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a b s t r a c t

Metallic nanowires are widely employed as small-scale structural materials due to their characteristically 
small volume and high strength compared with their bulk counterparts. Nowadays, the mechanical properties 
of nanowires in pure metals are well understood with the help of experiments and simulations. However, the 
deformation of nanowires in metallic alloys remains elusive. In recent years, a new class of alloys called 
refractory multi-principal element alloys (RMPEAs) emerged. RMPEAs are alloys that form solid solution 
phases and consist of three or more principal elements, most of which are refractory metals. In this paper, we 
perform atomistic simulations to investigate the uniaxial deformation of nanowires in 16 body-centered cubic 
RMPEAs. For each RMPEA, three nanowires consisting of atoms randomly distributed in three different ways 
are used. The main finding is that dislocation slips on {110} planes and twinning on {112} planes, respectively, 
control the compressive and tensile plastic deformation of the nanowires. To provide references, we also 
study the deformation of nanowires in natural and A-atom potential-based artificial pure metals. Results 
show that the deformation of RMPEA nanowires cannot be predicted by simply extrapolating from those of 
pure metal nanowires, highlighting the significance of directly simulating RMPEAs using multiple random 
atomic structures. It is also found that RMPEAs possess a reduced tension-compression asymmetry compared 
with pure metals, regardless of the underlying plastic deformation mechanism.

© 2023 Elsevier B.V. All rights reserved. 

1. Introduction

Multi-principal element alloys (MPEAs) are a relatively new type of 
material consisting of multiple metallic elements in equal or nearly equal 
atomic fractions [1,2]. MPEAs are characterized by their complex 
chemistry since the number of possible equal-molar MPEAs increases 
exponentially with the number of principal elements [3]. The design 
space of non-equal-molar MPEAs is essentially boundless because the 
molar ratios among different elements can vary continuously [4]. 
Therefore, to obtain a deep understanding of MPEAs, it is critical to study 
their chemical compositions and structures at the atomic scale [5,6].

One popular modeling technique at the atomic scale is the ato-
mistic simulation method. It has been applied to quasi-static de-
formation of bulk face-centered cubic (FCC) MPEAs, including, but 
not limited to, tension of AlCoCrCuFeNi [7], Al7.5Co25Cu17.5Fe25Ni25 

[8,9], CoCrCuFeNi [10–13,14], CoCrFeNi [15], CoCrFeNi(Al0.3Ti0.2)x 

(x = 0.25, 0.5, 0.75, or 1) [16], CoCrFeMnNi [17], non-equal-molar 

CoCrFeMnNi and several subset ternaries and quaternaries [18], 
CoxCryNi1−x−y (0.2 ≤ x ≤ 0.6, 0.2 ≤ y ≤ 0.6) [19], and CoCuFeNiPd [20], 
shear of CoCrCuFeNi [14] and CoCrFeNi [21], as well as uniaxial de-
formation of AlxCoCrFeNi [22–24], AlxCoCu1−xFeNi (x ≤ 0.4) [25,26], 
AlCrCuFeNi [27], AlCrCuFeNi1.4 [28], CoCrFeMnNi [29–32,33,34], and 
CoCrNi [35–38,39]. Fewer studies were devoted to bulk body-cen-
tered cubic (BCC) MPEAs, e.g., tension of HfNbTaZr [40] and non- 
equal-molar MoTiVZr [41], compression of AlCoCrCu0.5Ni [42], 
AlxCoCu1−xFeNi (x  >  0.4) [25], and MoNbTaW [43], shear of 
HfMoNbTaTi and HfNbTaTiZr [44], as well as uniaxial deformation of 
AlxCrCoCuFeNi (x = 0.5 or 1.5) [45,46] and MoTaTiWZr [47,48]. These 
prior work investigated the effects of chemical composition, che-
mical short-range order, lamellae thickness, grain size, grain het-
erogeneity, crystallographic orientation, temperature, and strain rate 
on material properties, deformation mechanism, and mechanical 
properties such as elastic moduli, strength, and ductility.

Atomistic simulations were also applied to non-bulk MPEAs. The 
first class is 2D nanoplates, e.g., tension of FCC CoCrNi [49], non- 
equal-molar FCC CoCrNiFe [50], and BCC Al3CoCrCuFeNi [51]. The 
second class is 1D nanowires, e.g., compression of BCC 
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AlCoCrCu0.5FeNi [52], BCC AlCoCrFeNi [53], and BCC AlMoWTa [54], 
as well as uniaxial deformation of FCC CoCrCuFeNi [55,56], FCC 
CoCrFeMn [57], and FCC CoCrFeMnNi [56,58–60]. The last class is 0D 
nanoparticles, e.g., tension of FCC CoCrFeMnNi [33,61] and com-
pression of FCC Al0.25CoCuFeNi0.75 and its subset ternaries and 
quaternaries [62]. Similar to bulk MPEAs, these studies involve in-
fluences of chemical composition, crystallographic orientation, 
temperature, and strain rate on mechanical responses.

One special type of BCC MPEAs is refractory MPEAs (RMPEAs) [63]. 
They consist of all or mostly refractory metals and can retain high 
strength at elevated temperatures, e.g., about half the melting point 
[64]. To date, deformation of RMPEAs has been explored via atomistic 
simulations only in bulk MoNbTaW [43], bulk HfMoNbTaTi, bulk 
HfNbTaTiZr [44], bulk HfNbTaZr [40], bulk MoTaTiWZr [47,48], bulk 
MoTiVZr [41], and AlMoWTa nanowire [54]. The last study revealed 
that its dominant deformation mechanism under compression is 
twinning produced by partial dislocations that are nucleated from the 
nanowire surface. In the meantime, other mechanisms such as slips of 
full dislocations and phase transformation were found to control 
plastic deformation in pure refractory BCC metallic nanowires such as 
those in Mo [65,66], Ta [65], V [67], and W [68–71,72,73]. Therefore, it 
is interesting to investigate deformation mechanisms in RMPEAs that 
are composed of these BCC metals.

In this paper, we explore uniaxial deformation, including tension 
and compression, of nanowires in 16 RMPEAs that are based on all 
five non-magnetic BCC refractory metals [74]: Mo, Nb, Ta, V, and W. 
These RMPEAs include ten ternaries, five quaternaries, and one 
quinary. Nanowires in the five constituent natural pure metals and 
16 artificial pure metals enabled by A-atom potentials are also stu-
died as references.

2. Materials and methods

2.1. Interatomic potentials

Embedded-atom method (EAM) potentials [75] are used to de-
scribe interatomic interactions. The five elemental potentials are: Mo 
[76], Nb [77], Ta [76], V [78], W [76]. These five BCC pure metals can 
form up to 16 equal-molar RMPEAs, as summarized in Table 1. Cross 
interactions among different elements are based on formulations of 
Johnson [79] and Zhou et al. [80]. In what follows, this type of in-
teratomic potential is called “alloy potential”. Based on each alloy 
potential, an “A-atom potential” can be constructed to provide a 
mean-field representation of the RMPEA by approximating the in-
teractions among different elements as a weighted average [81]. All 
alloy and A-atom potentials were recently developed by Xu et al. [82].

2.2. Atomistic simulations

First, simulation cells illustrated in Fig. 1 are constructed. The 
crystallographic orientations along the x, y, and z axes are [100], [010], 
and [001], respectively. In each cell, periodic boundary conditions are 
applied along the z axis while the boundaries along the x and y axes are 
traction-free, resulting in a nanowire with a circular cross-section. For 
each of the 16 RMPEAs, three random distributions of elements are 
used to form three nanowires. Each wire contains 1,429,014 atoms, 

Table 1 
The 16 RMPEAs studied in this paper. 

Ten ternaries Five quaternaries One quinary

MoNbTa, MoNbV, MoNbW, 
MoTaV, MoTaW, MoVW, 
NbTaV, NbTaW, 
NbVW, TaVW

MoNbTaV, MoNbTaW, 
MoNbVW, MoTaVW, 
NbTaVW

MoNbTaVW

Fig. 1. Simulation cell of a nanowire. The uniaxial loading is applied along the z axis. 

Fig. 2. Stress-strain curves based on (a) tension and (b) compression of nanowires in five constituent natural pure metals. 
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with its height being 69.8–72.2 nm and its radius 10.1–10.4 nm, de-
pending on the lattice parameter of each RMPEA [82]. The length-to- 
radius aspect ratio is about 7, which is small enough to avoid buckling 
of the nanowire subject to compressive loading [69–71].

Second, atomistic simulations are performed using LAMMPS [83]. 
A velocity Verlet algorithm with a time step of 2 fs is employed to 

update the atomic positions. Each cell is dynamically relaxed for 
10,000 steps under isobaric zero stresses at 10 K. It follows that the 
conjugate gradient method is performed to minimize the system 
energy while zeroing the normal stress along the z axis. Then, at 
10 K, a constant engineering strain rate = ±108 s−1 is applied along 
the z direction until the engineering strain reaches ±  0.25. The ef-
fects of the strain rate were studied in a previous atomistic simu-
lation work in W [70], where the stress-strain responses were found 
to converge once 108 s−1.

The uniaxial engineering stress is calculated following the virial 
stress formulation. For reference, nanowires in the five constituent 
natural pure metals and 16 artificial pure metals enabled by A-atom 
potentials are also studied. Only one nanowire is used for each pure 
metal.

Table 2 
Dominant plastic deformation mechanisms in nanowires in five constituent pure 
metals. DS: full dislocation slip; TW: twinning; PT: phase transformation. 

Mo Nb Ta V W

Tension PT → TW TW TW TW PT → TW
Compression DS DS DS DS DS

Fig. 3. (a) Three selected stress-strain curves in constituent pure metals, copied from Fig. 2. The filled circles correspond to atomic structures in (b–d). (b–d) Atomic structures of 
the initial stages of plastic deformation of nanowires in Nb, Ta, and W. Atoms are colored by the PTM method (green: FCC atoms; white: atoms in disordered lattice) or the y- 
coordinate. BCC atoms are deleted to highlight the defects. In (b), most dislocations are on {110} planes. In (c,d), most twin boundaries are on {112} planes.

S. Xu, A. Al Mamun, S. Mu et al. Journal of Alloys and Compounds 959 (2023) 170556

3



In all cases, local atomic structures are classified by the poly-
hedral template matching (PTM) method [84] and atomic structures 
are visualized using OVITO [85].

2.3. Lattice distortion

The lattice distortion of each equal-molar RMPEA is characterized 
by [86].
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where n is the number of elements in the RMPEA and ai is the lattice 
parameter of element i.

3. Results and discussions

3.1. Constituent natural pure metals: Mo, Nb, Ta, V, and W

Here, we present results of the five constituent natural pure 
metals: Mo, Nb, Ta, V, and W. Stress-strain responses based on 
tensile or compressive loading of nanowires in those five metals are 
given in Fig. 2. For the same metal, the compressive ultimate 

Fig. 4. (a) Six stress-strain curves for the quinary, MoNbTaVW, based on three different random atomic structures subject to either tensile or compressive loading. (b) CoV of the 
strengths of all 16 RMPEAs are plotted with respect to the lattice distortion. The dashed lines are linear fits for each type of loading.

Fig. 5. Stress-strain curves of two selected RMPEA nanowires under tensile or compressive loading, obtained from four approaches. 
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strength more than doubles the tensile one in Mo, Ta, and W, while 
the former is only 22–24% higher than the latter in Nb and V. For 
both tensile and compressive loading, the ultimate strengths in the 
five metals are ranked as follows:

> >W Mo Ta V Nb (2) 

We now attempt to check whether the same trend had been 
reported in the literature, i.e., in other atomistic simulations of 
uniaxial deformation of dislocation-free single-crystalline nanowires 
in those five metals. To our best knowledge, there is no comparable 
prior study in Nb or Ta. So that leaves Mo [66], V [67], and W 
[68–70]. However, direct comparison is difficult because those si-
mulations usually differ in temperature, strain rate, crystallographic 
orientation, and/or cross-sectional area size/shape. The two closest 
simulations are between Mo [66] and V [67]. In both cases, a tensile 
deformation was applied, the crystallographic orientation along the 
nanowire was 〈100〉, and the temperature was 300 K. However, they 
differed in two ways: the nanowire in Mo had a square cross-section, 
deformed at a strain rate of 108 s−1; the nanowire in V had a circular 
cross-section, deformed at a rate of 2 × 108 s−1. A prior atomistic 
study in W nanowires found that, with everything else being the 
same, (i) the two strain rates yielded the same strength and (ii) 
when the cross-sectional width was 5 nm, the strength was 11% 
higher should the nanowire have a circular cross-section than if it 
has a square cross-section [70]. Therefore, adjusted by the differ-
ences in strain rate and cross-sectional shape, the nanowire in Mo 
would have a strength of 15 GPa and 12 GPa, respectively, for a cir-
cular cross-sectional diameter of 4 nm and 6 nm [66], while the 
nanowire in V, with a diameter of 5 nm, has a strength of 11 GPa [67]. 
This suggests that, assuming a diameter of 5 nm, the strength in Mo 

would be 23% higher than that in V, in qualitative agreement with 
the current study: 50% higher when the nanowire’s diameter is 
about 20 nm. Note that this agreement is reached despite the dif-
ferent interatomic potentials used for the same metal. The com-
parison shows that our results are aligned with those in the 
literature and highlights the significance of systematically studying 
the deformation of nanowires in different metals.

Next, we analyze the dominant plastic deformation mechanisms 
in the five constituent pure metals. Results are summarized in 
Table 2. In compressive loading, the plastic deformation in all five 
metals is initiated by nucleation of full dislocations at the nanowire 
surface and sustained by continuous dislocation slips. Most dis-
locations are on {110} planes, while no FCC atoms are formed in the 
cell, as shown in Fig. 3(b). Our results are in agreement with prior 
atomistic simulations of 〈112〉 W nanowires under compression, 
where interactions between W atoms are described by two other 
interatomic potentials [69,70]. In tensile loading, the yielding cor-
responds to twin embryos formed at the nanowire surface followed 
by subsequent twinning in Nb, Ta, and V (Fig. 3(c)). Most twin 
boundaries are on {112} planes, with no FCC atoms adjacent to the 
twins. In a prior work, twinning was found to be the dominant 
plastic deformation mechanism in tensile loading of a 〈100〉 V na-
nowire, based on a modified EAM potential [67]. In tensile loading of 
the two remaining metals, Mo and W, the plasticity starts by loca-
lized BCC-to-FCC phase transformation followed by twinning formed 
in the same regions (Fig. 3(d)). In the literature, when a 〈100〉 na-
nowire was under tension, “twin bands with some irregular FCC 
structures” were observed in W based on the same interatomic 
potential used here [68] while twinning was reported as the only 
plasticity mechanism without any FCC atoms appearing in Mo to 
which a different interatomic potential [87] is applied [66]. Here, in 
all metals under either tension or compression, the emergence of 
dislocation slips, twinning, or phase transformation corresponds to 
the maximum stress, i.e., the ultimate strength. Thus, the maximum 
stress is taken as the yield strength in this paper.

3.2. RMPEAs and artificial pure metals

Here, we present results of 16 RMPEAs and their A-atom coun-
terparts. First, we focus on the RMPEAs, i.e., those based on the alloy 
potentials. As mentioned in Sec. 2.2, three random distributions of 
elements are used for each RMPEA. As a result, three stress-strain 
curves are obtained for each RMPEA subject to either tensile or 
compressive loading. As an example, the six stress-strain curves for 
the quinary, MoNbTaVW, are presented in Fig. 4(a). Three tensile and 
three compressive strengths are then obtained for each RMPEA. It 
follows that the mean and coefficient of variation (CoV) of the three 

Fig. 6. Strengths of nanowires in 16 RMPEAs obtained from four approaches. 

Fig. 7. Tension-compression asymmetry index κ for all 16 RMPEAs and 16 A-atom 
potential-based artificial pure metals.
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strengths are calculated for all RMPEAs. In the remainder of this 
paper, any alloy potential-based result of each RMPEA is the mean 
value, unless stated otherwise. In the meantime, all CoV are plotted 
with respect to the lattice distortion δ in Fig. 4(b). Two phenomena 
are worth mentioning. First, for the same RMPEA, the CoV of com-
pressive strength is higher than that of tensile strength. It may be 
attributed to their different plastic deformation mechanisms, as will 
be discussed later. Second, for the same type of loading, the CoV of 
strength scales positively with δ. Similar correlations were un-
covered between the CoV of the basic structural parameters and the 
lattice distortion among 42 RMPEAs [82], which included the 16 
alloys studied in this paper. Taken together, those results suggest 
that it is important to consider multiple atomic structures for the 

same RMPEA in calculating material properties, especially when the 
alloy possesses a large lattice distortion.

Stress-strain responses based on tensile or compressive loading 
of nanowires in two selected RMPEAs are given in Fig. 5. Four stress- 
strain curves obtained from four different approaches are presented 
in each case: mean value from three direct calculations using the 
alloy potential, a single direct calculation using the A-atom potential, 
and simple or inverse rule of mixtures based on the stress-strain 
curves of the constituent pure metals. To better compare strengths 
obtained from different approaches, all strengths in all RMPEAs are 
summarized in Fig. 6. For each RMPEA under a given type of loading, 
the alloy potential and the simple rule of mixtures lead to the lowest 
and highest strengths among the four approaches, except in one 

Fig. 8. (a) Two stress-strain curves in MoVW. The filled circles correspond to atomic structures in (b,c). In (b,c), atoms are colored by the y-coordinate. BCC atoms are deleted to 
highlight the defects. In (b), most twin boundaries are on {112} planes. In (c), most dislocations are on {110} planes.
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case: compression of MoVW. In that special case, the A-atom po-
tential and the inverse rule of mixtures predict the highest and 
lowest strengths, respectively. This exception may be due to that 
MoVW possesses the smallest lattice distortion, 0.019, among all 
RMPEAs studied here.

For the same type of stress-strain curve in the same RMPEA or its 
A-atom potential-based counterpart, the compressive strength is 
higher than the tensile strength, in agreement with that for natural 
pure metals. Here, we quantify the tension-compression asymmetry 
by an index κ, defined as

= s
C

s
T

s
C (3) 

where the superscripts C and T denote compression and tension, 
respectively. κ can serve as a quantifier of the results of the tension- 
compression asymmetry, e.g., the Bauschinger effect. Values of κ for 
all 16 RMPEAs and their A-atom potential-based counterparts are 
plotted against each other in Fig. 7. Compared with their artificial 
pure metal counterparts, the tension-compression asymmetry is 
reduced in all alloys except MoNbW and MoTaW. This finding agrees 
with prior experiments [88] and simulations [89–91], where the 
dislocation was the only dominant plasticity carrier, that the plastic 
deformation becomes more homogeneous in RMPEAs than in pure 
metals. The current work additionally demonstrates that a reduced 
plastic anisotropy can be achieved in RMPEAs even when twinning 
controls the plastic deformation. For both dislocation slips and 
twinning, lattice distortion is considered the root cause of the 

Fig. 9. Same as Fig. 8, but for MoNbTaV. In (b), some point-like defects exist when 0.069 ≤ϵ≤ 0.071. 
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homogeneous plasticity in MPEAs. In the meantime, unlike the 
plastic anisotropy, our recent work [82] showed that a RMPEA’s 
elastic anisotropy is usually comparable with its constituent metals’. 
We note that a recent study found that the tension-compression 
asymmetry in plastic deformation increases with an increasing 
temprature in FCC AlCrCuFeNi [27].

The comparisons in Figs. 6 and 7 suggest that neither A-atom 
potential nor any rule of mixtures predicts the RMPEA strength well, 
although the former fares better. The main reason is that these ap-
proximations do not naturally capture the lattice distortion that is 
intrinsic to MPEAs. For example, the nanowire would have a rougher 
surface if it were modeled by an alloy potential than an A-atom 
potential. Prior atomistic simulations confirmed that nanowires with 
a rough surface have a lower yield strength than those with a 

smooth one [92,93]. Thus, A-atom potentials result in higher yield 
strengths of nanowires than alloy potentials. Previous atomistic 
calculations in RMPEAs also showed that those approximations did 
not lead to accurate values of elastic constants [82,94], stacking fault 
energies [44,90,94], shear strengths [44,89,90], or local slip re-
sistances [89,90]. Therefore, any property of a RMPEA predicted by 
the A-atom potential or any rule of mixtures, especially the latter, 
should be taken with caution.

Next, we analyze the dominant plastic deformation mechanisms 
in the 16 RMPEAs and their A-atom potential-based counterparts. 
Results in all those materials are uniform: twinning and dislocation 
slip, respectively, controls the plastic deformation of a nanowire 
under tension and compression. To demonstrate our simulation re-
sults, Figs. 8, 9, 10 present atomic structures at the initial stage of 

Fig. 10. Same as Figs. 8 and 9, but for an artificial pure metal based on the A-atom potential of MoNbTaV. 
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plasticity in two RMPEAs, MoVW and MoNbTaV, which have the 
smallest (0.019) and largest (0.037) lattice distortion, respectively, 
and an artificial pure metal based on the A-atom potential of 
MoNbTaV. As in natural pure metals, most dislocations are on {110} 
planes while most twin boundaries are on {112} planes.

Interestingly, right before the twin embryos are nucleated at the 
nanowire surface during the tensile loading of MoNbTaV, some 
point-like defects emerge. No such defects are found in either 
MoVW or A-atom potential-based MoNbTaV, suggesting that those 
defects are due to large lattice distortion. Another finding is that in 
none of RMPEAs or artificial pure metals were any FCC atoms 
identified at the initial stage of plastic deformation, unlike those in 
Mo and W nanowires under tension (Table 2). Again, this phenom-
enon suggests that the deformation mechanism of RMPEAs cannot 
be extrapolated simply from constituent pure metals.

It is interesting to compare the deformation mechanisms re-
vealed in our atomistic simulations with those in the literature. 
However, our simulation temperature is low (10 K), and experiments 
of RMPEAs at cryogenic temperatures are rarely performed [95]. To 
our best knowledge, the only RMPEA that has been mechanically 
tested at cryogenic temperatures was HfNbTaTiZr. When it was 
subject to tension at 77 K, Wang et al. [96] reported dislocation slip 
on both {110} and {112} planes, deformation twinning on {112} 
planes, and BCC-to-ω phase transformation, while Eleti et al. [97]
only observed dislocation slips on {112} planes. Although the ex-
perimental data are scarce and inconsistent, they suggest that dis-
location slip, twinning, and phase transformation are all possible 
deformation mechanisms in RMPEAs at cryogenic temperatures.

4. Conclusions

In this work, atomistic simulations are conducted to explore the 
uniaxial deformation of nanowires in 16 RMPEAs, including ten 
ternaries, five quaternaries, and one quinary. These are all possible 
RMPEAs formed from the five non-magnetic BCC refractory pure 
metals: Mo, Nb, Ta, V, and W. As references, the nanowires in five 
constituent pure metals and 16 A-atom potential-based artificial 
pure metals are also studied. Main findings are summarized as 
follows:

1. Among the five constituent pure metals, for the same type of 
loading, W has the highest strength, followed by Mo and Ta, then 
with V and Nb possessing the lowest strengths. In compressive 
loading, dislocation slips on {110} planes are the main plastic 
deformation mechanism in all five metals. In tensile loading, 
{112} twinning controls the plasticity in all metals, except in Mo 
and W where the initial stage of twinning is accompanied by 
BCC-to-FCC phase transformation.

2. For each RMPEA, three stress-strain curves, and so three 
strengths, are obtained based on three different random atomic 
structures in the nanowire. Among all 16 RMPEAs, the CoV of 
strength scales positively with the lattice distortion, suggesting 
that it is important to consider multiple atomic structures in 
calculating the strengths, especially when the alloy possesses a 
large lattice distortion.

3. Among all 16 RMPEAs, four approaches are employed to predict 
the nanowire strengths: multiple direct calculations using the 
alloy potential, a single direct calculation using the A-atom po-
tential, and simple or inverse rule of mixtures. Taking the first 
approach as the “right” one, the other three approaches do not 
predict the strength well. Using alloy and A-atom potentials, it is 
found that compressive and tensile plastic deformation, respec-
tively, is controlled by dislocation slips on {110} planes and 
twinning on {112} planes. Correspondingly, for the alloy poten-
tials, the CoV in compressive strength is higher than that in 
tensile strength.

4. In all RMPEAs and pure metals, the compressive strength is al-
ways higher than the tensile one. The tension-compression 
asymmetry is reduced in RMPEAs compared with pure metals, 
indicating a more homogeneous plastic deformation of the 
RMPEAs should they be subject to complex stress states.
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