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Abstract
The deformation mechanism of body-centered cubic (bcc) structured high-entropy alloys (HEAs) has been the 
subject of considerable research interest. Although a considerable number of studies have been conducted, the 
majority have focused on relatively large HEAs. As the size of bcc structured HEAs decreases to the nanometer 
scale, the manner in which they accommodate plastic deformation remains unclear. In this study, we employed 
molecular dynamics simulations to investigate the mechanical behavior of HfNbTaTiZr HEA nanowires during 
tensile loading and unloading. The results demonstrated that the plastic deformation of HEA nanowires was 
governed by a transition from the bcc phase to the hexagonal close-packed (hcp) phase. This contrasts with 
previous studies that attributed the deformation to screw dislocation activities. The bcc-hcp phase transition was 
found to occur via Bain strain, which involves lattice distortion and atomic rearrangement, ultimately resulting in 
the formation of the hcp phase. Notably, this bcc-hcp phase transition was reversible upon unloading, 
demonstrating a shape memory effect. This phase transition and its recoverable nature at room temperature were 
rarely reported in bcc structured HEAs. Our findings provide a comprehensive understanding of the deformation 
mechanisms of nano-sized HEAs.
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INTRODUCTION
High-entropy alloys (HEAs), a unique class of solid solutions characterized by equimolar or near-equimolar 
ratios of various elements, have attracted considerable attention for their remarkable mechanical 
properties[1-7]. Over the past few decades, numerous studies have been carried out to investigate the 
mechanical behaviors and deformation mechanisms of HEAs[8-16]. Specifically, previous studies have found 
that HEAs with a face-centered cubic (fcc) structure exhibit excellent plastic deformation capabilities, which 
are attributed to their multiple deformation mechanisms[9-12], including dislocation gliding, cross-slip, 
twinning, dislocation climbing, and phase transition from fcc to body-centered cubic (bcc). While for bcc 
structured HEAs, the majority of previous research has suggested that their deformation is primarily 
controlled by screw dislocation activities[13-20]. For instance, Couzinié et al. demonstrated that the plastic 
deformation of bcc structured HEAs is governed by non-uniform distributions of screw dislocations during 
the initial deformation stage[15]. Given that most dislocations in bcc structured HEAs are of the screw type 
and exhibit low mobility, these alloys typically display limited ductility[20-25]. However, Lee et al. revealed a 
notable exception, highlighting the role of edge dislocations in enhancing the strength of certain bcc 
structured HEAs[16]. Their findings indicated that edge dislocations in NbTaTiV HEAs can overcome high 
energy barriers and glide, thereby enabling the alloy to maintain its high strength. Generally, it is well-
established that the deformation of bcc structured HEAs at room temperature is predominantly controlled 
by dislocation activities, while phase transitions tend to occur more readily at elevated temperatures[20]. 
Nevertheless, the majority of these studies have focused on large-scale HEAs, leaving a significant gap in 
understanding how bcc structured HEAs respond to deformation when their size is reduced to the 
nanoscale.

In nano-sized bcc structured elemental metals, such as tungsten (W) nanowires (NWs), it has been 
observed that plastic deformation is dominated by deformation twins[26]. Notably, these results also 
demonstrated that the deformation twins can revert to their original state after the removal of strain or 
stress. This finding challenges the widely accepted notion that plastic deformation typically causes 
irreversible structural changes in larger metals. The reversible deformation phenomena have typically only 
been reported in shape memory alloys[27,28] and have not been documented in bcc structured elemental 
metals or HEAs. As the material size approaches the nanoscale, predicting the behavior of bcc structured 
HEAs during deformation becomes increasingly complex. It remains unresolved whether phase transitions 
can occur in nano-sized bcc structured HEAs during deformation at room temperature, and whether such 
transitions are reversible upon removal of strain or stress.

This study investigates the mechanical behavior of HfNbTaTiZr HEA NWs during tensile loading and 
unloading at room temperature using molecular dynamics (MD) simulations. It was found that the plastic 
deformation of HfNbTaTiZr NWs was governed by a phase transition from bcc to hexagonal close-packed 
(hcp) during tensile loading. Two-dimensional (2D) and three-dimensional (3D) characterizations revealed 
that this bcc-hcp phase transition was achieved by Bain strain, which is a rare occurrence in bcc structured 
HEA NWs. It is noteworthy that this phase transition was reversible upon unloading, demonstrating a 
shape memory effect. This finding not only provides new insights into the deformation mechanisms of bcc 
structured HEAs at the nanoscale, but also opens up new avenues for their potential application in micro- 
and nano-devices.

MATERIALS AND METHODS
The simulations were conducted using the Large-Scale Atomic/Molecular Massively Parallel Simulator 
(LAMMPS)[29], with an embedded atom method (EAM) potential[30]. The potential used for current study 
can accurately describe the physical and mechanical properties of HfNbTaTiZr, including lattice constants, 
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elastic constants, cohesive energies and vacancy formation energies, and has proven effective in simulating 
the mechanical behavior of complex metallic systems[30]. In considering the diversity of local structures of 
HEAs, tens of random solid solution HfNbTaTiZr HEA NW models with different sizes and orientations 
have been constructed for simulations. It should be noted that solid solutions will not always be completely 
random or ideal; rather, they will exhibit short-range ordering (SRO)[31-34]. Thus, several models with 
different SRO degrees were constructed via hybrid Monte Carlo (MC)/MD simulations for comparative 
analysis. The Warren Cowley parameters (WCPs) for all elemental pairs were used to describe SRO[35,36]. The 
atom types are identified by Interval Common Neighbour Analysis (i-CNA)[37] using the Open Visualization 
Tool (OVITO)[38]. See more detailed methods in Supplementary Materials. Figure 1 depicts the initial 
structure of a typical random solid solution HfNbTaTiZr HEA NW. Figure 1A depicts the 3D model, 
wherein the Hf, Nb, Ta, Ti, and Zr atoms are represented in red, blue, yellow, purple, and green colors, 
respectively. The x, y, and z axes correspond to the [1 0], [001] and [110] directions, respectively. The 
dimensions of this HfNbTaTiZr HEAs NW are as follows: the length (x) is 47.9 nm, the width (y) is 5 nm, 
and the height (z) is 3.6 nm. Figure 1B depicts the 2D structure observed along the [001] direction. The 
model's surfaces were kept free, and the structure's energy was minimized through the application of the 
conjugate gradient method in order to achieve stability. Subsequently, the HfNbTaTiZr HEA NW was 
subjected to a relaxation process in an NVT ensemble for 500 ps at 300 K prior to loading. Finally, several 
layers of atoms at the extremities of the NW were fixed as rigid-body loading handles, and tensile loading 
and unloading were applied along the [1 0] direction.

RESULTS AND DISCUSSION
Figure 2 shows the atomic configuration evolution and the corresponding stress-strain curves of 
HfNbTaTiZr HEA NW under tensile loading and unloading conditions, where blue, red and green colors 
indicate the bcc, hcp and fcc structures, respectively. The strain rate remains at 1 × 108. As illustrated in 
Figure 2A-H, the deformation-induced bcc-hcp phase transition (atomic color changes from blue to red) 
exhibits reversible behavior, manifesting a pseudo-elastic phenomenon. Figure 2A depicts the pristine NW 
structure, which is clearly bcc. With loading, red atoms (hcp phase) begin to appear when the strain reaches 
2.5% [Figure 2B], indicating the onset of the phase transition from bcc to hcp. Then, as the strain increases, 
more atoms transition from the bcc (blue) to the hcp (red) structure, with the hcp phase extending towards 
the ends of the NW [Figure 2C-E]. During the loading process depicted in Figure 2A-E, dislocation activity 
in the bcc regions is minimal, indicating that plastic deformation of this HfNbTaTiZr HEA NW is 
predominantly controlled by the bcc-hcp phase transition. Based on our simulations with different strain 
rates (5 × 107, 5 × 108, 1 × 109), as shown in Supplementary Figures 1-3, the results reveal that the bcc-hcp 
phase transition is the dominant plastic deformation behavior at different strain rates, indicating the onset 
of this phase transition is minimally affected by the strain rate. The difference is that the phase transition is 
initiated at multiple sites simultaneously and expands faster as the strain rate increases. Notably, this room-
temperature phase transition is rarely reported and contrasts with prior studies suggesting that phase 
transitions typically occur under high-temperature conditions[17,23-25]. And interestingly, as shown in 
Figure 2F-H, the bcc-hcp phase transition is reversible upon unloading. Figure 2H shows that the hcp phase 
is almost entirely absent, leaving only the bcc atoms (blue). Figure 2I plots the stress-strain curve of this 
HfNbTaTiZr HEA NW during tensile loading and unloading. It can be observed that as the stress 
approaches ~ 2.7 GPa (the elastic strain is ~ 2.8%), the bcc-hcp phase transition is initiated. With the rapid 
expansion of the hcp phase, the stress first drops sharply and then rises slowly with slight fluctuations to 
2.3 Gpa until the strain approaches 10%. The fluctuating increase in stress can be attributed to the fact that 
when the hcp phase reaches a sufficient size, some deformation occurs within the hcp phase, rather than 
merely phase boundary migration (see detailed analysis in Supplementary Figure 4). Generally, a stress of 
approximately 2.7 GPa is necessary to initiate the bcc-hcp phase transition, while approximately 2 GPa is 
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Figure 1. The initial atomic configuration of a typical random solid solution HfNbTaTiZr HEA NW. (A) depicts the 3D structure of the 
model, while (B) provides a 2D projection along the [001] direction. In the projection, different elemental atoms are represented by 
distinct colors: red for Hf, blue for Nb, yellow for Ta, pink for Ti, and green for Zr.

Figure 2. (A-H) Illustrates the atomic configuration evolution of the HfNbTaTiZr HEA NW during tension (A-E) and unloading (F-H) 
processes at 300 K. In these figures, blue signifies the bcc structure, red denotes the hcp structure, and green represents the fcc 
structure. (I) Presents the stress-strain curve corresponding to the processes shown in (A-H).

required for the subsequent growth of the hcp phase. Upon unloading, the stress-strain curve of the NW 
nearly recovers to its initial state, consistent with the observations in Figure 2F-H.

To clarify the bcc-hcp phase transition, Figure 3 presents enlarged images depicting the nucleation and 
growth of the hcp phase in HfNbTaTiZr HEA NW. Figure 3A-C illustrates the nucleation process of the 
hcp phase, while Figure 3D-F depicts its growth. As shown in Figure 3A and B, several red hcp-type atoms 
appear near the surface of the NW, and this hcp phase grows with continued straining. Comparing 
Figure 3B and C, it is observed that several white unknown atoms emerge before the propagation of the hcp 
phase. These white atoms are highly distorted bcc lattice atoms, suggesting that the phase transition from 
bcc to hcp follows the Bain straining path proposed by previous theoretical models[17]. Due to the different 
lattice parameters of the bcc and hcp phases, the interface between these phases in HfNbTaTiZr HEA NW 
experiences significant stress concentration, which further facilitates the bcc-hcp transition. Consequently, 
after the initiation of the hcp phase, it continues to grow within the NW, as shown in Figure 3D-F.
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Figure 3. The atomic-scale deformation mechanisms of the HfNbTaTiZr HEA NW during the stretching process include the nucleation 
(A-C) and growth (D-F) of the hcp phase.

Figure 4 illustrates the 3D structural evolution during the bcc-hcp phase transition process. These figures 
facilitate a deeper comprehension of the phase transition mechanism in the HfNbTaTiZr HEA NW. 
Figure 4A presents a 3D image of the HfNbTaTiZr HEA NW prior to deformation. Figure 4B shows that 
several bcc lattices are significantly distorted when the applied stress exceeds the elastic limit (for a clearer 
view, see Figure 4G). As strain increases, as depicted in Figure 4C, many white atoms emerge and serve as 
nucleation sites for the hcp phase. This observation confirms that the bcc-hcp phase transition occurs via 
the Bain straining path[39]. With further straining, the hcp phase continues to grow and propagate 
throughout the NW, eventually converting almost all lattices to the hcp phase [Figure 4D and E]. 
Interestingly, as shown in Figure 4E, during the hcp phase propagation process, a fcc atomic layer is formed 
via Bain straining path[39]. During the loading process, these green atoms undergo only negligible shuffling, 
while atoms in their upper and lower atomic layers move to the left and right, respectively, leading to the 
formation of the fcc lattice (see more details in Supplementary Figure 5). To provide a clearer view of this 
phase transition, Figure 4F-J shows the enlarged images of the initial hcp nucleation region, illustrating how 
the bcc lattice distorts and ultimately transforms into the hcp phase. Comparing Figure 4F and G, the bcc 
lattices are noticeably distorted, as evidenced by changes in lattice spacing and bond angles. Continuous 
straining further increases these distortions, resulting in some atoms transforming into unknown atomic 
types (depicted in white), which no longer conform to the bcc structure [Figure 4H]. This distortion 
increases the crystal’s internal energy and provides a driving force for the propagation of the hcp phase. As 
straining continues, these highly distorted atoms undergo a rearrangement process, and their interactions 
gradually adjust, ultimately forming the hcp lattice [Figure 4I and J].

Interestingly, our MD simulations reveal that the hcp phase can reverse to the bcc phase upon unloading. 
Figure 5 illustrates the structural evolution of the HfNbTaTiZr HEA NW during unloading, highlighting the 
transition from the hcp phase to the bcc phase during the reverse phase transition. Light blue frames in the 
figures denote the same region within the NW, allowing for clear tracking of the recovery process by 
comparing changes in atomic color within these frames. Figure 5A-C shows a representative example where 
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Figure 4. (A-E) Illustrates the 3D structural evolution of the HfNbTaTiZr HEA NW during the hcp nucleation process, within a strain 
range of 2.5% to 2.6%. (F-J) Provides enlarged images of the initial hcp nucleation region in the HfNbTaTiZr HEA NW.

Figure 5. (A-F) Illustrates the atomic-scale mechanism of the reverse phase transition in the HfNbTaTiZr HEA NW during the 
unloading process.

hcp atoms at the phase boundary transform into bcc atoms. By comparing the atomic colors in the light 
blue framed regions of Figure 5A and B, several atoms near the phase boundary gradually change from their 
initial color to white, indicating lattice distortion. Continued unloading causes this distortion to propagate, 
with some neighboring red hcp atoms eventually transforming into blue bcc atoms [Figure 5C]. 
Figure 5D-F presents another instance of the hcp-bcc phase transition, providing a clearer view of the 
transition path. As shown by the light blue frames, many red hcp-type atoms near the phase boundary first 
turn white and then transition to blue bcc-type, paralleling the observations in Figure 5A-C. This evidence 
confirms that the recovery process involves an initial transition of the hcp lattice to an intermediate lattice 
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before returning to the bcc lattice during unloading. This process occurs throughout the phase boundary, 
resulting in the migration of the phase boundary and ultimately the full recovery of the bcc phase.

We also performed the MD simulations for other four NWs with the longitudinal direction of [11 ], [001], 
and [111], respectively [Supplementary Figures 6-9]. For the [11 ] and [001] oriented NWs, their plastic 
deformation is governed by both bcc-hcp and bcc-fcc phase transitions [Supplementary Figures 6-8]. For 
the [111]-oriented NW, only bcc-hcp phase transition occurs, while this phase transition cannot continue to 
occur uniformly in subsequent deformation and leads to early necking [Supplementary Figure 9]. Moreover, 
we notice that the NW can re-orient from <001> orientation to <110> during the deformation process 
[Supplementary Figure 8E and F], leading its subsequent deformation to be governed mainly by the bcc-hcp 
phase transition. This usual deformation results in the NW exhibiting a large homogeneous deformation 
capacity. In addition, we performed the MD simulations for another three [1 0]-oriented NWs with 
rectangular, rhombic and round cross-sections, respectively. The results show that the bcc-hcp phase 
transition is also the dominant deformation mode [Supplementary Figures 10-12]. These indicate that bcc-
hcp phase transition prefers to occur in those NWs with <110> orientation and surface effect on the bcc-hcp 
phase transition is not obvious. In order to reveal why the bcc-hcp phase transition is more preferred for the 
<110>-orientation NWs, the orientation relationship of the bcc/hcp and the bcc-hcp phase transition path is 
illustrated in Supplementary Figure 13. The crystallographic relationship between the bcc structure and the 
hcp structure before and after the phase transition is {110}bcc||{0002}hcp. It shows that the bcc lattice 
transforms into the hcp lattice via tension along the [1 0] direction and compression along the [001] 
direction[40]. Therefore, tensile loading along the <110> direction is more likely to initiate the bcc-hcp phase 
transition.

Furthermore, we also conducted MD simulations on NWs with sizes of 24.1 nm × 6.3 nm × 6 nm and 
48.4 nm × 16.7 nm × 16.3 nm [see Supplementary Figures 14 and 15]; the results show that their 
deformation is also governed by bcc-hcp phase transition. This phase transition is the predominant 
deformation mode, even in relatively large-sized NWs. Meanwhile, it should be noted that our simulations 
are based on NWs with only several tens of nanometers. As for the relatively large size and bulk HEAs, the 
defects (e.g., dislocations, grain boundaries) and more complex stress condition effect on this reversible 
phase transition cannot be ignored. We therefore suppose that the occurrence of large-scale continuous 
reversible phase transition in relatively large-sized sample and bulk HEA is difficult. Such reversible phase 
transition may occur locally in bulk HEAs at relatively high temperatures due to thermal fluctuations[17]. 
Moreover, due to the computational capability limitation, MD simulation-operational models are generally 
small (only a few tens of nanometers). MD simulations demonstrate a notable degree of efficacy in the 
context of nanoscale samples. When the samples are micrometer-scale or even larger, the deformation 
mode may change. It should be cautious when using MD to investigate the deformation mechanism of 
those relatively large-sized and bulk HEAs.

Additionally, it should be noted that there are a considerable number of local structures and local atomic 
clusters in HEAs[31-34], which may significantly affect the deformation mechanisms of HEAs. Thus, we also 
constructed other two typical NWs with different SRO degrees by hybrid MC/MD simulations. Their SRO 
degrees are described by WCPs [see Supplementary Figure 16]. The deformation mechanism of these two 
NWs under tensile loading is shown in Supplementary Figures 17 and 18. It was found that these two NWs 
also accommodate plastic deformation through the bcc-hcp phase transition. These are similar to the results 
shown in Figure 2. Meanwhile, it should be noted that the homogeneous strain decreases as the SRO degree 
increases, indicating that the SRO degree can significantly affect the further propagation of the hcp phase 
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[see Supplementary Figures 17 and 18]. In addition, we also investigated the reverse phase transition process 
of these two typical NWs, as shown in Supplementary Figures 19 and 20; the reverse bcc-hcp transition 
occurs not only at the bcc-hcp phase boundary but can also be initiated in the hcp region. This suggests that 
the local SRO can provide additional sites for the initiation of the reverse bcc-hcp transition. Thus, the SRO 
has a slight effect on the reversibility of the phase transition. We have calculated the energy barriers of the 
bcc-hcp transition and its reverse process using the nudged elastic band method. The energy-barrier curves 
show that both the bcc-hcp transition [Supplementary Figure 21] and its reverse process 
[Supplementary Figure 22] have non-singular energy barriers. This is because the inhomogeneously 
distributed elements lead to local variations in the energy barriers for the phase transition. Thus, the SRO 
can affect the local deformation mechanism and the phase transition. This explains why the bcc-hcp 
transition [Supplementary Figures 17 and 18] and its reverse [Supplementary Figures 19 and 20] process are 
slightly different for those NWs with different SRO. A previous study[17] also proposed that SRO local 
structures rich with elements Hf, Ti and Zr can lower the nucleation barrier for bcc-hcp transition. These 
indicate that the local structures can affect the energy barriers of phase transition and mechanical behaviors 
of HEAs, and they are expected to be modified via alloying and processing conditions.

According to previous theoretical models, simulations, and experiments, the deformation of fcc structured 
HEAs is always controlled by twinning and dislocation activities[12]. For large-size bcc structured HEAs, 
most previous research has suggested that their deformation is primarily controlled by screw dislocations 
with a Burgers vector of 1/2 <111>[13-16,20,26,41]. Lee et al. proposed that edge dislocation activities enable bcc 
structured HEAs to exhibit high strength at elevated temperatures[16]. Regarding the bcc-hcp phase 
transition, previous studies suggested that it rarely occurs during room temperature deformation. 
Huang et al. reported that this phase transition can occur at high temperatures in bcc structured HEAs[17]. In 
contrast, our simulation reveals that the deformation of HfNbTaTiZr HEA NWs is governed by the bcc-hcp 
phase transition at room temperature, which differs from prior research on bcc structured HEAs. More 
importantly, it is widely believed that plastic deformation usually leads to permanent structural changes in 
large-size single-crystal or coarse-grained polycrystalline metals, which are generally irreversible. Our 
current study finds that the plastic deformation of nano-sized [1 0]-oriented HfNbTaTiZr HEA NWs is 
governed by a single homogeneous bcc-hcp phase transition, and that this bcc-hcp phase transition is 
reversible. Although reversible phase transitions have been reported in shape memory alloys[27,28], and 
reversible deformation twinning under heating has been predicted in ~2 nm-sized pure FCC metals[42,43], 
reports of the bcc-hcp phase transition and its reversibility in nanoscale bcc structured HEAs are rare. Since 
microstructural evolution can significantly influence the mechanical properties of materials, this discovery 
offers valuable insights for designing HEAs with optimized properties.

CONCLUSIONS
In conclusion, the mechanical behavior of HfNbTaTiZr HEA NWs at room temperature was investigated 
using MD simulations. It was found that the plastic deformation of HfNbTaTiZr NWs under tension was 
governed by bcc-hcp phase transition. This bcc-hcp phase transition occurred via Bain strain, which 
involves the distortion and rearrangement of lattice spacing and bond angles, ultimately leading to the 
formation of the hcp phase. Remarkably, this phase transition was reversible upon unloading. Our results 
offer a comprehensive understanding of the deformation mechanism of nano-sized HEAs at room 
temperature and provide valuable insights for the design and application of such materials.
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