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Abstract: There is a growing interest in High Entropy Alloys (HEAs) due to their outstanding
mechanical properties. Most simulation studies have focused on face-centered cubic (fcc) HEAs;
however, bcc HEAs can offer a larger elastic modulus and plastic yielding, thus, becoming possible
candidates for the next generation of refractory materials. In this work, we focus on molecular
dynamics (MD) simulations of bcc HfNbTaZr nanocrystalline samples, with a grain size (d) between
5 and 17 nm, deformed under tension at 300 K. The elastic modulus increases with the grain size
and reaches a plateau near 10 nm. We find the typical inverse Hall–Petch (HP) behavior with
yield strength, ultimate tensile stress (UTS), and flow stress increasing with d. Up to 12 nm, there
are contributions from dislocations and twins; however, grain boundary (GB) activity dominates
deformation. For the 5 nm grains, the GB disorder extends and leads to extensive amorphization and
grain size reduction. For d > 10 nm, there is a HP-type behavior with dislocations and twinning
controlling deformation. For this regime, there is hardening at large strains. Compared to bcc single
metal samples, the HP maximum of this HEA appears at a lower grain size, and this could be related
to the chemical complexity facilitating dislocation nucleation. We use machine learning to help
understand deformation regimes. We also compare our results to a single crystal (SC) HfNbTaZr
HEA deformed along [001] and find that the single crystal is weaker than the nanocrystalline samples.
The single crystal deforms initially by twinning and then rapidly by dislocation multiplication,
leading to strong hardening. It has been proposed that edge dislocations play a major role in bcc HEA
plasticity, and we also analyze the relative contributions of edge versus screw dislocations during
deformation for both single crystal and nanocrystalline samples.

Keywords: high entropy alloys; twinning; molecular dynamics

1. Introduction

High–entropy alloys (HEAs) [1,2] have drawn increasing attention as structural materi-
als due to their remarkable mechanical properties. Strength and ductility are strongly influ-
enced by chemical complexity, together with microstructure and temperature, among other
factors [3–7]. Such features have encouraged researchers to perform a vast number of
studies to elucidate the relationship between the properties and atomic-level structure.

In general, HEAs are polycrystalline, and it is well known that the mechanical proper-
ties of metals and metallic alloys can be tuned by controlling the grain size to modify the
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strength and ductility. As established by the Hall–Petch (HP) effect [8–10], strengthening
can be achieved through grain refinement. Nevertheless, metals can become softer when
the grain size is below a critical value, typically in the range of 10–30 nm, leading to an
inverse Hall–Petch (iHP) relationship in nanocrystalline (nc) materials due to enhanced
grain boundary (GB) activity [10,11].

There is a need to increase the strength and ductility of materials for technological
applications, and that search has led to new materials and the exploration of new deforma-
tion regimes. For instance, the iHP effect was shown to be suppressed by high pressure,
in a combination of experiments on nc Ni and simulations for nc Cu [12]. This effect was
recently re-discovered for nc Ni experiments [13]. Enhancement of the HP hardening was
recently observed in nc FeNi by experiments and simulations [14].

Most of the studies of mechanical properties versus grain size deal with face-centered
cubic (fcc) single metals and binary alloys [15–18]. There are fewer studies for grain-size
effects on the mechanical properties of single component body-centered cubic (bcc) ma-
terials with experiments [9] and atomistic molecular dynamics (MD) simulations [19–21]
for several metals. For example, Tang et al. simulated Ta under tension without observing
significant dislocation or twinning activity because the material failed with brittle inter-
granular fracture. It is worth mentioning that a constant lateral size was kept in that study,
in contrast to the zero lateral pressure condition [20] used by a recent study on nc Ta, which
found a maximum flow stress near 8 nm [21]. The HP effect has been found for other
polycrystalline materials, including SiC [22].

In recent years, several studies have been conducted to further explore the mechanical
properties and capabilities of HEAs [23]. Comparing experiments and atomistic MD
simulations can be challenging, partly due to the high deformation rates and sample size
constraints. However, MD simulations can offer valuable insights as shown for the tensile
deformation of a CoCrFeNiAlTi HEA [24] or high strain rate fracture of CoCrFeNiMn
HEA [25]. There are several studies that have explored polycrystalline HEAs and Multi-
principal element alloys (MPEAs) at the atomic scale, however, mostly for fcc HEA. Gupta
and co-workers studied HP and iHP in CoCrNi simulations [18].

Cao studied the effect of short-range order (SRO) in CrCoNi alloy and proved that this
increased the maximum strength, affecting the deformation microstructure and local plastic
strain [26]. Liu et al. reported that tensile stress follows the HP relation for grain sizes larger
than 15.0 nm, where plasticity is mediated by partial dislocations and stacking faults (SFs)
serve as barriers for dislocation gliding [27]. A nc fcc HEA, Al0.3CoCrFeNi, was simulated
recently, finding a transition between HP and iHP at 12 nm [28]. Al0.1CoCrFeNi was
simulated for different grain sizes and temperatures, revealing a transition between iHP
and HP near 15 nm at 300 K [29].

There are several experimental studies of grain size effects in refractory HEAs as in
HfNbTaZrTi [30,31]. However, there is a lack of studies for grain sizes below 1 micron, reach-
ing into the iHP regime. Regarding simulations of grain size effects on the mechanical prop-
erties, Chen et al. observed HP and iHP relations in simulations of CoNiFeAl0.3Cu0.7 (fcc)
and CoNiFeAl0.7Cu0.3 (bcc) under uniaxial compression, and they found the crossover
values of 12.1 nm (fcc) and 18.9 nm (bcc) [32].

Roy et al. found a crossover value of 23.2 nm for bcc multi-principal element alloys
(MPEAs) composed of (Mo0.95W0.05)0.85Ta0.10(TiZr)0.05 [33]. Due to the prevalence of Mo in
the composition, this might not be considered a HEA. Recently, nc bcc NbMoTaWV HEA
was simulated under tension for several grain sizes, and it was argued that nucleation
of the fcc phase was important for plasticity [34]. Finally, grain size effects in a medium-
entropy alloy, NbTaZr, were explored, finding nearly constant flow stress for grains with
size 8–20 nm under tensile stress at 300 K and 109s−1 [35]. Refractory bcc HEAs display out-
standing mechanical properties, including high yield strength and reduced degradation at
high temperatures, alongside large ductility, and they could be used as structural materials.

There is a growing number of HEAs that can be synthesized and that are being
experimentally probed [3,36]; however, atomistic simulations are lagging experimental



Crystals 2023, 13, 357 3 of 20

advances partly due to a lack of reliable interatomic potentials [4]. In this work, we perform
MD simulations to study tensile tests on nc bcc HfNbTaZr HEA samples with different
grain sizes. The microstructure evolution is inspected by means of dislocation analysis
and local orientation, while several mechanical properties are calculated. Furthermore,
machine learning (ML) methods are employed to identify both grain and GBs, providing a
framework for grain size evaluation.

2. Methods

The study of a nc HfNbTaZr high entropy alloy was conducted with MD simulations
performed with the LAMMPS code [37]. We model an equiatomic alloy to maximize the
mixing entropy. The choice of HfNbTaZr is influenced by the availability of a reliable
interatomic potential for mechanical behavior. The interaction between atoms was modeled
using the embedded atom method (EAM) potential proposed by Maiti and Steurer [38].
This potential was chosen because it provides a reasonable description of dislocations [39].
In addition, Aquistapace and coworkers [40] proved that this interatomic potential describes
mechanical properties accurately in comparison with experiments, showing also that elastic
constants behave smoothly with pressures up to 60 GPa with the bcc phase as the lowest
energy configuration for hydrostatic pressures of at least 20 GPa.

System visualization was performed using the Open Visualization Tool (OVITO) [41].
Defect identification was performed using common neighbor analysis (CNA) [42] and Poly-
hedral Template Matching (PTM) [43] with the root-mean-square deviation (RMSD) = 0.1–0.15
as implemented in OVITO. We also performed atomic shear strain calculations using the
atomic strain tool from OVITO to measure the atomic deformation gradients and the strain
tensor at each particle. To quantify dislocation junctions, we used the crystal analysis
tool (CAT) [44].

Identification and classification of dislocations were performed using the dislocation
extraction algorithm (DXA) [45] implemented in OVITO. If DXA is used in the whole
sample, a large initial dislocation density is obtained, even if there are no dislocations inside
grains, because there are many dislocation networks at several GBs as has been observed in
other bcc HEA [33]. As an approximation, this initial density at zero strain can be subtracted
at finite strains; however, this can lead to significant errors. To improve on this, we first
removed non-bcc atoms from GBs and then applied DXA. For selected cases, we verified
that this does not reduce the number of segments and dislocation line length inside grains,
thereby, providing a good measure of dislocation density during deformation.

2.1. Sample Construction

The nc bcc HEA was constructed by means of the Voronoi tessellation algorithm
proposed by Lin et al. [46]. nc with grains sizes of 5, 8, 10, 12, 15, and 17 nm were built
in a simulation cell with sizes of 80a0 × 80a0 × 200a0 with a0 the HEA lattice parame-
ter of 3.63 Å. To construct the nc HfNbZrTa HEA, atoms were randomly assigned with
the constraint to obtain an equiatomic alloy. Each one of the simulated nc HEA con-
tains approximately ≈ 2,560,000 atoms. The 8 nm grain size sample initially contained
220 grains, and the 17 nm sample contained 23 grains, large enough to ensure a reliable
calculation of the mechanical properties.

The single crystal (SC) bcc HEA was constructed with the same lattice parameter men-
tioned above, and it is oriented along the principal low-index directions. Nanosystems can
display mechanical properties with strong sample size dependence [47–49]. We conducted
bulk simulations where the sample size should not be relevant for large enough samples,
including tens of grains for the case of polycrystals as is the case for our simulations. For the
single crystal, the sample has to be able to accommodate different slip planes and twin
variants, and we show that our sample is indeed able to do that in the Results section.

Typically, the construction of a Voronoi crystal leads to stress localization due to the
partial overlap of GB atoms, which can be accentuated due to the chemical complexity of
the HEAs. Thus, relaxation was performed by removing, in the first stage, all atoms with
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overlap smaller than 0.1 nm. Then, an energy minimization coupled with a box/relax algo-
rithm was conducted to achieve a minimum energy structure with zero pressure. The local
minimum obtained was relaxed dynamically during 0.2 ns by raising the nc temperature to
600 K using a Nosé–Hoover thermostat coupled with a zero pressure barostat.

To ensure a relaxed structure, the zero pressure barostat was applied independently in
each principal direction. Finally, the system was cooled to 300 K for another 0.2 ns. As a
result of the relaxation process, the global stress was zero, and the local residual stress
decreased significantly. The grain size was somewhat reduced due to the rearrangement
of GB atoms. During the relaxation process, a timestep of 1.0 fs and periodic boundary
conditions (PBCs) were adopted.

2.2. Grain Size

It is important to note that our nanocrystal generation code works similarly to many
others. All atoms are assigned to a given grain and there are no GB atoms. Grain size is
typically obtained by assuming that grains are spherical, calculating the effective diameter
for a grain with a given number of atoms [22]. For cubic single-element nanocrystals
generated with Voronoi tessellation, this is a fairly good approximation, since GBs are
almost single-atom thin. However, nanocrystals obtained from seeded-melt simulations
might have thicker GBs [50]. In our case, the chemical complexity of the alloy leads to thick,
disordered GBs, and the number of non-crystalline GB atoms is significant as discussed
further below.

Determination of Grain Size Using Machine Learning

One of the challenges to determine grain size in cubic systems is the presence of
twinning inside grains. There are several strategies to solve this issue, including the one
used in the OVITO grain segmentation. However, large levels of disorder can lead to errors
in grain size distributions. We developed a strategy to determine grain size in our simu-
lated systems, which include significant disorder. To this aim, random forests (RF) were
employed to identify grains and GBs [51]. The framework is described in the following.

A slice of the sample at 0.24 strain was inspected using OVITO and its common
neighbor analysis (CNA) tool. Although CNA can recognize crystal structures, such as bcc,
fcc, and hcp, it fails to distinguish twins and GBs. From visual inspection, GB atoms were
manually selected using OVITO with the support of CNA, and isolated from the rest as
shown in Figure S1 in the Supplementary Materials.

Thus, two groups of atoms were obtained, one corresponding to GB atoms and the
other to grain atoms. RF was trained with these groups in order to establish an algorithm
that can predict whether an atom belongs to GB or to grain. Potential energy, coordination
number, atomic volume, per–atom entropy [52], centrosymmetry parameter [53], and Stein-
hardt parameters [54] were used as features. More details on the machine-learning pipeline
can be found in the Supplementary Materials.

Following the RF algorithm, GB and grain atoms were identified during each step
of the tension test. Grains were isolated by removing GB atoms, and then the grain
segmentation tool in OVITO was used to obtain each grain size. It is important to mention
that some atoms were incorrectly classified by RF, resulting in interconnected grains even
after the removal of GB atoms, hindering the process of grain segmentation. To overcome
this problem, the incorrectly classified atoms were manually removed. The segmentation
for the 8 and 17 nm samples are shown in Figure 1a,b, respectively. The grain size was
estimated from the number of atoms to volume ratio for the bcc unit cell and the grain
as follows:

2
a3

0
=

Na

4
3 π
(

d
2

)3 ⇒ d = 2a0
3

√
3Na

8π
, (1)

where a0 is the lattice parameter of the bcc unit cell of the HEA, Na is the number of atoms
in a grain, and d is the estimated grain diameter. Figure 1c shows the resulting average
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grain diameters (real diameters) and the nominal diameters at zero strain. In all cases,
the real diameter is smaller than the nominal, which can be attributed to the chemical
complexity that leads to thicker GBs. For comparison, nc Ta samples with exactly the same
topology are also included, where the difference between real, and the nominal diameters
are slightly smaller. Recently, another method for grain segmentation has been proposed.
Vimal et al. developed an unsupervised learning algorithm called Orisodata, which is based
on iterative self-organizing data analysis that works in the orientation space [55]. We expect
to assess the performance of both Orisodata and our methodology in the near future.

Figure 1. Grain segmentation for the (a) 8 nm and (b) 17 nm samples. (c) Comparison of the real and
nominal grain diameters for the nc HEAs and nc Ta at zero strain. Random coloring was used in
grains for visualization.

The discrepancy between a “target” simulated grain size and the actual size of crys-
tallites is usually neglected but would be crucial to fit any model involving grain size,
including constitutive models for plastic yielding Hall–Petch style [9], size-dependent ther-
mal properties, such as melting. Given that grain size is a dynamic variable, for simplicity,
in the results section, we report values including the ultimate yield strength versus the
nominal grain size.

2.3. Grain Orientation and Misorientation

In order to evaluate misorientation, the quaternions obtained for each atom by PTM
were transformed into Rodrigues vectors [56]. A more complex approach to lattice rotations
was recently presented by Mishra et al. [57], and alternative implementations have been
used for bcc [58,59] and fcc [60] samples. The misorientation angle between the vector
at a given strain and the reference vector, taken as the vector at zero strain for this work,
was calculated from the dot vector product and the module of both vectors.

A histogram of misorientation angles revealed that a fraction of the sample retains
the original orientation; however, some regions show a well-defined rotation due to twin
boundaries, and also due to twin-variants. Standard twin-boundary detection techniques,
based on structural identification, such as the one used by CAT, do not allow a direct
evaluation of twin volume. Here, in order to quantify twin volume fractions, we considered
rotations larger than 5 degrees. Using PTM, we selected only bcc atoms to eliminate
twin boundaries.

2.4. Simulation Protocol for Mechanical Deformation

Mechanical behavior under tension is important for many technological applications;
however, due to computational cost, it is difficult to conduct MD simulations of mechanical
deformation for strain rates below ∼108 s−1. Recent tensile simulations of a defective
HfNbTaZr single crystal under uniaxial loading showed an increased plastic yield when
increasing the rate from 108 s−1 to 109 s−1, as expected [40]. In this work, uniaxial loading
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was performed inducing a homogeneous tensile deformation along the z-axis with a
constant strain rate of 2× 108 s−1.

To this aim, the positions of atoms are remapped by an affine transformation each time
step to match the box deformation following the “fix deform” functionality in LAMMPS [37].
All samples were simulated using PBCs [61]. Some uniaxial tension studies at high strain
rates were performed with non-zero lateral stress [40,47]. In our case, the system pressure
in x and y axis was set to zero. The system temperature was kept at 300 K during the whole
deformation process using a velocity re-scaling thermostat. Samples were deformed until a
maximum strain of 0.4 was achieved. A strain of 0.4 indicates a 40% strain [47]. A timestep
of 1.0 fs was employed during the tensile tests.

3. Results

Below, we present the results for the stress–strain response under tension and then
discuss the contributions of GB activity, dislocations, and twinning.

3.1. Stress–Strain Response

Tensile stress–strain plots for all our simulations with different grain sizes, together
with the SC case, are shown in Figure 2. These curves present a linear quasi-elastic regime,
followed by a non-linear elastic regime, which ends with a stress drop due to dislocation
and twin nucleation, and finally a stress plateau. The SC also shows linear and non-linear
elastic regimes. Typical interatomic potentials include complex interactions with a force-
displacement response, which is generally non-linear even at relatively low strains, despite
being completely reversible upon release and, therefore, elastic.

For a nanocrystal, there is always some level of grain boundary activity, which is
plastic; however, this is negligible at small strains, and the non-linear response is mostly
due to the non-linear elastic behavior of the material. We note the [001] SC presents the
lowest peak stress as could be expected from that “soft” direction with many slip systems
available for the applied deformation. The nc sample with a grain size of 12 nm presents
the highest stress.

For 15 and 17 nm grains and the SC, there is hardening instead of a plateau. Hardening
with strain is often assumed to be described by σ ∝ εα. The hardening exponent α is
slightly below 1 for the nc samples. These behaviors are different from the ones obtained
for nanograined Ta by Tang and coworkers [20], which observed brittle fracture and
grain decohesion. Experimental polycrystal Ta samples with micron-sized grains showed
hardening at large strains [62]. Experiments on compression of HfNbTaZrTi showed
significant hardening at room temperature [63].

To obtain the elastic modulus, we fit the slope of the stress–strain curve until 0.05
strain—well within the linear regime, for all cases. The results are shown in Figure 3a.
The elastic modulus of nc Ta was found to increase with the grain size with E ∼ 100 GPa
for 8 nm grains [21]. The elastic modulus for a [001] cubic SC is typically lower than those
for other crystalline directions. Therefore, it is expected that nc samples, which include
many different crystalline orientations will have a higher elastic modulus, as confirmed by
our simulations.

In simulations with purely uniaxial deformation, keeping the lateral boundaries fixed
would give much larger values for the elastic modulus. For instance, using the zero lateral
pressure conditions from this study, the SC modulus for [001] deformation is 58 GPa.
However, using fixed boundaries, we obtain an elastic modulus of 158 GPa. Recently,
SC samples of HfNbTaZr with a spherical void under [001] purely uniaxial tension were
reported to have an elastic modulus close to 38 GPa [40], much lower than reported here.
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Figure 2. Stress–strain curves for simulations under tensile loading in different grain-sized noncrys-
talline samples and the single crystal case. A drop in stress is observed in the single crystal at 0.1 strain,
consistent with the simultaneous activation of the dislocation and twinning deformation modes.

This is because that modulus was calculated from the slope of the von Mises stress,
which was significantly smaller than the uniaxial stress for those simulations. If experimen-
tal values of the elastic modulus are used, and the rule of mixtures is employed to estimate
the elastic modulus, a value of 110 GPa is obtained. This rule neglects the role of interfaces
softening the modulus, and therefore it is reasonable that it gives a higher value than the
one in our simulations.

Figure 3. (a) Elastic modulus (E), (b) yield stress, (c) ultimate tensile stress (UTS), and (d) flow stress.
A single crystal result is given as having a grain size of 100 nm. Lines indicates a Hall–Petch and
inverse Hall–Petch fit.

Nanocrystals can present GB plasticity starting at very low strain. We calculated
the yield stress by considering the 0.2% offset method [64,65] with a slope given by E,
resulting in the values shown in Figure 3b. If we increase the grain size from 5 to 12 nm,
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the yield stress increases from 1.28 to 1.77 GPa and then decreases to 1.69 GPa if we continue
increasing to 17 nm. For reference, the yield strength for HfNbTaZrTi with a grain size near
100 microns was found to be 0.93 GPa at low strain rate [63], and the yield strength of other
bcc HEA falls in the range of 1–1.7 GPa [4]. Using this method, the SC would have a low
yield stress of 1.06 GPa, and this is what is shown in Figure 3b. However, the SC actually
yields by twinning at a much larger strain and ∼ 2 GPa.

The HP relationship can be used to quantify the variation of strength with grain
size [9,10,66,67]:

σy = σ0 + kd−1/2, (2)

Here, σy is the yield stress (GPa), σ0 is a baseline “friction” stress (GPa), k is the
stress concentration coefficient (GPa ∗ nm−1/2), and d is the average grain size (nm).
The original model was related to dislocation pile-ups at GBs [66,67]; however, other
related formulations have been proposed [9]. The softening observed at small grain sizes is
generally attributed to GB activity and named iHP; however, there is no generally accepted
equation to describe it. For simplicity, sometimes the HP equation is also used [32,33],
and we adopt that approach. We note that the exponent −1/2 is sometimes taken as an
additional parameter. For instance, compression of bcc Al0.7CoCrFeNi HEA nanopillars
results in an exponent of 0.33 at room temperature [49]. It was suggested that the HP slope
should approach unity at the nanoscale [68].

In Figure 3b, σY1 and σY2 represent the HP and the iHP relationships, and their fit
parameters are presented in Table 1. The crossover grain size value between HP and
iHP appears for a grain size of 12–13 nm for HfNbTaZr. This value is similar to MD
simulations results for CoNiFeAl0.3Cu0.7 fcc HEA but lower than the CoNiFeAl0.7Cu0.3 bcc
HEA studied by Chen et al. [32].

Table 1. Hall–Petch and Inverse Hall–Petch parameters for HfNbTaZr nc.

σ0 (GPa) k (GPa nm−1/2)

σY1 0.8 3.7
σY2 2.6 −2.9

σUTS1 1.5 6.3
σUTS2 4.3 −3.8
σFS1 0 10
σFS2 3.5 −3.4

In what follows, all HP slopes, k, are given in units of GPa/nm0.5, adequate for MD;
however, in experiments, it is usually given in MPa/µm0.5. The conversion factor is 31.6 to
reach experimental units. Our simulation results for the yield stress found a friction stress
of 0.8 GPa with a HP slope k = 3.7 in MD simulations of nc bcc CoNiFeAl0.7Cu0.3 under
tension k = 6.3 [32], nearly twice our value.

Regarding the experiments, the friction stress for the pure metals in our simulated
alloy is around 0.1–0.2 GPa with the HP slope around 6–10, except for Ta with a slope
∼25 [9]. Experimental results for NbTaHfZrTi with micron-sized grains give an HP slope of
7.5–8.5 and a friction stress close to 0.9–1.1 GPa [30,31]. k can be estimated using a model,
which requires the shear modulus of the material and the critical stress at the dislocation
pile-up at a GB [8]. Assuming this critical stress to be 1 GPa gives k several times larger
than our MD result.

The ultimate tensile strength (UTS) also presents a HP-type behavior in Figure 3c
with a maximum of 3.2 GPa for a grain size of 12 nm. Fit parameters also appear in Table 1.
Figure 3d shows the flow stress as a function of grain size with a maximum at 15 nm.
Similar behavior was found in simulations for other fcc HEAs [27,69], and for bcc nc Fe [19].
However, a larger crossover grain size and flow stress were found for other simulated
bcc alloys, such as the MPEA (Mo0.95W0.05)0.85Ta0.10(TiZr)0.05 [33] and the NbMoTaWV
HEA [34]. HP and iHP parameters for the flow stress are presented in Table 1. Flow
stress can be affected by the short range order (SRO), as seen for a CrCoNi alloy [26];
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however, strain did not lead to changes in SRO in our samples. Recently, the flow stress for
nc Ta under tension was found to have a maximum value 4 GPa for 8 nm grains [21].

Poisson’s ratio is ν = 0.4 for the nc samples studied here, which is similar to the
single crystal value, ν = 0.41 [40]. In our simulations, ν only changes slightly with strain
as found for nc Fe [19]. This is larger than the value of ν = 0.35 for Ta but similar to the
values for nc Fe, ν = 0.38− 0.4. Details on the sample structural evolution that explain the
stress–strain curves are discussed below.

3.2. Sample Amorphization

Figure 4 shows snapshots of selected nanocrystals at 0.4 strain with bcc regions
and disordered regions. For an initial grain size of 5 nm, the sample is nearly entirely
amorphized at 0.4 strain. The radial distribution function for that 5 nm sample versus
strain in Figure 5 shows a clear progression towards amorphization with the crystalline
peaks disappearing to give way to a nearly flat g(r) characteristic of the amorphous state.
The radial distributions functions in Figure S2 for different grain sizes show that this is not
the case for 8 nm and larger grains.

Note the large width of the peaks in g(r), resulting from the lattice distortion due to
chemical complexity in the HEA. For this reason, in the analysis that follows, we discard
the 5 nm sample to focus on the deformation of samples with larger grains that do not
amorphize as much. Other fcc and bcc single component samples are generally stable for
a grain size of 5 nm [12,20]; however, GB atoms have been shown to resemble those in a
glassy state [50].

In our samples, chemical complexity drives amorphization at this small grain size.
For larger grains, this also leads to GB that are typically thicker than for single-component
materials. Recently, crystal-to-amorphous phase transformation was observed in fcc CoCr-
FeNiMn HEAs due to high strain rate deformation [70] or ultrasonic vibrations [71]. Simu-
lated bcc AlCoFeNi samples were observed to amorphize under heating, below melting
but at very high temperatures near 1700 K [72].

Figure 4. Snapshots at 0.4 strain for (a) 17 nm, (b) 8 nm, and (c) 5 nm. (d) Detail of (c) particle
distribution evidencing crystalline and non-crystalline structures. Only a slice 0.5 nm thick is shown.
PTM (blue = bcc and gray = others).

Figure 5. Radial distribution functions for a d = 5 nm nanocrystal for several strains. Sample loses
long correlation as deformation evolves.
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3.3. Grain Boundary Evolution and Plasticity

GB evolution was explored by means of the number of GB atoms as well as grain-
size variation. Figure 6a shows that, the smaller the grain size is, the larger the increase
in the number of GB atoms. Calculation of grain-size variation results in the curves
shown in Figure 6b. As expected, grain-size variation is more noticeable in the case of
the 8 nm sample, where a reduction of almost 30% is reached at 0.4 strain. In contrast,
the reduction in the 17 nm sample is only of 15%. The number of grains remains unchanged
during deformation.

Figure 6. Variation of (a) average grain diameter and (b) number of GB atoms during the tensile test.

Structural analysis was made along the deformation process. Using polyhedral tem-
plate matching with an RMSD of 0.1, revealed atoms without any recognizable order. These
atoms, which are categorized as “other” atoms, belong primarily to GBs. The increase of
these type of atoms along the simulation for structures with 8 and 17 nm grains is shown
in Figure S3. The increase in the number of these "other" atoms changes slope around
the ultimate stress of the structures. This behavior suggests GB activity during the early
stages of plastic deformations, which is later partially replaced by twinning and dislocation
plasticity. This is relevant for the grain-size-dependent behavior since the GB fraction is
higher for smaller grain sizes.

We do not observe any phase change as recently reported for another refractory HEA,
CoNiFeAl0.7Cu0.3 [32]. Using either CNA or PTM, we observe an increase in fcc atoms
up to 0.07–0.09 strain, followed by a slow decrease. We find up to 3% fcc atoms for
8 nm samples. In simulations of nanocrystalline bcc NbMoTaWV HEA, up to 2% fcc
atoms were found for 5 nm samples [34]. It was argued that these isolated fcc atoms were
relevant for plasticity nucleation in the bcc phase. However, because the HEA chemical
complexity leads to significant lattice distortion, care must be taken not to over-interpret
structural results, such as the presence of supposed fcc or hcp phases, which could be simply
isolated atoms misidentified due to limitations of the structure classifier [40]. The onset
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of plasticity involves lattice distortions, which increase the number of those misidentified
atoms as expected.

To quantify the activity in GBs, we performed an analysis similar to the one imple-
mented by Ke [73]. First, we kept only GB atoms and then we performed atomic shear
strain calculations using OVITO with the sample at zero strain as reference. In Figure 7,
we observe the cumulative shear strain for two samples at different strains. By cumulative,
we mean the total atomic shear from all GB atoms. The smaller the grain size is, the larger
the GB activity because smaller grains slide and rotate more easily. This higher GB activity
in smaller grains was also observed for nc Ta [20].

This analysis is similar to the one performed for an fcc HEA [28], where the number
of atoms with shear strain larger than 0.5 was plotted versus strain, finding more such
atoms for small grain sizes. A more detailed analysis could involve using microscale
kinematic metrics, as it has been done for nc fcc materials [16,18]. For fcc nanocrystals,
the segregation of a given alloy element in binary alloys [14,17] or HEAs [74], or when SRO
is present [18,26] can modify the mechanical properties. However, our samples did not
present segregation of any atom type inside grains or at GBs even at 0.4 strain.

Figure 7. Cumulative shear strain for atoms in grain boundaries, for d = 8 nm and d = 17 nm. Here,
PTM from OVITO was used to select atoms with "other" structure to measure their atomic strain.

3.4. Dislocation Activity

Dislocations are observed inside grains, as shown in Figure S4, which also shows
dislocations inside the single crystal. In Figure 8, we calculate dislocation density for
all cases using the formula ρ = L/V, where L is the total dislocation length obtained
using DXA and V is the volume of the sample. Figure 8 shows that the larger the grain
size, the higher the dislocation density. This is different if we compare with fcc HEA MD
simulations [27,69]. One crucial difference is that fcc nanograins usually deform by emitting
mostly a large number of partial dislocations with stacking faults behind [16], while for
bcc nanograins, there are full dislocations involved in deformation. We find dislocation
densities in the range of 1015m−2–1016m−2. This is lower than the ones found for the
medium-entropy alloy NbTaZr [35]; however, this could be due to the lower strain rate in
our simulations.

Plasticity in bcc metals is usually assumed to be dominated by screw dislocation
activity. Edge dislocations have high mobility and the density of edge dislocations is sup-
posed to be negligible with kink-pair nucleation in screw dislocations controlling strength.
However, for HEA, local compositional fluctuations reduce edge dislocation mobility [75],
leading to similar mobility for edge and screw dislocations at high temperatures [76]. Edge
dislocations are often assumed to control plasticity [77–79] in refractory HEA.

Experiments for HfNbTaZrTi did show long screw dislocations [4,80], and experi-
ments for HfMoNbTaW suggest that screw dislocations control plasticity up to a critical
temperature above 1000 K, when edge dislocations become more relevant [81]. Experiments
in HfNbTaZrTi found that deformation was controlled by screw dislocations glide [82].
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Edge dislocations in HfNbTaZr have been found to be wavy at high temperatures in MD
simulations with the same potential used in this study [39].

Figure 8. Dislocation density evolution with strain for different grain sizes, together with the single-
crystal case. Note that this last case was divided by 5 for better appreciation.

DXA in OVITO provides detailed information for all dislocation segments. In this
work, we calculate the angle between the dislocation line segment direction and its Burgers
vector. Angles are considered modulo 90◦. If the angle is less than 30◦, the dislocation is
assumed to have an edge character, while if the angle is in the range of 60–90◦, the dislo-
cation is assumed to have a screw character. Between 30◦ and 60◦ are considered mixed
dislocations. The total line length for all segments of a given character is used to obtain
dislocation density for that type of dislocation.

We observe that most of the dislocations are screw type. According to Orowan´s
equation, the plastic strain will be proportional to dislocation density times dislocation
velocity. Dislocation velocities for MoNbTaW were calculated to be about one order of
magnitude larger than screw velocities [76]. For a stress level close to 1 GPa, as found in our
simulations for large strain, dislocation velocities can be assumed to be several times larger
for edge dislocations. Therefore, their contribution would be similar for these simulations,
assuming all those dislocations are mobile.

It is not simple to separate mobile from sessile dislocations in atomistic simulations
with a large dislocation density. An approximate method was proposed based on plastic
heating [83]; however, the current simulations are performed with a thermal bath, and the
method cannot be employed. An alternative approximate method was proposed for
compressed fcc metals [84]; however, this requires a very high density of saved frames
to track the dislocation motion. Such a method might be tested in the future for bcc
HEA materials.

MD simulations of fcc CoCrFeMnNi HEA found that, under nanoindentation, a larger
fraction of sessile dislocations along with dislocation junctions, were produced in the HEA
when compared to Ni [85]. In our simulations, we find a large density of dislocation
junctions, which increases with grain size, as expected from the increase in dislocation
density. There are, on average, about 0.03 junctions per grain for the 8 nm sample and about
1 junction per grain for the 17 nm sample. Considering only the crystalline bcc volume, we
find 3× 10−4 nm−3 for a grain size of 8 nm and 7× 10−4 nm−3 for 17 nm.

3.5. Twinning and Misorientation

Models of bcc HEA plasticity usually include dislocation plasticity; however, this
work indicates that twinning contributes significantly to plasticity at least for nanograins.
Deformation of fcc nanograins usually involves nanotwins [16] due to the emission of
partial dislocations in consecutive planes. Twinning proceeds very differently in bcc
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materials. For instance, Ta crystals display significant twinning, depending on the applied
strain rate and temperature [86,87].

Simulations of the nc medium entropy alloy TaNbZr found twinning under ten-
sion [35]. Tensile simulations of MoTaTiWZr at 1010s−1 reported no twinning [33], despite
the fact that twinning might be expected to dominate deformation at those ultra-high
strain rates. Surface nucleation of partial dislocations gliding on {112} planes was found
to generate twinning in simulations of BCC HEA nanopillars under compression [88];
however, our current DXA analysis does not allow to identify glide on {112} planes.

Figures 9 and 10 show several views of a thin slice for 8 and 17 nm samples. The left
column shows the system at zero strain, while the right column is at 0.4 strain. The upper
row shows the samples colored by crystal structure from PTM, differentiating crystalline
from non-crystalline phases, clusters of point defects or sections of dislocation cores.

Some of the “noise” that can be appreciated inside grains are isolated atoms misiden-
tified as having an fcc structure. The middle row implements an orientation-based filter
according to the Inverse Pole Figure (IPF) color reference, allowing for a clear view of
twinned regions. Comparing left to right we can see differences between original and final
orientations due to grain rotation or twinning. Note that twins appear as bands inside
grains and that several twin variants are shown.

Finally, the bottom row colors with atomic shear strain. This helps visualize GB activity
and also dislocation glide, even if dislocation cores were already absorbed by a GB and
would not appear in the coloring by PTM. Dislocation slip traces appear as thin lines in
grain interiors where PTM or IPF do not show any features.

Figure 9. d = 8 nm. Upper row. PTM (blue = bcc, gray = others). Middle row: Inverse Pole Fraction
coloring. Bottom row: Shear strain (SS) Coloring. Reference frame: 0.2 strain. Left column. Frames at
zero strain. Right column. Frames at 0.40 strain. Slices are 0.4 nm thick.

3D pictures of the same snapshots are available in the Supplementary Materials
(Figures S5 and S6). A 3D view of IPF for the single crystal is also available (Figure S7).
Single crystal samples of HfNbTaZr with a spherical void displayed limited twinning
under [001] tension with the void acting as a dislocation source but only strains below 0.20
were reached [40].

Misorientation analysis allows for quantitative detection of twinning both in single
and nano-grained crystals. For the single crystal case, Figure 11 shows twinning starting
near 0.05 strain with a marked increase in the twin volume fraction (TVF) with strain
sustained until the nucleation of dislocations at ∼0.11 strain, which causes a sharp decrease
indicating dislocation-induced detwinning and the start of the competition between these
two deformation mechanisms.
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Figure 10. d = 17 nm. Upper row. PTM (blue = bcc, gray = others). Middle row: Inverse Pole Fraction
coloring. Bottom row: Shear strain Coloring. Reference frame: 20%. Left column. Frames at zero
strain. Right column. Frames at 0.40 strain. Slices are 0.4 nm thick.

Figure 11. Twin volume fraction (TVF) evolution with strain, for two different grain sizes. The fraction
is calculated with respect to the total volume of the sample.

The nanocrystal samples also include significant twinning, and the twin volume
fraction is above 0.3 for the 17 nm grain sample. TVF appears as more than double for the
larger grains; however, this might be due to the large fraction of amorphization in the small
grain sample. If the TVF is calculated taking into account only the volume of bcc atoms,
both 17 and 8 nm show a similar trend with strain, as shown in Figure S8.

However, TVF for 17 nm continues to be larger starting at 0.2 strain, when dislocation
activity is also larger for large grains. Therefore, plasticity in the 8 nm sample has to be
accommodated by GB activity, as already suggested by Figures 9 and 10. Note that nearly
half the grain volume has been twinned for 17 nm grains. Our snapshots display significant
similarities with the deformation twins observed at the micron-scale in HfNbTaZrTi under
compression [63].
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4. Summary and Conclusions

In this work, we analyzed bcc HfNbTaZr samples including single and nano-crystalline
systems. We quantified the mechanical response to tensile stress in terms of its deformation
mechanisms, including grain boundary activity, dislocations, twinning, and amorphization.
We studied crystal structure to discard possible phase changes and used machine learning
to quantify grain evolution. Our main results are summarized below.

• Chemical complexity contributes to disorder at grain boundaries (GBs) and increases
the GB thickness, such that the crystalline grains are in fact smaller than indicated by
the nominal size given during sample construction.

• The elastic modulus of the nc samples has values around∼60 GPa. This is significantly
smaller than the modulus for Ta, and might help in biomedical applications requiring
softer materials than Ta [21].

• We observe Hall–Petch and Inverse Hall–Petch behavior in this HEA with a crossover
value of 12 nm for yield stress and ultimate tensile stress, and 15 nm for flow stress.
On the other hand, a very low Hall–Petch slope for the yield stress is observed.
This could be related to our grains being pristine without any pre-existing defects.
Introducing twins, similar to annealing twins, or dislocations might help tailoring the
HP slope.

• Segregation due to tensile stress is not observed in these simulations for a random HEA,
and no phase transformation was observed due to tension. However, the 5 nm grains
are amorphized during tensile deformation. We note that the structure identification
has to be performed with care, to avoid large “noise” due to lattice distortion in alloys
with chemical complexity.

• At smaller grain sizes, plasticity is mediated strongly by GB activity, such as sliding
and rotation, as supported by the faster increase of “amorphous” atoms, the larger
cumulative GB shear strain, and the smaller twin volume fraction observed for
small grains.

• At larger grain sizes, plasticity is mostly driven by dislocation activity and twinning.
Dislocation densities inside grains, discarding grain boundary dislocations, increase
with strain and with grain size. The number of dislocation junctions also increases
with grain size.

• Dislocation analysis was performed to distinguish between their screw or edge char-
acter. Screw dislocations play a significant role in plasticity, as determined by our
simulations and experimental findings [30]. A twinning-detwinning response was
detected in the single crystal, near to threshold for dislocation nucleation. In addition,
in nc samples, the large twin volume fraction for large grains signals a competition
with dislocations, which will shift depending on temperature and strain rate.

• Twins were detected using a technique that employs atomic misorientation, allowing a
volumetric quantification of twin fraction evolution, alongside different twin variants.

The iHP transition into HP, leading to a maximum yield stress and flow stress, is re-
lated to the competition of GB activity with dislocations, as it has been discussed before;
however, there is also a significant contribution of twins to plasticity beyond the HP maxi-
mum. We note that this study focused on grain sizes below 20 nm. Simulations with much
larger grain sizes, requiring much larger samples and a significantly larger computational
cost, will be necessary to extrapolate to grain sizes typical of experiments.

There are several issues that could be studied in future works, such as simulations at
different temperatures, up to nearly 2000 K, where twinning might become less relevant
than dislocations with a significant increase in their mobilities, therefore, controlling the
deformation behavior. On the other hand, we only considered random samples with-
out short-range order (SRO), which would be relevant at much higher temperatures [38]
and will likely modify mechanical properties [18,26,89].

For bcc alloys, SRO, precipitation, and GB segregation might also shift the balance
between GB activity, twinning, and dislocations. Our simulations study a single-phase
bcc HEA. However, experiments often involve several phases and microstructure with
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precipitates, compositional gradients, etc. Models incorporating information from different
techniques and different scales will be required to help in the comprehension of experiments
towards designing novel, improved HEA [77,90]. We believe that future experimental work
for grain sizes below 1 micron, and at large deformation rates, would help comparisons
with atomistic simulations, validating alloy potentials for challenging mechanical behavior.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13020357/s1. Supporting information contains Figures S1 to S8
and a brief explanation of those figures.
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RMSD Root-Mean Square Deviation
SC single Crystal
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TVF Twin Volume Fraction
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