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A B S T R A C T

CoCrNi medium-entropy alloy exhibits excellent ductility, but its relatively low strength at room temperature 
limits its practical application in high-performance structural components. In this study, a series of as-cast 
CoCrNiVx (x = 0, 0.1, 0.3, and 0.5) multi-principal element alloys (MPEAs) were fabricated using high- 
vacuum arc melting to investigate the effects of vanadium (V) concentration on the microstructural evolution 
and mechanical properties of the CoCrNi-based system. A critical alloying threshold was identified at V0.3 alloy, 
marking a phase transformation from a single-phase FCC phase to a dual-phase structure containing BCC pre
cipitates. The addition of V led to the enhanced mechanical properties, with the yield strength and Vickers 
hardness increased from 247 ± 2.5 MPa and 202 ± 4.6 HV in CoCrNi alloy to 460 ± 9.8 MPa and 288 ± 47.5 HV 
in CoCrNiV0.5 alloy. However, the CoCrNiV0.5 alloy exhibits a catastrophic ductile-to-brittle transition. This 
embrittlement is mechanistically attributed to the morphological evolution of BCC precipitates from discrete 
globules intragranularly to continuous networks along the grain boundaries, reducing elongation from 70% to 
13%. The results show that precise control of the position of the precipitated phase is crucial for obtaining high 
properties as-cast CoCrNi-based alloys with synergistic strength and ductility at room temperature.

1. Introduction

The synergistic combination of high yield strength and exceptional 
ductility is highly desirable for ensuring the structural integrity of crit
ical engineering components such as high-performance shafts and high- 
strength fasteners [1–3]. However, conventional alloy design is con
strained by the inverse relationship between strength and ductility 
known as the strength-ductility trade-off [4]. This inherent limitation 
restricts the simultaneous optimization of mechanical properties in 
traditional alloy systems. The emergence of MPEAs has provided new 
strategies for addressing this strength-ductility conflict [5–7]. MPEAs 
differ from conventional alloys by consisting of five or more instead of 
one or two major elements with an equimolar or near-equimolar ratio. 
HEAs have attracted massive research because of their unique compo
sitions, microstructures, and tunable properties. Among the various 
MPEAs, the CoCrFeMnNi alloy possesses good mechanical properties at 
both room and cryogenic temperatures [8,9]. The CoCrNi alloy exhibits 

superior mechanical properties compared to the CoCrFeMnNi alloy, 
including superior yield strength, higher ultimate tensile strength, and 
better ductility. The alloys possess a significantly lower stacking fault 
energy (SFE). Lower SFE facilitates the activation of deformation twin
ning (TWIP) during plastic deformation, endowing the alloys with 
exceptional work-hardening capacity and fracture toughness [10–12]. 
Despite the exceptional plasticity of the alloys, their insufficient yield 
strength limits their application, and it is significant to improve their 
strength and hardness at room temperature.

In order to further improve the yield strength of CoCrNi alloy, re
searchers achieve solid solution strengthening by adding other alloying 
elements. For instance, the addition of elements such as Ti [13], W [14], 
Al [15], Mo [16], and others to the alloys can significantly improve the 
mechanical properties of the alloys. Chang et al. [13] found that adding 
Ti to CoCrNi alloys increased hardness and strength through various 
mechanisms, such as solid solution strengthening, grain refinement, and 
precipitation hardening. Agustianingrum et al. [17] added Al in CoCrNi 
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alloys to improve strength and concluded that the strength enhancement 
of the alloy was achieved through solid solution strengthening. 
Compared to the CoCrNi alloy, the (CoCrNi)93Al7 alloy exhibited an 
increased yield strength from 250 to 305 MPa and an improved ultimate 
tensile strength from 759 to 795 MPa, and its ultimate elongation 
remained at 68%. Lattice distortion has become one of the primary 
methods for enhancing the mechanical properties of MPEAs [18–26]. 
However, these strengthening strategies rely on complex mechanical 
processing, including cold rolling and annealing. These processes incur 
high manufacturing costs and long processing times. Consequently, it is 
necessary to study the direct development of high-strength MPEAs.

The V element was considered the most effective strengthening 
element for both FCC and BCC MPEAs due to its unique atomic volume 
[27–33], which created a significant mismatch with other primary ele
ments. While the atomic radius of V is larger than the atomic radii of Co, 
Cr, and Ni, severe lattice distortion is expected upon the substitutional 
solid solution. During solidification, V exhibits a high tendency for 
micro-segregation within the liquid phase [3,34]. Chen et al. [25] pre
pared a (CrCoNi)96V4 alloy and, through cold rolling and annealing, 
increased its yield strength and tensile strength to 678 MPa and 
1024 MPa, respectively, while maintaining an elongation of 26%. The 
addition of the V element has an obvious strengthening effect on the 
CrCoNi alloys.

In this study, we investigate as-cast CoCrNiVx alloys with different V 
contents (x = 0, 0.1, 0.3, and 0.5). The microstructure and mechanical 
properties of these as-cast alloys are examined. The alloys show a 
combination of good ductility and increased strength. This behavior 
comes from the high dislocation density inside the grains and the for
mation of precipitates. These results provide guidance for the processing 
and deformation of MPEAs that contain V.

2. Materials and methods

Alloy ingots with nominal compositions of CoCrNiVx MPEAs (x = 0, 
0.1, 0.3, and 0.5, named as V0, V0.1, V0.3, and V0.5) were fabricated by 
arc-melting the mixtures of the high-purity (99.99 wt%) metals with a Ti 
getter under a vacuum of 5 × 10− 3 Pa. Under this atmosphere, V may 
attract residual oxygen in the chamber, leading to the formation of 
interstitial oxygen-strengthened precipitates. The ingots of these mul
tiprincipal element alloys were flipped and remelted at least five times to 
ensure homogeneity of compositions. Oxygen contamination was 
controlled through high-purity raw materials (99.99 wt%), Ti-getter 
purified argon, and high-vacuum conditions (< 5 × 10− 3 Pa) during 
melting. This processing condition effectively controls interstitial oxy
gen content, although trace oxygen pickup is inevitable due to vana
dium’s high oxygen affinity. Dog-bone-shaped tensile specimens with a 
gauge length of 10 mm, a width of 2.5 mm, and a thickness of 1 mm were 
cut from the ingots using EDM. Tensile tests were carried out at room 
temperature utilizing a universal testing machine (MTS CMT-5105) to 
evaluate the mechanical properties of the samples at a strain rate of 
1 × 10− 3. Three independent tensile tests were performed for every 
MPEA to ensure reproducibility. Vickers hardness was measured under a 
load of 300 g with a dwell time of 10 s, with a minimum of 10 in
dentations per sample. All samples were ground with SiC paper up to 
2000 grit and polished using 0.04 μm SiO2 suspensions to achieve a 
mirror-like surface morphology devoid of observable scratches under 
optical microscopy. Lastly, the samples were rinsed with deionized 
water after ultrasonic cleaning with acetone and ethanol.

Phase identifications were performed by X-ray diffraction (D8 
Discover, Bruker, Germany) using 1.54 Å Cu-Kα radiation and scattering 
angle in the range of 20◦ to 100◦. The microstructure analysis of the 
samples was carried out using a scanning electron microscope (SEM, 
Sirion) equipped with integrated Energy Dispersive Spectroscopy (EDS) 
and Electron Backscatter Diffraction (EBSD). Additionally, transmission 
electron microscopy (TEM, Talos F200X) was utilized to examine the 
interface structure and phase distribution of the samples. Sample 

preparation for TEM analysis involved the use of an ion milling machine 
(Gatan-691). Samples for TEM characterization were further mechani
cally ground with SiC papers down to a thickness of 60 μm, and then 
thinned by ion beam thinner (M691, GATAN, USA). The Vickers hard
ness of samples was measured using an automatic tester (FM-700, 
FUTURE-TECH, Japan) with a load of 300 g and a loading time of 10 s.

3. Results and discussion

3.1. Crystal structure and microstructures

The phase constitution of the as-cast CoCrNiVx alloys (x = 0, 0.1, 0.3, 
and 0.5) was characterized by X-ray diffraction (XRD). As illustrated in 
Fig. 1, all compositions display a single-phase face-centered cubic (FCC) 
crystal structure [16]. No additional peaks were detected [25]. An 
increasing V concentration triggers the nucleation of nanoscale BCC 
precipitates, which are nanoscale and present in relatively low volume 
fractions, which fall below the detection limit of XRD [35,36].

EBSD was adopted to measure the grain size of CoCrNiVx MPEAs. The 
inverse pole figure (IPF) mappings are shown in Fig. 2, which reveal a 
random distribution of crystallographic orientations for all alloys, evi
denced by the various coloration of the grains. Notably, the grain size 
decreased with the increasing V content in the alloy. The V0 alloy is 
characterized by a coarse-grained microstructure with an average grain 
diameter (dmean) of approximately 318 μm. The addition of V results in a 
slight refinement effect, with dmean values of 248 μm and 247 μm, 
respectively (V0.1 and V0.3 alloy). Although the average grain size 
decreases to 174 μm, a sharp microstructural transition is adverse in the 
V0.5 alloy. The microstructure of the as-cast V0 alloy is shown in Fig. 3, 
which indicates a classical low stacking fault energy (SFE) material [37]. 
Bright-field TEM imaging (Fig. 3a) demonstrates a clean matrix devoid 
of any secondary phase particles, either at the grain boundaries or 
within the grain interiors. The matrix contains a few dislocations and 
stacking faults (SFs). In the illustration, the selected area electron 
diffraction (SAED) patterns confirm the single-phase constitution. 
High-resolution TEM (HRTEM) analysis (Figs. 3b, 3c) reveals a high 
density of SFs traversing the FCC matrix, confirmed by the characteristic 
streaking in the Fast Fourier Transform (FFT) patterns. This abundance 
of thermally induced defects in the as-cast state serves as direct evidence 
of the low intrinsic SFE of the CoCrNi system [38,39].

The V0.1 alloy maintains a single-phase FCC structure. As shown in 
Fig. 3d, it exhibits a homogeneous microstructure similar to the V0 
alloy. It is characterized by a low initial dislocation density. However, an 

Fig. 1. XRD patterns of the CoCrNiVx (x = 0, 0.1, 0.3, and 0.5) alloys.
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obvious difference was observed in the SFs behavior. The number of SFs 
in the V0.1 alloy is significantly lower than that in the V0 alloy. The V0 
alloy exhibits SFs along multiple directions, while only a single direction 
is observed in the V0.1 alloy (Figs. 3e and 3f). The V0.3 alloy marks a 
critical microstructural threshold characterized by the appearance of 
intragranular precipitation. As shown in Fig. 4b, globular precipitates 

are densely distributed within the grain interiors. EDS mapping (Fig. 4b) 
confirms that these intragranular globular phases are enriched in V and 
O, while being depleted in the matrix elements (Co, Cr, Ni). The inter
face between these nanoscale precipitates and the matrix exhibits 
dislocation pinning (Fig. 4c), suggesting an obstacle effect against 
dislocation slip. Structural analysis via SAED (Fig. 4d-f) identifies that 

Fig. 2. EBSD IPF mappings and the distribution of grain sizes in CoCrNiVx alloys (a, e) V0, (b, f) V0.1, (c, g) V0.3, and (d, h) V0.5.

Fig. 3. The microstructure of as-cast V0 and V0.1 alloys. (a, d) TEM BF images of V0 and V0.1 and (b, e) HRTEM of V0 and V0.1; (c, f) an enlarged view of SFs 
marked by the red square in Figs. (b) and (e), respectively.
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the matrix remains FCC structure, while these internal particles have a 
BCC crystal structure along the [013] and [113] zone axis. The HRTEM 
image (Fig. 4g) reveals clear lattice fringes with an interplanar spacing 
of d = 0.235 nm.

With the V content increasing to 0.5, the microstructure of the alloy 
changes significantly. In Fig. 5a, the bright-field TEM image shows the 
grain boundary (GB) of V0.5 alloy. The BCC precipitates (indicated by 
red arrows) are continuously distributed adjacent to the grain bound
aries. The massive segregation of V into these precipitates leads to a 
localized V-depleted zone in the adjacent matrix. This causes the sur
rounding matrix (marked by the blue dashed box in Fig. 5a) to become 
relatively enriched in the Cr element. Fig. 5b shows the SAED patterns 
that the distribution of diffraction spots confirms that this localized Cr- 
enriched matrix strictly maintains the standard FCC structure. The EDS 
elemental mapping reveals pronounced enrichment of V and O at the 
grain boundaries. The projected one-dimensional concentration profiles 
along the green arrows (Fig. 5c) provide a semi-quantitative analysis of 
elemental partitioning. V and O, accounting for over 65% of the total 
composition, preferentially segregate to the grain-boundary pre
cipitates, whereas Cr, at nearly 40%, is predominantly enriched in the 
left-side precipitate. The FCC matrix exhibits a largely uniform 

elemental distribution, indicating a segregation-controlled precipitation 
pathway. Fig. 5d further illustrates the overall distribution of BCC pre
cipitates at multiple grain boundaries. This observation confirms the 
universality of the local phenomenon shown in Fig. 5a. Fig. 5e presents 
the image of the interface between the BCC precipitates and the matrix, 
and the SAED pattern confirmed the BCC structure. Fig. 5f presents a 
high-resolution TEM image of the interface. It is evident that when the 
atomic lattice on the side of the precipitate is clear, the lattice of the 
matrix would become ambiguous, revealing different lattice arrange
ments and incoherent correlation between the precipitate and matrix 
[40].

To quantitatively evaluate the microstructural evolution across the 
critical threshold, statistical analysis was conducted on multiple bright- 
field TEM and SEM images. In the V0.3 alloy, discrete intragranular BCC 
precipitates exhibit an average equivalent diameter of 193.5 ± 63.0 nm, 
with an area fraction of 0.03%. And no precipitates were observed at the 
grain boundaries in the V0.3 alloy. In contrast, the V0.5 alloy displays a 
significant morphological transition; the precipitates coarsen to 234.2 
± 82.8 nm, while the area fraction and number density reach 0.15%. 
These precipitates exhibit preferential segregation toward grain 
boundaries, reaching a grain-boundary coverage of 24%.

Fig. 4. The microstructure of as-cast V0.3 alloy. (a) BF image; (b) BF image with EDS plots of V0.3 alloy; (c) BF images of BCC precipitate; (d-f) SAED patterns of 
matrix and BCC precipitate; (g) HRTEM image of the BCC precipitate.
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Fig. 5. The microstructure of as-cast V0.5 alloy. (a) HAADF image with EDS plots of V0.5 alloy, EDS mapping analysis indicating BCC precipitate in matrix; (b) 
SAED pattern of Cr-rich precipitate; (c) The projected one-dimensional concentration profiles along the green arrows in (a); (d) BF images of V0.5 alloy; (e) STEM 
image of precipitate; (f) high resolution image confirms the incoherent relationship between the BCC precipitate and matrix.

Fig. 6. Mechanical properties of CoCrNiVx MPEAs. (a) Engineering stress-strain curves and (b) hardness.
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3.2. Mechanical properties

As research demonstrates, alloy microstructure directly influences 
strength, toughness, elastic modulus, and plasticity. Mechanical prop
erties of the CoCrNiVx alloys were obtained using tensile tests and 
microhardness measurements. Fig. 6(a) shows the engineering stress- 
strain curves of the V0, V0.1, V0.3, and V0.5 alloys. The V0 alloy ach
ieves a yield strength of 247 ± 2.5 MPa and a tensile strength of 540 
± 6.7 MPa, and its ductility remains 70%. The tensile strength and 
ductility both improve in the V0.1 alloy. As the V content further in
creases to the V0.3 alloy, the yield strength reaches 298 ± 6.1 MPa 
without sacrificing ductility. When the V content further increases to the 
V0.5 alloy, the yield strength reaches 460 ± 9.8 MPa, but the ductility 
drops to 13%. The morphological transition of the BCC precipitates, 
from dispersed spherical precipitates to grain boundary-aligned strip- 
shaped, creates interfacial mechanical property disparities due to 
compositional disparity with the FCC matrix. These disparities generate 
localized back stresses that hinder dislocation motion, enhancing yield 
strength [41–43]. During plastic deformation, the BCC precipitates at 
the grain boundary in the V0.5 alloy promote dislocation pile-up at in
terfaces, initiating localized stress concentration. This micromechanical 
response facilitates premature crack nucleation and propagation 
through weakened grain boundaries, degrading ductility and inducing 
brittle fracture.

A microhardness tester was used to measure the Vickers hardness of 
alloys. At least 10 tests were conducted for each alloy, using a loading 
force of 0.5 kg and a holding time of 10 s. Hardness testing is closely 
related to its yield strength. The hardness of the alloys was measured 
using a microhardness tester, as depicted in Fig. 6(b). It can be observed 
that the overall hardness of the alloy increases with increasing V con
tent. The hardness of the V0 is 202 ± 4.6 HV, while the hardness of V0.1 
and V0.3 alloys gradually increases to 205 ± 6.1 HV and 222 ± 10.6 
HV, reflecting the strengthening effect observed in macroscopic tensile 
tests.

This increase is mainly attributed to solid solution strengthening 
(V0.1 alloy), followed by enhancement through effective nanoscale 
precipitate hardening (V0.3 alloy), which is confirmed by TEM results in 
Fig. 3, Fig. 4, and Fig. 5. The V0.5 alloy achieves the highest hardness of 
288 ± 47.5 HV. This increment is disproportionate compared to the 
transition from V0.1 to V0.3. This escalation is attributed to the high 
volume fraction and specific morphology of the BCC precipitates. From a 
structural perspective, these BCC-structured precipitates possess 

intrinsically higher resistance to dislocation motion compared to the 
ductile FCC matrix. As the microstructure evolves from discrete particles 
to a continuous, hard BCC network (as shown in Fig. 5), which constricts 
plastic deformation during indentation, thereby leading to the increase 
in Vickers hardness.

3.3. Deformation mechanisms

The systematic variation in V content induces an interplay between 
SFE, precipitation, and deformation mechanisms. To unveil the fracture 
mechanisms of the alloy systems, the fracture surface morphologies of 
as-cast CoCrNiVx MPEAs (x = 0, 0.1, 0.3, and 0.5) are displayed in 
Fig. 7, where Fig. 7(e)–(h) represent the high-magnification views of the 
specific regions identified in Fig. 7(a)–(d), respectively. For the V0, 
V0.1, and V0.3 alloys, the fracture surfaces are characterized by a high 
density of large and deep dimples (Fig. 7a–c) and their corresponding 
enlarged views in Fig. 7(e)–(g). These features are classified as the 
typical ductile fracture. The deep dimples suggest that the matrix pos
sesses strain-hardening capacity [44]. This observation is consistent 
with the exceptional uniform elongation of ~70% maintained by these 
alloys. In contrast, a microstructural and mechanical transition is 
observed as the V content reaches the V0.5 alloy. The fracture surface of 
the V0.5 alloy, displayed in Fig. 7(d, h), transforms a brittle fracture 
morphology characterized by cleavage facets. Consequently, a feature of 
the ductile-to-brittle transition is observed with increasing V content, 
correlating with the decline in ductility to 13%. The mechanistic origin 
of this embrittlement in V0.5 alloy is traced to the morphological evo
lution of the BCC phases from discrete globules into continuous, 
film-like networks along the grain boundaries. The results of the fracture 
surface morphologies of these four alloy regimes were consistent with 
the corresponding tensile properties shown in Fig. 6. [45,46].

Post-deformation microstructural characterization in Fig. 8(a) and 
(b) reveals that the V0 alloy undergoes significant deformation twin
ning. The formation of nanoscale deformation twins facilitates plastic 
strain accommodation while simultaneously partitioning the grain in
teriors into refined structural domains [47,48]. The high density of 
coherent twin boundaries acts as effective planar obstacles that impede 
dislocation motion, thereby promoting dislocation accumulation and 
interactions at these interfaces. This dynamic evolution of the internal 
microstructure sustains a high strain-hardening rate throughout the 
deformation process, effectively suppressing the onset of plastic insta
bility. Consequently, the robust hardening behavior enabled by these 

Fig. 7. The SEM images showing the fracture surface morphologies of (a, e) V0, (b, f) V0.1, (c, g) V0.3, and (d, h) V0.5 alloys.
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twin boundaries accounts for the exceptional ductility (~70%) exhibited 
by the V0 alloy. Fig. 8(c) and (d) illustrate the post-deformation 
microstructure of the V0.1 alloy. In contrast to its initial state, the 
deformed matrix exhibits dislocation proliferation, characterized by 
high-density accumulation and intricate entanglements. This 
dislocation-induced hardening constitutes the primary contribution to 
the observed yield strength enhancement and sustained work-hardening 
response. Fig. 8(c) shows the presence of isolated SFs embedded within 
the dense dislocation networks. This observation stands in contrast to 
the deformed V0 base alloy (Fig. 8(a)), where mechanical twinning 
serves as the deformation mode. Notably, no discernible mechanical 
twins were observed in the strained V0.1 alloy. This mechanistic shift 
suggests that the addition of V slightly elevates the SFE or increases the 
critical resolved shear stress required for twin nucleation [49]. Conse
quently, the alloy facilitates dislocation slip as the primary carrier of 
plasticity under the given loading conditions. Although the TWIP effect 
appears suppressed, the efficient dislocation multiplication and hard
ening maintain an obvious strain-hardening rate, thereby rationalizing 
the uniform retained in the V0.1 alloy (Fig. 6). The refinement of grain 
size in the V0.1 alloy compared to the base V0 alloy can be attributed to 
the solute drag effect. Although the V0.1 alloy maintains a single-phase 
FCC structure without precipitation, the V atoms tend to segregate at the 
moving grain boundaries during solidification and cooling [50]. The 
presence of these solute atoms exerts a dragging force that thermody
namically restricts grain boundary migration. Thus, they can suppress 
grain growth even in the absence of precipitate pinning [51].

From a micromechanical perspective, the interaction between mo
bile dislocations and these hard BCC-structured precipitates is governed 
by the Orowan mechanism [52]. As dislocations encounter these hard 
BCC particles, they are unable to shear through them; instead, they are 
forced to bow between the obstacles, eventually leaving behind Orowan 

loops. Each looping increases the back-stress exerted on subsequent 
dislocations, thereby providing a strengthening component to the lattice 
[53]. A factor in maintaining the ductility of the V0.3 alloy is the spatial 
distribution and morphology of these BCC precipitates. Unlike the 
continuous films observed in V0.5, the precipitates in V0.3 are globular 
and discontinuously distributed within the grains. This discrete 
morphology ensures the ductility of the V0.3 alloy. Furthermore, the 
strategic modulation of the matrix SFE through V addition plays a dual 
role. It not only suppresses mechanical twinning but also enhances the 
chemical and structural stability of the FCC phase. By elevating the SFE, 
V suppresses such brittle phase transformations, ensuring that the ma
trix deforms solely through the evolution of dislocation substructures, 
such as cells and walls. This intricate cooperation, where the nanoscale 
precipitates provide the high initial stress and the matrix provides the 
necessary strain hardenability, constitutes the core synergy responsible 
for the superior performance and damage tolerance of the V0.3 alloy.

Post-deformed TEM micrographs of V0.5 alloy provide evidence of 
interaction between dislocations and precipitated phases. In Fig. 9(a), 
the large precipitated phase is a barrier to dislocation slip in the FCC 
matrix. The dense dislocation accumulation at the phase boundary in
dicates that these precipitates are not shearable, forcing the dislocation 
to accumulate and tangle at the phase boundary. This blockage increases 
the local back stress and contributes to an increase in yield strength 
through the Orowan bypass mechanism [54]. Also, Fig. 9(b) illustrates 
the micromechanics response at the GB. An obvious accumulation of 
dislocations was observed near the precipitate beside GB, highlighting 
the constraint of plastic strain between adjacent grains. The local 
accumulation of such defects results in large stress concentrations at the 
interface. In Fig. 9(c-d), cracks nucleate preferentially at the precipitates 
along the grain boundaries. Due to the inherent brittleness of these 
coarse precipitates and their significant elastic mismatch with the 

Fig. 8. Deformation mechanisms of the V0, V0.1, and V0.3 alloys. (a-b) Dislocation tangles and DTs in V0 alloy; (c-d) Dislocation tangles and SFs in V0.1 alloy; 
(e-f) Dislocation tangles and networks in V0.3 alloy.
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ductile matrix, these precipitates are the primary triggers for microcrack 
initiation.

The failure of the V0.5 alloy illustrates the negative consequences of 
exceeding the alloying threshold in MPEAs. The primary cause of 
embrittlement is the morphological transition of the second phase from 
discrete and globular particles to a continuous morphology along the 
grain boundaries (Fig. 5). Such continuous grain-boundary phases are 
known to severely degrade ductility in MPEAs [55]. The coarse elon
gated BCC precipitates at the grain boundaries act as severe stress con
centrators. Due to their inherent brittleness and incoherency with the 
matrix, these phases cannot accommodate the strain compatibility re
quirements during tensile loading [56]. Consequently, microcracks 
nucleate internally within these particles or at the particle/matrix 
interface at very low macroscopic strains (~18%) [57].

These microcracks find a continuous, low-resistance propagation 
path along the brittle grain boundary network. This phenomenon by
passes or compromises the intrinsic toughening mechanisms of the 
ductile FCC matrix [58]. The crack tip propagates rapidly through the 
interconnected brittle network, largely avoiding the grain interiors 

where plastic energy dissipation via dislocation slip would typically 
occur. This process, termed intergranular fracture assisted by contin
uous secondary phases, accounts for the catastrophic loss of macroscopic 
toughness and the emergence of quasi-cleavage features in the fractog
raphy [59]. Although the interconnected hard precipitates provide high 
resistance to indentation, it lacks the essential damage tolerance 
required to sustain tensile ductility.

The Phase stability of the CoCrNiVx MPEAs can be further under
stood through the valence electron concentration (VEC) criterion. The 
VEC of the present alloys is calculated by 

VEC =
∑n

i=1
ci (VEC)i (1) 

where ci and (VEC)i are the atomic percentage and the valence electron 
concentration of the i element, respectively. The calculated VEC values 
for x = 0, 0.1, 0.3, and 0.5 are 8.33, 8.23, 8.03, and 7.86, respectively. 
According to the criterion proposed by Guo et al. [60], an FCC phase is 
stable when VEC ≥ 8.0, while a dual-phase (FCC+BCC) region exists 
when 6.87 ≤ VEC < 8.0. The decrease in VEC with increasing V 

Fig. 9. The deformation mechanism of V0.5 alloy. (a) Dislocation pile-ups around the precipitation; (b) Dislocation pile-ups at GB; (c) HADDF image of the crack 
of precipitation; (d) EDS mappings of the crack.
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concentration explains the observed phase transition. For the V0.3 alloy, 
the VEC value (8.03) is approaching 8.0, which corresponds with the 
experimental observation of the initial precipitation of the BCC phase.

By exploiting the natural tendency of elements like V to segregate, 
one can induce precipitation strengthening in the as-cast state, bypass
ing the need for energy-intensive thermomechanical treatments (rolling 
+ aging) typical of traditional superalloys. However, this window is 
narrow. The findings establish that the success of this strategy relies on 
keeping the solute content below the threshold of continuous film for
mation (x < 0.5) while high enough to ensure sufficient precipitate 
density (x = 0.3). The V0.3 alloy exemplifies the successful execution of 
this philosophy, offering a viable pathway for producing high-strength 
and high-ductility MPEAs for structural applications.

4. Conclusion

A series of CoCrNiVx (x = 0, 0.1, 0.3, and 0.5) MPEAs was processed 
using high-vacuum arc melting to study the effects of V additions on 
microstructures and mechanical properties of the MPEAs, and the 
following could be concluded. It was found that both the hardness and 
tensile strength increased, but the fracture elongation decreased with V 
additions. The strengthening mechanisms were mainly attributed to 
solid solution strengthening, grain refinement, and precipitation 
strengthening. The morphologies of tensile fracture surfaces showed the 
ductile-to-brittle transition with the increasing V content. In the V0.3 
alloy, a synergistic architecture consisting of a ductile FCC matrix and 
nanoscale BCC precipitates was achieved. The precipitates are prone to 
occur at grain boundaries and within the matrix, acting as potent ob
stacles to dislocation motion. However, further increasing the V content 
to V0.5 results in a transition where these precipitates evolve from 
discrete globules into an interconnected brittle network. The V0.3 alloy 
exhibits a superior yield strength and still retains an exceptional level of 
plasticity. This work proves that the design of such heterogeneous mi
crostructures is an effective strategy for significantly enhancing the 
strength of FCC MPEAs while retaining a certain degree of plasticity.
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