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stress (2410 MPa) exceeds the critical twinning stress (1903 MPa), enabling
deformation twinning. No 9R phase was observed, which is attributed to its
thermodynamic instability, as confirmed by first-principles calculations. These
findings clarify the deformation behavior and twin formation mechanism in CoNiV
MEAs under severe plastic deformation.
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1. Introduction

Medium-entropy alloys (MEAs) can be regarded as the core subset in the high entropy alloys (HEAs), e.g.,
CoNiV in the CoNiVAITi [1], TiZtNb in the TiZtNbMoV [2], CoCrNi in the CoCrFeMnMN!i [3], etc. MEAs have
emerged as a new class of structural materials due to their exceptional properties, including high strength, excellent
ductility, corrosion resistance, and irradiation tolerance [4—10]. Among them, the CoNiV MEA exhibits superior
yield strength and ductility compared to most quaternary and quinary systems [11,12]. To date, the mechanical
performance of CoNiV MEAs has been enhanced through conventional mechanisms such as solid solution
strengthening, grain refinement, dislocation strengthening, and second-phase reinforcement [13,14]. The reported
optimized mechanical properties include strengths exceeding 2 GPa and fracture strains approaching 20% [15].
Further improvements in strength—ductility synergy rely on the activation of additional deformation mechanisms
to sustain high work-hardening capability during plastic deformation; otherwise, premature necking will occur due
to insufficient strain hardening [13,16—19]. Among various nano defects, deformation twins (DTs) and 9R phase
are effective barriers for dislocation motion within grains, thereby enhancing both the strength and strain hardening
capacity of alloys [20]. However, due to the relatively high stacking fault energy (SFE) of the CoNiV MEA, plastic
deformation is primarily governed by dislocation slip, and neither DTs nor 9R structures have been observed—
even at cryogenic temperatures [21]. Fortunately, increasing the local flow stress makes the formation of DTs and
9R phases more feasible, a phenomenon that has been extensively demonstrated in high-SFE metals such as pure
aluminum [22]. In this study, cold drawing was employed to raise the flow stress of CoNiV MEA and to investigate
the potential formation of DTs and 9R phases under high-stress conditions.
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2. Experimental Procedures

2.1. Alloy Preparation

A master HEA with a nominal composition of Co3334Ni33.33V3333 (at.%) was prepared by vacuum arc melting
under a high-purity argon atmosphere, followed by suction casting into a rectangular ingot with dimensions of 10
x 10 x 50 mm. To ensure compositional homogeneity, the alloy was remelted four times. The ingot was
homogenized at 1000 °C for 30 min, hot-rolled at the same temperature to a thickness of 6 mm by a hot rolling
mill equipped with a heating furnace, and then air-cooled. Subsequently, the alloy was homogenized again at 1000
°C for 2 h and water-quenched. The sample was further cold-rolled to a thickness of | mm and annealed at 1000
°C for 10 min, followed by water quenching. Both hot and cold rolling were performed with a 1 mm reduction per
pass. Samples were cut into 1 x 1 x 200 mm specimens using electrical discharge machining for subsequent cold
drawing. The wire diameter was reduced by 100 um in each drawing step until reaching a final diameter of 300
pm.

2.2. Microstructure and Mechanical Properties

Microstructural characterization was performed using a field emission scanning electron microscope (FE-
SEM, Aztec Max2, Oxford Nordlys, UK) equipped with backscattered electron imaging (BSEI). Transmission
electron microscopy (TEM), selected area electron diffraction (SAED), and high-resolution TEM (HRTEM)
analyses were conducted using a field emission gun TEM (FEG-TEM, Tecnai G2 F20, FEI Company, Hillsboro,
OR, USA). For SEM, samples were ground to 5000# and electropolished at —20 °C in a solution of 10% HCIO,
and 90% C,HsOH for 1 min. TEM foils were thinned to <100 nm at 100 K using ion-beam. Prior to ion milling,
the specimens were mechanically ground to a thickness of approximately 40 um. X-ray diffraction (XRD) analysis
was conducted using an in-situ XRD system (NANOPIX-WE, Rigaku, Japan) with a Mo Ka radiation source (A =
0.071 nm). Quasi-static uniaxial tensile tests were performed at room temperature using a material testing system
(MTS) at a strain rate of 1 x 1073 s7!. The tensile specimens were 40 mm in length.

2.3. First-Principles Method

First-principles calculations were performed using the Vienna Ab initio Simulation Package (VASP) to
determine the cohesive energies of FCC, FCC/9R, and 9R structures in the CoNiV alloy. The supercell for the
geometrically optimized FCC structure contained 120 atoms (dimensions: 8.7 x 30.9 x 5.5) randomly distributed
across the lattice sites of the corresponding crystal structure. The exchange-correlation functional was modeled
using the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional, and
ultrasoft pseudopotentials (USPP) were utilized to describe electron-ion interactions. The calculation parameters
included a plane-wave energy cutoff of 310 eV, a k-point grid of 3 x 2 x 1, and an error threshold of 1.0 x 10°®
eV/Atom. The convergence criteria for SCF iterations required that the total energy difference between two
consecutive cycles be less than 5.0 x 107® eV/atom, with a tolerance offset of less than 5.0 x 107> nm.

3. Results and Discussion

As shown in Figure 1la, the XRD pattern indicates that the CoNiV MEA primarily exhibits a single-phase
FCC structure, and no new phases are generated during cold drawing. Figure 1b displays the SEM image of the
as-annealed CoNiV MEA, revealing equiaxed grains with an average size of 4.4 £ 2.7 pym. A large number of
twins are observed within the grains. Due to their relatively large thickness, these twins are identified as annealing
twins (ATs), likely formed during the annealing process as a result of grain boundary energy reduction [23]. The
EDS results shown in Figure 1d—f confirm that the elemental distribution in the CoNiV alloy is uniform, with no
detectable elemental segregation. After cold drawing, the grains are fragmented, and finer twins emerge, displaying
parallel stripe-like features extending from grain boundaries into the grain interiors (Figure 1¢). These features are
considered deformation twins (DTs) formed during cold drawing [23]. Although the CoNiV MEA has a high
stacking fault energy, the elevated flow stress induced by cold drawing surpasses the critical twinning stress,
thereby promoting the formation of DTs, which will be discussed in detail later.

Shear stress can trigger the formation of the 9R phase via X3 {112} twin boundary dissociation or periodic
Shockley partial emission on {111} planes. [24]. Additionally, the 9R phase can serve as a nucleation core for
DTs, hexagonal close-packed (HCP) structures, and ¢ phases, and has been widely observed in FCC alloys [20,24].
Therefore, the twin regions of the CoNiV MEA before and after cold drawing were carefully examined, as shown
in Figure 2. Before cold drawing, a high density of ATs appeared within individual grains (Figure 2a,b), with
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widths ranging from 15 nm to 150 nm. Figure 2b; shows the symmetrical structure of the twins. As the degree of
cold drawing increases (i.e., with decreasing wire diameter), the grains become significantly elongated and
gradually refined. In the early stages of deformation (e.g., at a diameter of D = 0.8 um, Figure 2c), well-defined
dislocation cell (DC) structures can still be observed. However, with further drawing, the microstructure
progressively evolves into one dominated by microbands (MBs, Figure 2d—f). Notably, the formation of
deformation twins (DTs) appears to have a critical size threshold: prominent DTs are only observed when the
diameter is reduced to approximately 0.4 pm (Figure 2¢), with an average twin thickness of ~10 nm. Upon further
reduction in diameter to 0.3 um (Figure 2f), the volume fraction of deformation twins increases significantly.
Surprisingly, despite being subjected to extremely high stress, the area surrounding the DTs remains remarkably
“clean”, with no 9R phases detected (Figure 2g;).
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Figure 1. (a) XRD pattern of CoNiV MEAs before and after drawing; ECCI images of the CoNiV MEA in the (b)
as-annealed and (c¢) as-drawn states; (d—f) EDS maps of the as-annealed CoNiV MEA.
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Figure 2. (a) TEM image and the corresponding SAED pattern of ATs in the as-annealed CoNiV alloy; (b) HRTEM
image shows the ATs and their magnified view in (b1); (¢—f) TEM images show the microstructural evolution of
the CoNiV MEA under varying degrees of cold drawing: (¢) 0.8 pm, (d) 0.6 um, (e) 0.4 um, and (f) 0.3 um; (f1)
corresponding dark-field TEM image of (f); (g) HRTEM image of DTs in (f) and their magnified view in (g1).
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Although the CoNiV MEA has a higher stacking fault energy than typical H/MEAs, it is worth noting that
the 9R phase has been observed even in Al alloys with extremely high stacking fault energies (166 mJ/m?) under
severe shear stress [22]. The occurrence of stress-induced phase transformation requires both thermodynamic and
kinetic feasibility [25]. Thermodynamically, a negative Gibbs free energy difference (AG < 0) between the two
phases is essential to provide the necessary driving force for the transformation. Kinetically, the applied stress
must exceed a critical transformation stress to supply sufficient mechanical energy to overcome the transformation
energy barrier, thereby enabling the phase change. To elucidate why the 9R structure is difficult to form in the
CoNiV MEA, first-principles calculations were performed to determine the cohesive energies of the FCC, 9R, and
9R/FCC structures in CoNiV MEA. In general, more negative cohesive energy indicates a higher energy release
during atomic bonding, leading to stronger interatomic bonds and a more stable structure. The cohesive energy
was calculated using the following equation [26]:

Ecoh = EABtotal - (CEAatom + (l - C)EBatom) (1)

where E_,, represents the cohesive energy; E,,,; and E,,,, denote the energy of the alloy and the single atom in
the cell dot matrix of the alloy, respectively; ¢ represents the fraction of the different atoms. The computational
results, depicted in Figure 3b, show that the 9R structure in CoNiV alloys has the highest cohesive energy, followed
by the 9R/FCC interface, while the FCC phase exhibits the lowest cohesive energy. These results indicate that the
FCC phase is the thermodynamically stable structure in the CoNiV MEA, and the formation of either the 9R phase
or the 9R/FCC interface within the matrix is energetically unfavorable. In contrast, in some HEAs with low
stacking fault energies, the 9R phase and 9R/FCC interfaces are more stable than the FCC phase [24]. As a result,
the metastable FCC structure in such alloys tends to transform into the 9R structure upon deformation.
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Figure 3. (a) The atomic configurations of the original FCC, FCC/9R, and 9R structures; (b) First-principles
calculated cohesive energy of FCC, FCC/9R, and 9R structures in the CoNiV alloy.

Apart from the 9R phase, DTs have also rarely been observed in single-phase CoNiV MEAs in previous
studies. However, in the present study, DTs were successfully introduced through cold drawing, indicating the
activation of a new deformation mechanism. In materials with an FCC crystal structure, the activation of
deformation twinning requires the applied stress to exceed the critical twinning stress, thereby satisfying the kinetic
conditions for twinning. The magnitude of the critical twinning stress is strongly influenced by both grain size and
SFE; finer grains and higher SFE lead to higher critical twinning stresses, making the activation of twinning more
difficult. It has been reported that the critical twinning stress in alloys can be estimated using the following equation
[13]:

WP
o = M+ =) @

where y is the SFE (31 mJ/m? for CoNiV MEA), M is the Talyor factor (3.06 for CoNiV MEA), b, is the
Burger’s vector of a partial dislocation (0.147 nm), kg‘P is Hall-Petch constant for twinning (864 MPa pm'? for
CoNiV MEA [27]), d represents the mean grain size. The calculated critical twinning stress of the as-annealed
CoNiV MEA in this study reaches 1903 MPa, which explains why DTs were rarely observed in previous uniaxial
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tensile experiments. Generally, severe plastic deformation methods such as cold drawing can provide higher flow
stress than uniaxial tension, thereby facilitating the activation of DTs. The equivalent stress during cold drawing
can be calculated using the following equations [28]:

af_l R; tucotal R; +2a 3
P n R, ucoto ln )3 3)

where oy represents the effective drawing stress, o, represents the yield stress (1.7 GPa, show in Figure 4),
R; and R, are the wire radii before and after passing through the die (0.2 mm — 0.15 mm), respectively, a
represent the die semi-angle (3° in this study), and u is the friction coefficient (0.2 in this study). The calculated
effective drawing stress is 2410 MPa, which exceeds the critical stress required for deformation twinning (Figure
4), thereby inducing a high density of DTs in the matrix. Another noteworthy point is that, despite the presence of
high local stress during cold drawing, the 9R phase transformation does not occur because the thermodynamic
conditions required for its activation are not met, as confirmed by our earlier first-principles calculations.
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Figure 4. Comparison of the engineering stress—strain curve with the critical twinning stress and the effective
drawing stress.

4. Conclusions

In summary, this study investigated the microstructural evolution and deformation mechanisms of a CoNiV
medium-entropy alloy (MEA) during cold drawing. The alloy retains a single-phase FCC structure throughout
deformation. Cold drawing transforms ATs into ultrafine DTs, enabled by a drawing stress (2410 MPa) that
exceeds the critical twinning stress (1903 MPa), despite the alloy’s high stacking fault energy. No 9R phase forms,
which is attributed to its thermodynamic instability, as revealed by first-principles cohesive energy calculations.
These findings highlight the roles of stacking fault energy, grain size, and deformation stress in controlling twin
formation and phase stability in high-strength MEAs.
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