, this study examines the impact of GB
networks on SRO in NC HEAs by analyzing the
influence of GBs on SRO and lattice stability across
four different compositions. Furthermore, it investigates
the effects of SRO on the high-temperature tensile
deformation behavior of these four NC alloys by
comparing corresponding results for relaxed and non-re-
laxed materials. This paper is organized as follows.
Section II presents the description of the alloy compo-
sitions of single-crystal and NC HEAs, along with the
details of the MD/MC simulations. Section III presents
the findings on SRO in single-crystal and NC alloys, in
addition to the deformation behavior of NC alloys,
followed by discussions presented in Section IV. Finally,
the conclusions are drawn in Section V.

II. SIMULATION MODEL AND METHOD

A. Computational Cells and Alloy Compositions

To study SRO in HEAs, two different computational
cells of cubic shape are considered, namely, the sin-
gle-crystal model (Figure 1) and the polycrystalline
sample with nano-sized grains (Figure 2). The Sin-
gle-crystal computational cell of HEAs (NbTa),—
Hf ~Zr. (x = 100-y—z) consists of ~ 14,000 atoms. In
this case, the composition of Hf and Zr (y and z,
respectively) in considered alloys can vary from 5 to 45
at. pct, while the composition of NbTa changes from 50
to 90 at. pct (i.e., from 25 and 45 at. pct for each element
type) with the composition step of 5 at. pct. Note that



the proportion of Nb and Ta in alloys is always kept
fixed at 1:1. Thus, a total of 45 different alloy compo-
sitions are considered. These sinéle-crystal alloys are
generated using Atomsk software.”®

As the relaxation process, discussed in the subsequent
section, in the case of the NC sample consisting
of ~ 102,000 atoms, is computationally expensive, only
four different compositions are considered. One of them
is equiatomic, while the other three with extreme
compositions, namely (NbTa)sg—Hfs—Zrys,
(NbTa)sg—Hf4s—Zrs, and (NbTa)gy—Hfs—Zrs. The poly-
crystalline samples are constructed using the Voronoi
procedure implemented in the Atomsk software. The
samples have dimensions of 13 x 13 x 13 nm®.

B. Simulation Setup

For the investigation purpose, at the initial state,
constituent atoms were distributed randomly inside the
HEAs. To obtain a more realistic steady state that takes
diffusion into account and possible SRO, combined
MC/MD simulations were performed. SRO is studied
for both single-crystal and NC samples described earlier,
while its effect on the deformation behavior during
high-temperature tensile loading is considered only for
the selected four different NC HEAs. Interatomic forces
in the considered materials are described by the modified
embegged atom method potential developed by Huang
et al.

The MC/MD simulation of material relaxation
includes simultaneous atomic swapping based on the
MC approach and the MD thermalization at 1000 K by
integrating the classical equations of motion. Before
such relaxation, the material systems under investigation
are subjected to energy minimization using the conju-
gate gradient method and further equilibrated within
50 ps, keeping all the pressure components at 0 Pa and
the temperature at 1000 K by using the isothermal-iso-
baric (NPT) ensemble. In the study, the simulation
timestep is set to 1fs, and the periodic boundary
conditions are imposed along the orthogonal x, y, and
z axes. Swapping of one atom type with an atom of
another type is realized using the widely accepted MC
procedure that follows the Metropolis acceptance crite-
rion,*”) which determines the probability of atom
exchange at a given temperature. As per this approach,
the MC swap takes place if the alloy energy F after the
(i + 1)th atom exchange is lower than the energy at the
previous attempt i. On the contrary, the swap is
accepted with a probability defined as follows:

P = exp(—(E(i+ 1) — E(i)) /kT),

where 7 is the given temperature and & is the Boltzmann
constant. Within one timestep, only one swap is realized,
and the kinetic energy is kept unchanged before and
after such an atom exchange.

For single-crystal samples, the MC/MD simulations
are performed within 80 relaxation cycles. Each cycle
includes 12,000 MC swaps followed by MD equilibra-
tion within 5000 fs. A total of 960,000 swaps are
performed for each composition. Same as for the

single-crystal case, for the NC samples, the MC/MD
simulations are performed at 1000 K but only for 100
relaxation cycles, as the larger sample requires more
atomic swaps to reach the steady state condition
(Figure 3). For each NC alloy, 1,200,000 swaps are
performed during the relaxation procedure. It is noted
that the relaxation process was considered converged
once the change in potential energy per atom between
successive MC/MD cycles dropped below ~ 1 x 10
3 eV/atom.

The chemical affinity between a pair of atoms of the
HEAs subjected to the MC/MD relaxation through
atomic swapping is assessed by calculating the War-
ren—Cowley (WC) parameter as follows:

WC parameter = | — Zyn/ (40 Zm),

where y, is the atomic fraction of n atoms in the alloy,
Z.n 1s the number of # atoms at the first neighbor shell
of m atoms, and Z,, is the total number of atoms at the
first neighbor shell of m atoms.*” When the WC
parameter is 0, the m and »n atoms are distributed
randomly; if this value is positive, they tend to be far
from each other. On the contrary, when the WC
parameter is negative, the formation of clusters or
compounds of m and n atoms with chemical bonds
between them is more likely.

Tensile deformation tests of the NC HEAs without a
preliminary MC/MD relaxation procedure, when the
constituent atoms are distributed randomly within the
structure, and after the hybrid MC/MD simulation
described earlier, are conducted at 1000 K up to a strain
of 20 pct. The samples are subjected to uniaxial loading
along the x-axis (see Figure 2) in the NPT ensemble with
a strain rate of 5 x 10” s™'. Periodic boundary condi-
tions are imposed along the x, y, and z axes. Both the
MC and MD simulations are conducted using the
large-scale atomic/molecular massively parallel simula-
tor (LAMMPS).®!) The atomic structure visualization
and its analysis are performed with the help of the
OVITO software.*%

III. RESULTS
A. SRO in the Single-Crystalline and NC Samples

The calculation of WC parameters for different pairs
of elements in the alloy is an effective method to
quantify the SRO because the values obtained directly
correlate with the atomic order of the considered
structure. Figure 4 presents the WC parameter ternary
diagrams for single-crystal alloys, the simulated com-
positions highlighted by black dots, demonstrating that
during the relaxation of the single-crystal models
through the MC/MD simulation, elements of the atomic
pairs Zr—Ta, Zr-Nb, Ta—Hf, Nb-Hf do not tend to form
chemical bonds with each other (two upper rows), while
atoms of Ta and Nb demonstrate relatively high
tendency for bonding with the atoms of same element
type forming corresponding clusters (lower row). The
former case is characterized by positive WC parameters
(red color in Figure 4), while in the latter one, the WC
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Fig. 1—Typical initial atomic structure of single-crystal HEA (example is given for (NbTa)sp—Zr,s—Hf,s) with atoms of different types randomly
distributed in it (on the left). The common neighbor analysis (CNA) of the corresponding alloy, where atoms colored in blue form a bcc

structure (on the right) (Color figure online).

before MC/MD relaxation

after MC/MD relaxation

Fig. 2—Atomic structure of NC HEA (NbTa)so—Hf,s—Zr,s before and after the MC/MD relaxation. For the CNA structure (on the right), blue
atoms correspond to the initial bce structure, and gray atoms correspond to the disordered areas, mainly GBs.

parameters are negative (blue color in Figure 4). For the
mentioned atomic pairs, the change in alloy composition
affects the WC parameter insignificantly.

At the same time, for the other atomic pairs, including
Zr—Zr, Hf-Hf, Zr—Hf, and Nb-Ta, the composition
significantly affects the ability for clustering of the
corresponding atoms [Figure 5(a)]. It is observed that
the elements in the pairs Zr—Zr, Hf-Hf, and Zr—Hf tend
to form chemical bonds with each other at higher
content of Nb and Ta in the alloys. At the same time, at
a lower content of the latter elements, the WC param-
eter for these pairs increases, indicating a reduced ability
to form clusters. It is also evident from Figure 5(b) that
clusters of the ordered NbTa structure are more readily
formed as the content of Nb and Ta atoms in the HEAs
decreases.

Figure 6 shows WC parameter diagrams obtained
after the MC/MD relaxation procedure for the atomic
pairs of the four NC alloys (Figure 2), namely
(NbTa)so-Hfs5-Zras, (NbTa)so-HfsZrys,
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(NbTa)gg—Hfs—Zrs, and (NbTa)so—Hfss—Zrs and com-
pares the values for corresponding single-crystal alloys
(Figure 1). Note that in the case of polycrystals, the WC
parameters are calculated only for the areas inside
grains and do not consider GB regions. It is observed
that the WC parameters for some atomic pairs differ
significantly between the single-crystal and NC samples.
In particular, it is evident for the atomic pairs Zr—Zr,
Nb-Nb, Ta-Ta, Nb-Ta, and Hf-Hf that the values
become more negative for samples having a GB net-
work. A similar trend is observed for the pair Ta—Hf, for
which the WC parameter decreases but remains positive.
Such a difference is due to the presence of GBs in the
NC materials.

To understand the effect of the GB network on SRO,
further, the change in composition inside grains and in
GB areas is analyzed for the four NC alloys during their
MC/MD relaxation. Figure 7 demonstrates the varia-
tion in concentration of the constituent elements of these
HEAs with relaxation cycles. The relaxation process was
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Fig. 3—Decrease in the average potential energy per atom with cycles of the MC/MD relaxation for (@) three different examples of single-crystal

HEASs and (b) four NC materials.

considered to be converged once the change in compo-
sition between the last few steps drops below 0.1 pct for
each element. In the equiatomic alloy [Figure 7(a)], with
an increase in the number of MC/MD cycles, the
content of Ta increases significantly up to 33 at. pct
inside the grains while decreasing to 12.5 at. pct in the
GB regions. On the contrary, the content of Nb, Hf, and
especially Zr, gradually increases in GBs and decreases
inside grains. The same trend for the elements can be
seen for the other three considered alloys; however, the
change in composition before and after the relaxation is
not as pronounced as for the equiatomic sample [see
Figures 7(b) through (d)]. It can be concluded that the
relaxation process leads to the depletion of the GBs in
the NC alloys, especially (NbTa)sq—Hf>5—Zr,5, with the
Ta atoms, while some GB segregation of Zr, Nb, and Hf
atoms takes place.

B. Deformation Behavior of NC Alloys

Further, the tensile deformation behavior of the
polycrystalline materials is studied before and after
their MC/MD relaxation under high-temperature con-
ditions. As evident from the stress—strain curves plotted
in Figure 8, for all the considered alloy compositions,
the yield strength for the relaxed alloys is observed to be
much higher than that obtained for the corresponding
materials before the MC/MD atom swapping process.
Especially, it is evident for the equiatomic composition
and (NbTa)so—Hfs4s—Zrs, where the content of Hf is
relatively higher [Figures 8(a) and (c)]. However, unlike
the other compositions, with further deformation of
(NbTa)sq—Hf4s—Zrs, the stresses are observed to be
higher in the non-relaxed material state.

Table I presents the tensile test results, namely lists the
yield strength and corresponding yield strain for the NC
alloys before and after the MC/MD relaxation. As
observed, within the HEAs, (NbTa)gg—Hfs—Zrs

subjected to the MC/MD relaxation demonstrates the
highest strength, while (NbTa)so—Hf4s—Zrs without pre-
liminary relaxation shows the lowest yield strength.
Strain hardening reflects the ability of a material to
strengthen in response to plastic deformation when it is
strained beyond the yield point. In Figure 9, the
dependence of strain hardening rate on tensile strain is
presented for the HEAs. Here, the strengthening of the
material is observed in the regions, where the curves are
above the blue dashed lines corresponding to the strain
hardening rate of 0 GPa, but without considering the
first sharp decrease from positive values. It can be seen
that the hardening rate of (NbTa)so—Hfss—Zrs without
preliminary MC/MD relaxation (black line) is found to
be the highest among all considered material systems; it
reaches 46.16 GPa (Figure 9). However, after the MC/
MD atomic swapping, it decreases significantly, and the
strengthening starts only around &,, = 0.07. Similar
behavior is also observed for the equiatomic alloy;
however, the strain hardening rate in the case of the
non-relaxed alloy does not reach such a high value
(15.64 GPa over 46.16 GPa). As for (NbTa)gg—Hfs—Zrs,
unlike the non-relaxed material, the strengthening of the
alloy after the MC/MD relaxation can hardly be
observed. It is noted that (NbTa)sq—Hfs—Zrys is the only
composition where the strain hardening rate of the
ordered alloy is slightly higher than that of the corre-
sponding alloy without the MC/MD relaxation. At
& = 0.12, it reaches 19.44 GPa, but the hardening here
occurs only over a relatively short strain interval.

IV. DISCUSSION

A. Effect of GBs on SRO Process

Figure 6 demonstrates that the WC parameters of the
Nb-Ta pair for the alloys (NbTa)sy—Hf>s—Zr,s and
(NbTa)gg—Hfs—Zrs differ significantly; at a lower content
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Fig. 4—WC parameter ternary diagrams for different atomic pairs after the MC/MD relaxation procedure of the single-crystal HEAs, depending
on the alloy composition (Color figure online).
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Fig. 5—(a) WC parameter ternary diagrams for Zr—Zr, Hf-Hf, Zr-Hf, and Nb-Ta atomic pairs after the MC/MD relaxation procedure of the
single-crystal HEAs; and (b) Atomic distribution for Nb (blue color) and Ta (yellow color) in HEAs NbTasoHf>sZr,s and NbTag HfsZrs after
the MC/MD relaxation. In (b), the Hf and Zr atoms are removed for better visualization of SRO areas (Color figure online).
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of Nb and Ta, the WC parameter decreases. This finding
is in agreement with the conclusions reported by Jarlov
et al!%), where the authors claimed that the tendency to
form ordered clusters increases with the decrease in the
content of elements forming such clusters. The results
show that Nb and Ta, as well as Zr and Hf atoms, tend
to form ordered clusters with a B2 superstructure.
Radial distribution functions (RDFs) for the atomic
pairs Nb-Ta and Zr—Hf in the relaxed single-crystal
HEAs (NbTa)gofog*er and (NbTa)S()*Hf25*ZI'25 are
compared with those for NbTa and ZrHf with B2
structure (Figure 10). Despite the higher content of Nb
and Ta in HEA (NbTa)y-Hfs—Zrs, the intensity of the
peak at position r = 5.6 A associated with the presence
of the B2 lattice is lower than that of the equiatomic
alloy. This corroborates the fact that with a decrease in
the content of the clustering element, its tendency to
form corresponding ordered structures increases.

Thus, the GB network significantly affects the distri-
bution of the elements in the alloys, and as a result, the
chemical composition within the structure also gets
altered. The chemical composition analysis shows that
during the MC/MD atomic swapping, the atoms of Zr,
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Nb, and Hf segregate at GBs, while Ta prefers to remain
within the grains. In fact, the atomic radius of Hf is the
biggest within the alloy’s constituent elements, and to
decrease lattice distortion caused by such big atoms,
they tend to occupy positions at GB regions having free
volume. At the same time, the chemical affinity of Ta to
other elements, especially to Hf and Zr, is very low,
whereas Hf and Zr easily form chemical bonds with each
other (Figure 6). This leads to the depletion of GBs with
Ta atoms and their enrichment with the other elements
(Figure 7).

Enrichment of grains with Ta atoms results in an
increased WC parameter for the Nb—Ta atomic pair
compared to the single-crystal alloys, while for the
Nb-Nb, Zr-Zr, and Hf-Hf atomic pairs, the situation is
opposite (Figure 6). Within the NC alloys, the WC
parameters of Nb—Ta and Zr—Hf are more negative in
the case of HEAs (NbTa)sg—Hfs—Zr4s (— 0.11036) and
(NbTa)gg—Hfs—Zrs (— 3.4720), respectively. Due to a
decrease in Zr and Hf content inside grains of
(NbTa)gg—Hfs—Zrs upon the MC/MD relaxation, the
chemical affinity between them becomes slightly higher
compared to that of the single-crystal sample.
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B. Chemical Composition Effect on Deformation
Behavior

As can be seen from snippets of deformed structures
of the NC HEAs (Figure 11) and phase evolution
analysis (Figure 12), the materials with higher content of
Hf, namely (NbTa)s—Hf>5-Zr>s and
(NbTa)sq—Hfss—Zrs, undergo bec-to-hep phase transfor-
mation during tension at 1000 K, and one can conclude
that the stress-induced phase transition is the main
deformation mechanism for them. For these two HEAs,
as well as for (NbTa)yy—Hfs—Zrs, especially for the
ordered one, the areas of fcc phase can also be detected.

According to the phase evolution analysis, for the
relaxed (NbTa)so—Hf4s—Zr5 alloy, the bee-to-fee and hep
phase transition starts at &, =~ 0.015, while for the
corresponding non-relaxed alloy and the equiatomic one
subjected to the MC/MD atomic swapping, it happens
only at ¢, ~ 0.04. The addition of Hf decreases the
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stability of the bcc structure in multi-component alloys,
which was also reported earlier.*%®* This can explain
the reduced yield strength for these alloys compared to
the other studied NC materials (Table I). However, in
the case of the equiatomic alloy with an ordered
structure, the phase transformation can hardly be
observed (Figures 11 and 12). The change of alloy
composition inside grains retards the phase transition
process; the amount of Hf inside grains decreases, while
the content of Ta increases significantly (Figure 7). It is
known that such elements as Nb and Ta are good bcc
structure stabilizers.!**%” During tension, the fraction of
disordered structure gradually increases for all the
compositions; however, for (NbTa)sq—Hfss5—Zrs, where
the accommodation process occurs through a phase
transition, it is not so obvious. The deformation process
in the other materials considered is primarily associated



with the dislocation sliding and accompanied by the
twins and shear band formation (Figure 11).

Figure 13 shows the results of the dislocation struc-
ture evolution analysis. The total dislocation length for
the HEA (NbTa)sq—Hf4s—Zrs, regardless of whether
there is preliminary relaxation through the MC/MD
atomic swapping, increases with loading. In general, the
phase transition in the HEAs is accompanied by the
formation of dislocations, preferably 1/6<112> Shock-
ley partials and the 1/3<100> Hirth dislocations in the
fcc phase and 1/3<1-100> dislocations in the hcp
structure. The slope of the curves indicates that the
accumulation of dislocations in the non-relaxed alloy
happens faster and at a lower deformation level. This is
the reason for the high strain hardening rate compared
to that of the alloy with the ordered structure and
having a much higher yield strength value (Figure 9). It
should be noted that boundaries between newly formed
phase domains serve as dislocation nucleation sites,
thereby promoting stacking fault formation. However,
in the non-relaxed sample, by ~ 10 pct deformation, the
accumulation of a high defect density hinders further
dislocation generation (Figure 13), leading to a satura-
tion of the flow stress.

In the case of the equiatomic composition, noticeable
accumulation of dislocations occurs only for the alloy
without the MC/MD relaxation. The results prove that
SRO in the material slows down the dislocation gener-
ation and, as a result, decreases the strain hardening
rate.

As for the other materials with a lower content of Hf,
the increase of dislocation density can hardly be seen in
Figure 13. Even though the total dislocation length for
them almost does not change with tensile loading, some
segments of the 1/2(111) perfect screw dislocations can
be found in the deformed structures. It is believed that
the stacking faults and deformation twins in bce alloys
form as a result of the sliding of 1/3(111), 1/6(111), and
1/12(111) partial dislocations, which can be produced
from the 1/2(111) perfect dislocations.!*"!

In the relaxed Hf-rich alloy, the continuous stress-in-
duced phase transition suppresses dislocation genera-
tion, which in turn reduces strain hardening. For alloys
with lower Hf content, the MC/MD relaxation alters the
grain interior composition and inhibits the bce-to-hep
phase transition. Because dislocation activity in the
stable bcc phase is restricted by the limited number of
available slip systems, strain hardening becomes less
pronounced in these materials (Figure 8). It is known
that the chemical heterogeneity of HEAs can decrease
local SFE and, as a result, lead to reduced yield
strength.**¢1 As was mentioned earlier, Nb and Ta
are great bcc structure stabilizers, and obviously, the
high content of these elements leads to increased SFE
and enhanced yield strength (Table I).

C. Contribution of B2 Clusters to Material Strengthening

Along with coherent B2 compounds of NbTa and
ZrHf, after the MC/MD relaxation process, some
nano-sized bcc conglomerates consisting solely of Zr,
Nb, Ta, or Hf atoms can be found in the considered
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Fig. 9—Strain hardening rate as a function of strain (Color figure online).
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Fig. 10—RDFs for the Nb-Ta (on the left) and Zr—Hf (on the right) atomic pairs in HEAs having atoms distributed randomly within their
structure in comparison with RDFs of NbTa and ZrHf compounds with B2 superstructure.
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Fig. 11—Atomic structure colored based on CNA (on the right) and the corresponding von Mises shear strain distribution (on the left) of the
HEAs after ¢, = 0.2 tensile deformation. For the CNA structures, blue and green atoms correspond to the bcc and fec phases, respectively.
The hep structure is shown by red atoms, while gray atoms correspond to the disordered GB areas and other lattice defects (Color figure online).

alloys. The calculated lattice parameters at 1000 K for
the ZrHf and NbTa B2 compounds are 3.570 A and
3.352 A, respectively, while for the bce equiatomic HEA
with randomly distributed atoms, it is equal to 3.487 A.
Unlike NbTa, the B2 lattice of ZrHf, as well as bcc
regions enriched with Zr or Hf, are not stable during
deformation and transform easily to fcc and hep phases.

Taking into account the chemical compositions of the
alloys considered, most likely that the fraction of
ZrHf-ordered particles in the materials will not be high,
and, in addition, such clusters are not stable and
undergo phase transition at early stages of deformation.

This means that they are not able to enhance the yield
strength. Therefore, further analysis is devoted to
understanding the effect of NbTa coherent nanoclusters
with a stable B2 structure on the deformation behavior
of the HEAs.

Further, the possible strengthening effect of coherent
NbTa particles was considered only for HEAs with
relatively stable bee structures during subsequent tensile
deformation. For this, the uniaxial tensile deformation
is conducted on single-crystalline (NbTa)gq—Hfs—Zr5 and
(NbTa)sg—Hfs—Zrys samples with the coherent NbTa
particle introduced into them (Figure 14). The
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Fig. 12—Change of phase fraction in the HEAs during tensile deformation.

dimensions of the samples are 21 x 14 x 14 nm?, while
the diameter of the spherical particle is set as 6 nm.
Note, atoms in the matrix surrounding the particles are
distributed randomly. The same tensile deformation
conditions, namely temperature, strain rate, loading
direction, and boundary conditions as in the case of the
NC alloy’s deformation, are used.

The results of atomic strain calculation before defor-
mation demonstrate that due to the lattice parameter
mismatch of NbTa and the (NbTa)so—Hfs—Zr,s matrix,
there are some elastic stresses at their interface. In the
second case, the material is strained uniformly, indicat-
ing that the lattice parameters of the matrix and the
particle are very close.

Upon tensile loading of the single-crystalline
(NbTa)sq—Hfs—Zr,s, the coherent NbTa particle endures
higher stresses than the alloy matrix. This reduces the
local internal stresses in the matrix, providing stress
transfer strengthening. This proves that the accumula-
tion of internal stresses in the coherent particle can
inhibit the preliminary stress relaxation in the matrix.
The positive influence of coherent B2 nanoparticles was
recently observed experimentally by Soni er al.®! They
found that B2 particles in the bcc refractory
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Aly sNbTaggTi; 5sVg,Zr HEA can provide high yield
strength. The mechanism of such strengthening was also
described using MD simulation in Reference 69. How-
ever, this phenomenon 1is not evident for the
(NbTa)g—Hfs—Zrs alloy (Figure 14). This can be
explained by the difference in the strength of the matrix
phase surrounding the coherent particles.

Table II lists the calculated elastic moduli of four
considered single-crystalline alloys with atoms dis-
tributed randomly within their structures. It is seen that
(NbTa)gg—Hfs—Zrs is characterized by a very high
Young’s modulus of 264952 GPa, while for
(NbTa)sg—Hfs—Zrys, it is lower (167.468 GPa). During
tension of the latter, the particles undergo higher stresses
compared to the surrounding matrix, strengthening the
material through the load transfer mechanism more
effectively than when we deal with a very strong
(NbTa)gofo5er5 alloy.

The alloy with a high content of Zr atoms demon-
strates that stress release occurs first through the fcc
phase formation and stacking faults nucleation at the
particle-matrix interface (Figure 14). It was also
reported earlier that areas enriched with Zr can promote
bee-to-fce  transition that, at the same time, is
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accompanied by partial dislocation nucleation.[®” This
can explain an increased strain hardening rate of the
corresponding relaxed NC material after &, = 0.10
compared to the non-relaxed (NbTa)sq—Hfs—Zrys
(Figure 9). Apparently, due to small lattice parameter

mismatch and the absence of Hf or Zr atoms, B2
particles of (NbTa)go—Hfs5—Zrs can restrain dislocation
generation at the interface and inside, leading to the
reduced strain hardening rate in (NbTa)gg—Hfs—Zrs
(Figure 9).

METALLURGICAL AND MATERIALS TRANSACTIONS A



Table II. Elastic Constants, Bulk Modulus B, Young’s Modulus E, and Poisson’s Ratio v

B, GPa C]], GPa C12, GPa C44, GPa E, GPa L
(NbTa)so—Hfr5—Zr»;5 113.928 219.285 61.778 81.18 192.127 0.217
(NbTa)gp—Hfs—Zrs 165.179 308.977 94.207 83.485 264.952 0.230
(NbTa)se—Hfs—Zrys 106.474 196.699 61.421 74.106 167.468 0.238
(NbTa)so—Hfys—Zrs 120.757 221.561 70.548 84.392 187.484 0.242

Interatomic potentials for complex multi-component
systems can overestimate or underestimate certain
material characteristics, such as mixing enthalpy. There-
fore, future work should compare these findings with
results obtained using other available machine-learn-
ing-based potentials. Nevertheless, the present analysis
provides meaningful insight into the influence of B2-type
coherent clusters on the high-temperature deformation
behavior of refractory HEAs.

It should be noted that the current study does not
directly consider the interaction of dislocations with
clusters and segregations. The Suzuki and Curtin models
provide valuable frameworks for understanding dislo-
cation—solute interactions and solution hardening in
BCC alloys.!”% 72 These approaches will be implemented
in our future work to complement the present SRO-
based analysis.

V. CONCLUSIONS

Combined MC/MD modeling is employed to inves-
tigate the effect of chemical composition on SRO in
HEAs of the (NbTa)-Hf-Zr system. In addition, the
effect of SRO on the tensile deformation behavior at
1000 K of four different NC HEAs of this system,
namely  (NbTa)sg—Hfy5—Zry5,  (NbTa)sg—Hfs—Zrys,
(NbTa)g()*Hfg*er, and (NbTa)5ofo45er5, is studied
in the work. It was revealed that by increasing the
content of elements forming ordered clusters during the
MC/MD relaxation process, which mimics diffusion, the
chemical affinity between these elements can be reduced,
thereby decreasing the tendency for clustering.

In general, elements of the atomic pairs Zr-Ta,
Zr—Nb, Ta—Hf, and Nb-Hf do not form chemical bonds
upon alloy relaxation and tend to be far from each
other, while the atoms of the same type, namely Zr—Zr,
Ta-Ta, Nb—Nb, and Hf-Hf, demonstrate the opposite
behavior. As a result of relaxation, the chemical affinity
between Zr and Hf and between Nb and Ta leads to the
formation of the B2 clusters. The GB network affects the
distribution of elements during the MC/MD relaxation
of the NC alloys; the atoms of Zr, Nb, and Hf segregate
at GBs, while Ta prefers to remain within the grains.
This changes the composition of the alloys inside grains,
which, as mentioned earlier, affects the SRO process.

SRO enhances the yield strength by 1.212, 0.765, 1.58,
and 0.723 GPa of the NC HEAs (NbTa)50—Hf25—Zr25,
(NbTa)g()*Hf5*Zr5, (NbTa)Sofo45er5, and
(NbTa)sg—Hfs—Zr4s, respectively. The strengthening
effect is mainly attributed to the change in alloy
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composition inside grains and at GBs during the MC/
MD relaxation. An increase of Ta content in grains and
segregation of Zr and Hf atoms at GBs stabilize the
BCC structure, which results in inhibiting phase tran-
sition and dislocation nucleation. Coherent B2 particles
of NbTa can lead to additional strengthening of the
HEAs through the load transfer mechanism when the
particles endure higher stresses than the surrounding
matrix, reducing internal stresses in it.
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