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Multi-principal element alloys usually exhibit outstanding strength and toughness at cryogenic tempera-
tures, especially in CrMnFeCoNi and CrCoNi alloys. These remarkable cryogenic properties are attributed
to the occurrence of deformation twins, and it is envisaged that a reduced stacking fault energy (SFE)
transforms the deformation mechanisms into advantageous properties at cryogenic temperatures. A re-
cently reported high-strength VCoNi alloy is expected to exhibit further notable cryogenic properties.
However, no attempt has been made to investigate the cryogenic properties in detail as well as the un-
derlying deformation mechanisms. Here, the effects of cryogenic temperature on the tensile and impact
properties are investigated, and the underlying mechanisms determining those properties are revealed
in terms of the temperature dependence of the yield strength and deformation mechanism. Both the
strength and ductility were enhanced at 77 K compared to 298 K, while the Charpy impact toughness
gradually decreased with temperature. The planar dislocation glides remained unchanged at 77 K in con-
trast to the CrMnFeCoNi and CrCoNi alloys resulting in a relatively constant and slightly increasing SFE
as the temperature decreased, which is confirmed via ab initio simulations. However, the deformation
localization near the grain boundaries at 298 K changed into a homogeneous distribution throughout the
whole grains at 77 K, leading to a highly sustained strain hardening rate. The reduced impact toughness
is directly related to the decreased plastic zone size, which is due to the reduced dislocation width and
significant temperature dependence of the yield strength.

© 2021 Published by Elsevier Ltd on behalf of Chinese Society for Metals.
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1. Introduction

Multi-principal element alloys (MPEAs), also referred to as
high- or medium-entropy alloys (HEAs/MEAs), have been in the
spotlight in structural applications because of their outstanding
mechanical properties [1-4]. Notably, MPEAs have high configura-
tional entropy compared to existing dilute alloys, which enables
them to form a single face-centered cubic (fcc) solid-solution phase
in a moderate range of the enthalpy of mixing or atomic size
differences. Recently, among fcc-structured MPEAs, an equiatomic
VCoNi alloy has been attracting considerable attention because of
its yield strength of approximately 1 GPa and good ductility of 38%,
which exceeds conventional dilute and concentrated solid-solution
alloys [5]. The superior mechanical properties of the VCoNi al-
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loy ensue from severe lattice distortion and slip-band refinement
during deformation. Although lattice distortion is a common but
unique property toward determining the strength of MPEAs, ad-
ditional chemical strengthening has also been reported for these
alloys. The V element has a larger misfit volume than other alloy
elements, which consequently results in further lattice distortion
and strength, as demonstrated via ab initio calculations and solute
strengthening theories [6]. Furthermore, the VCoNi alloy is known
to possess functional properties, such as superplasticity [7], as well
as high resistance to corrosion and hydrogen embrittlement [8].
These remarkable mechanical and functional properties facilitate
the application of these alloys to sustainable infrastructures and
devices.

Additionally, MPEAs usually exhibit outstanding strength and
toughness at cryogenic temperatures [9-11], especially for the two
prototypical and well-studied alloys: (1) CrMnFeCoNi HEA, which
exhibits an evident fracture toughness of ~260 k] m~2 that is rel-
atively constant in a temperature range of 77-293 K [12]; they
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are comparable to the cryogenic steels used in industries, such as
austenitic stainless steels and high-Ni steels, and (2) CrCoNi, which
has superior mechanical properties when compared to CrMnFe-
CoNi alloys at 77 K and exhibits a Charpy V-notch impact tough-
ness value as high as 340 ], even at a liquid helium temperature
of 4 K [12,13]. The remarkable cryogenic properties of these two
alloys are attributed to the occurrence of deformation twins. The
critical twinning stress of CrCoNi is attained earlier than that of
CrMnFeCoNi, thereby leading to better properties in the former.
In addition to these alloys, dual-phase FesqCo3qCrigV1g HEAs have
been reported to exhibit a tensile strength of approximately 2 GPa
and ductility of ~39% at 77 K through the deformation-induced
phase transformation from fcc to body-centered cubic (bcc) and
the significant strain partitioning effects between the parent and
product phases [14]. The assumed underlying mechanism for the
excellent cryogenic properties for the above-mentioned alloys is
that the stacking fault energy (SFE) reduces with temperature, and
hence, it converts deformation mechanisms to advantageous prop-
erties at cryogenic temperatures.

A primary deformation mechanism at ambient temperature for
the VCoNi alloy is the dislocation-mediated plasticity, i.e., pla-
nar dislocation glide, which usually occurs for fcc-structured al-
loys with high SFEs. However, investigations into the variations
in this mechanism at cryogenic temperatures remain unprece-
dented. Therefore, in this study, we aim to investigate the cryo-
genic tensile and impact properties of the VCoNi alloy and to re-
veal the underlying deformation mechanism with respect to SFE
variations. We found through density-functional theory (DFT) cal-
culations that the unusual temperature dependence of the SFE for
VCoNi alloys is less sensitive to temperature variations and slightly
increases as the temperature decreases, in contrast to the afore-
mentioned alloys. Both the strength and ductility were improved
at cryogenic temperatures, while the Charpy impact energy curves
had similar behaviors to those of bcc alloys, contrary to exist-
ing fcc-structured MPEAs, although a ductile-to-brittle transition
was absent. We elucidated this unusual behavior in terms of the
temperature dependence of the yield strength and deformation
mechanism.

2. Experimental and computational details
2.1. Fabrication

The master VCoNi alloy (150 g) was produced through a
vacuum induction melting process (model: MC100V, Indutherm,
Walzbachtal-Wossingen, Germany). The master alloys were pre-
pared from commercially pure elements (V 99.95%; Co 99.95%;
Ni 99.99%). The raw elements were stacked in a zirconia cru-
cible together and then cast in a graphite mold to make ingots
(length x width x thickness: 70 mm x 35 mm x 8 mm). The
graphite mold was preheated to 100°C for 0.5 h to remove the wa-
ter vapor before placing it into a furnace. Before melting, the fur-
nace chamber was evacuated to 6 x 10~2Pa and backfilled with
high-purity argon gas to reach 0.06 MPa. This cleaning produce was
repeated 10 times. The cast ingots were homogenized at 1473 K for
24 h in evacuated quartz ampules, water-quenched, and cold-rolled
with a thickness reduction of 80%. For the homogenized blocks, an
energy dispersive spectroscopy (EDS) reveals that the matrix com-
position is almost identical to the target composition (V 32.9 + 0.4
at.%; Co 33.4 + 0.5 at.%; Ni 33.7 + 0.3 at.%), and secondary parti-
cles are mostly rich in V and O (V 35.1 £+ 1.0 at.%; Co 171 + 0.8
at.%; Ni 20.1 £ 1.4 at.%; O 27.7 + 2.1 at.%). The 1.5 mm thick cold-
rolled sheets were then annealed at 1173 K for 10 min and 1 h,
and at 1223 K and 1273 K for 1 h in an Ar atmosphere, followed
by water quenching.
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For the Charpy impact test, the master VCoNi alloy (500 g) was
prepared through a vacuum induction melting process (model: VTC
200V, Indutherm, Walzbachtal-Wossingen, Germany). Thereafter,
the cast blocks (50 mm x 40 mm x 25 mm) were cold-rolled to a
thickness of 11 mm through an identical thermomechanical treat-
ment to the specimens used for the tensile tests. The cold-rolled
sheets were then annealed at 1173 K for 1 h in an Ar atmosphere,
followed by water quenching.

2.2. Microstructural characterization

The grain size and morphology of the fcc phase were investi-
gated via electron backscatter diffraction (EBSD) and electron chan-
neling contrast imaging (ECCI) analyses. The final mechanical pol-
ishing was conducted using a colloidal silica suspension for 1 h
for removing damaged layers. The EBSD analysis was performed
via field emission scanning electron microscopy (FE-SEM, JEOL,
JSM-6500F, USA). The kernel average misorientation (KAM) ap-
proach was conducted for calculating the average misorientation of
a given point relative to its neighbors. The KAM was calculated up
to the first neighbor shell with a maximum misorientation angle of
5°. The KAM values reveal deformation-induced local orientation
gradients. Local misorientation is induced by both the lattice ro-
tation associated with geometrically necessary dislocations (GNDs)
and the elastic strain field [15]. The GND accommodates the strains
that can induce a non-uniform plastic deformation, which subse-
quently causes lattice curvature [16]. Because the influence of the
elastic strain field is less than that of lattice rotation, local mis-
orientation can be considerably related to GND [17]. Therefore, the
GND map can be estimated directly through the KAM map using
Eq. (1) [18]:

_ 20
“ub

where 6 is the radian of the KAM value, u is the unit length, and
b is the magnitude of the Burgers vector in the alloy. After substi-
tuting the KAM value calculated from the EBSD data into Eq. (1),
the calculated dislocation density is used to draw the GND map
in the orientation imaging microscopy analysis. Additionally, ECCI
analyses were carried out using a Zeiss Merlin instrument (Zeiss
Crossbeam 1540 EsB, Zeiss, Oberkochen, Germany).

panp (M) (1)

2.3. Tensile and Charpy impact tests

Dog bone-shaped specimens were prepared by electrical dis-
charge machining. The gauge length, width, and thickness of the
tensile specimens were 25 mm, 5 mm, and 1.2 mm, respectively.
Uniaxial tensile tests were carried out at room temperature (298
K) and cryogenic temperature (77 K) using a universal testing
machine (model: 8801, Instron, Canton, MA, USA) at a crosshead
speed of 25 x 103 mm s-!. The representative data were obtained
by averaging three values at each datum point. Additionally, uni-
axial tensile tests were also conducted at 773 K to investigate the
temperature dependence of the yield strength for the alloy an-
nealed at 1223 K for 1 h. The gauge length was marked by a Vick-
ers microhardness tester (300 g load) to measure the strain using
an optical microscope.

Charpy impact tests were performed on V-notch specimens
(size: 55 mm x 10 mm x 10 mm, longitudinal-transverse (L-T)
direction) in the range of 77-298 K using a Tinius Olsen impact
tester with a 500 ] capacity (model: FAHC-J-500-01, JT Toshi, Tokyo,
Japan). After the impact tests were performed, fracture surfaces
were observed using SEM. The tensile and Charpy impact tests
were conducted three times for each datum point.
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Fig. 1. Simulation cells with 54 atoms used in the present study. Spheres with different colors correspond to different elements. Among the ten investigated special quasi-

random structure (SQS) configurations for each phase, one configuration is shown.

2.4. Ab initio calculations

The SFEs of VCoNi and CrCoNi in the fcc phase were computed
based on the first-order axial Ising model (AIM1) [19] as
2 icp _ chc
2(r - ) "

where F'P and Ff¢ denote the Helmholtz free energy per atom of
hcp and fcc, and A denotes the area of the close-packed layer per
atom.

To improve the computational accuracy, both the fcc and hexag-
onal close-packed (hcp) phases were modeled by 54-atom super-
cells with identical supercell shapes, as shown in Fig. 1. The fcc
unit cell is represented along the <111> direction as the third axis
and displays the “ABCABC” stacking of the close-packed {111} lay-
ers, while the hcp unit cell has the “ABABAB” stacking of the close-
packed {0001} layers. These supercells have six layers, and each
layer consists of nine atoms. Chemical disorder was simulated by
a special quasi-random structure (SQS) [20] with minimization of
the correlation functions of the first several nearest-neighbor pairs.

The ab initio calculations were performed within the DFT
framework employing the Vienna Ab initio Simulation Package
(VASP) code [21-23] and the projector-augmented wave method
[24]. The exchange-correlation energy has been treated within the
generalized gradient approximation (GGA) of the Perdew-Burke-
Ernzerhof (PBE) form [25]. A plane wave cutoff energy of 300 eV
was chosen for all calculations. The 3d4s orbitals of V, Cr, Co, and
Ni were treated as the valence states. The Brillouin zones were
sampled by a I'-centered 6 x 6 x 4 k-point mesh for the 54-atom
supercell models and by the Methfessel-Paxton scheme [26] with
a smearing width of 0.1 eV. The total energies were minimized
until they converged within 1 x 10~3 eV per simulation cell. All
the calculations were performed considering spin polarization. All
magnetic moments on Cr were initially set to be antiparallel to
those on Co and Ni-based on the results previously established us-
ing the coherent-potential approximation (CPA) [27]. The magnetic
moments can adapt to an energetically more preferable orientation
during the energetic minimization.

The equilibrium properties at 0 K were obtained by computing
the total energies for six volumes approximately close to the equi-
librium volume and then by fitting the obtained energy-volume
functions to the Vinet equation of state [28,29]. To achieve bet-
ter statistics, we considered ten inequivalent SQS models for each
composition and each volume. The internal atomic coordinates
were optimized until all the forces on the atoms converged within

SFE ~
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Table 1

Computed equilibrium volumes and energies of VCoNi and
CrCoNi at 0 K obtained by fitting to the Vinet equation of
state. The energies are referenced to that of the fcc phase
(shown in parentheses).

Volume (A3/atom) Energy (meV/atom)

fcc hcp fcc hcp
CrCoNi  10.92 10.91 (0) -7
VCoNi 11.41 11.41 (0) +6

5 x 102 eV A-!. Table 1 summarizes the equilibrium properties
obtained. The contribution of lattice vibrations to the Helmholtz
energy at finite temperatures was derived from the obtained equi-
librium properties at 0 K based on the Debye-Griineisen model
[27,30]. The SFE at finite temperatures was computed at the com-
putational equilibrium volume of the fcc phase at the correspond-
ing temperature.

3. Results
3.1. Microstructure of annealed VCoNi alloy

Fig. 2(a-d) shows the EBSD inverse pole figure (IPF) maps for
the VCoNi alloy cold-rolled and recrystallized under four different
annealing conditions. It is known that VCoNi consists of a single fcc
solid solution at temperatures above 1173 K [5]. All the annealing
conditions resulted in fully recrystallized structures, whose average
grain sizes decreased from approximately 26 pum, 10 um, and 5
pum to 3 um as the annealing time and temperature decreased, as
indicated by the Dy.. For convenience, the specimens are hereafter
referred to as D26, D10, D5, and D3, respectively, according to their
average grain size.

3.2. Room- and cryogenic-temperature mechanical properties

Fig. 3(a) shows the engineering stress-strain curves for the an-
nealed VCoNi alloy deformed at 77 K and 298 K. The curves are
expressed for two selective annealing conditions, while all the me-
chanical properties are listed in Table 2. The D5 specimen exhib-
ited yield and tensile strengths of 710 MPa and 1172 MPa, respec-
tively, at 298 K. As the testing temperature decreased, both the
strength and ductility increased, resulting in 960 MPa and 1551
MPa for the yield and tensile strengths, respectively, and 56.7%
ductility. For the fine-grained D3 specimen, the room-temperature
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Fig. 2. Electron backscatter diffraction (EBSD) inverse pole figure (IPF) maps of the VCoNi alloy annealed at (a) 1273 K for 1 h, (b) 1223 K for 1 h, (c) 1173 K for 1 h, and (d)

1173 K for 10 min.
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Fig. 3. Tensile properties at room- and cryogenic-temperatures for the annealed VCoNi alloy: (a) Engineering stress-strain curves, (b) Strain-hardening rate curves.

Table 2

Tensile properties at room and cryogenic temperatures for the VCoNi alloy annealed under the

given conditions.

Temperature  Specimen  Yield strength (MPa)  Tensile strength (MPa)  Elongation (%)

298 K D3 988 + 31 1357 + 24 384 +44
D5 710 + 22 1172 + 18 48.7 +£ 3.8
D10 627 + 17 1140 £+ 11 52.0 + 4.8
D26 501 + 16 973 + 7 70.0 +£ 59

77 K D3 1217 + 30 1703 + 24 421 £ 2.4
D5 960 + 14 1551 + 11 56.7 + 3.4
D10 895 + 19 1474 + 8 58.7 £ 4.1
D26 710 £ 8 1271 £ 5 753 £ 55

yield strength of 988 MPa was similar to the cryogenic yield
strength of D5. This alloy also exhibited enhanced strength and
ductility at 77 K; thus, the tensile strength reached 1703 MPa with
42.1% ductility. The other specimens listed in Table 2 displayed an
identical tendency for variations in mechanical properties when
the testing temperature decreased.

Fig. 3(b) shows the true stress-strain and strain hardening rate
curves of D3 and D5. The hardening rate gradually decreased for
D3 at both 298 K and 77 K, while the rate was higher at 77 K. On
the other hand, the rate curve at 298 K for D5 showed a plateau for
strain values between 0.1 and 0.4. For the curve at 77 K, the rate
increased from a strain value of 0.2, presenting a well-sustained
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high strain hardening rate. These persistent high rates delay the
onset of plastic instability and lead to enhanced strength and duc-
tility at 77 K.

3.3. Microstructural evolution with tensile deformation at room- and
cryogenic- temperatures

To investigate the deformation mechanism and associated tran-
sitions by testing the temperature of the VCoNi alloy, interrupted
tensile tests were carried out for D5 at 298 K and 77 K with se-
quential plastic strain amounts of 0.05, 0.1, 0.2, and 0.4.
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Fig. 4. ECCI micrographs of the tensile-deformed microstructures for the VCoNi alloy annealed at 1173 K for 1 h at sequential plastic strains: (a;) e=0.05, (a;) e=0.1, (a3)
e=0.2, and (a4) e=0.4 at 298 K; (b;) e=0.05, (b,) e=0.1, (b3) e=0.2, and (b4) e=0.4 at 77 K.

Fig. 4(aj—a4) displays the ECCI micrographs for the D5 speci-
mens tested at 298 K. At a strain value of 0.05, individual dis-
locations were evidently identified and arranged in a row along
the trace of the {111} plane, defined as the typical characteristic
of planar glide initiation. At a strain value of 0.1, the slip traces
were found along two independent {111} planes, and they started
to form intertwined dislocation networks of planar dislocation ar-
rays. With further deformation to 0.2 strain, the spacing of the
slip band reduced to 81.1 nm, which refined the nano-sized dis-
location substructures. As the applied strain increased up to 0.4,
the average spacing between planar slip bands was further refined
to 56.1 nm and the slip bands intersected more frequently. This
nano-sized dislocation substructure effectively reduced the mean
free path of dislocation glides owing to the high dislocation density
in each intense slip band. This non-cell-forming structure strongly
verified the difficulty of cross-slip [31,32], referred to as the Tay-
lor lattice-like structure [33], which contributes to the high strain-
hardening capability (Fig. 3). This pronounced slip planarity is at-
tributed to high friction stresses caused by severe lattice distor-
tion. It is difficult to overcome the stress required for gliding in
this alloy through dislocation alone. Therefore, a collective gliding
of dislocations on the same slip plane is necessary to overcome the
stress, which leads to slip planarity [34].

The deformation structures at 77 K (Fig. 4(b;-b4)) reveal that
the VCoNi alloy behaves almost identical at 77 K and 298 K, even
though the testing temperature decreased considerably. The indi-
vidual dislocations are arrayed in rows, followed by planar glide,
intersection of slip bands, and refinement of the slip band to suc-
cessively form Taylor lattices at 298 K. The average slip band spac-
ing decreased as the deformation progressed further, indicating
444 nm, 87.7 nm, and 60.4 nm at strains of 0.1, 0.2, and 0.4, re-
spectively. These quantities are similar to those of the structures
at 298 K, which also causes a reduction in the mean free path of
the dislocation glides.

3.4. Charpy impact properties

The impact energy at 298 K was 183 ] and gradually decreased
to 125 ] as the test temperature decreased to 77 K (Fig. 5). The
observation of fracture surfaces in the inset of Fig. 5 reveals that
a ductile-dimpled fracture prevails at 298 K and is maintained
even at 77 K. It is particularly noteworthy that the appearance
of the ductile fracture remains at cryogenic temperature, but the
impact energy decreases, such as bcc alloys showing a ductile-to-
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Fig. 5. Charpy impact energy as a function of test temperature for the VCoNi an-
nealed at 1173 K for 1 h. SEM fractographs of the Charpy impact specimen fractured
at 77 K and 298 K, showing a ductile fracture.

brittle transition. This behavior is different from the temperature
dependence of the impact or fracture toughness of previously re-
ported fcc-based HEAs or MEAs, such as CrMnFeCoNi [10,35], Cr-
CoNi [36], CrFeCoNi [37], and VCrFeCoNi [38,39]. The toughness
of these alloys remains or even increases as the testing temper-
ature decreases, which is known to be due to the transition of
the deformation mechanism from slip to deformation twinning,
the increased nano-twinning activity [10,35-37], or the formation
of deformation-induced martensite [38] during plastic deforma-
tion. The present VCoNi alloy, in contrast, deformed by the pla-
nar glide of dislocations and subsequent formation of dislocation
substructure, and not by transformation-induced plasticity (TRIP)
or twinning-induced plasticity (TWIP). The underlying mechanism
for this unfamiliar phenomenon will be clarified in the following
sections.

4. Discussion
4.1. Temperature dependence of deformation behavior

The mechanical properties of CrMnFeCoNi and CrCoNi, which
are representative fcc HEAs/MEAs, are improved at cryogenic tem-
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peratures because of the more active formation of deformation
nano-twins, called the TWIP effect [12,40]. The variation in the
deformation behaviors of such fcc alloys is generally interpreted
by their SFEs, which reduce as temperature decreases [9,41-43].
The enhancement of mechanical properties at 77 K was also estab-
lished for the VCoNi alloy, but a noteworthy difference was the un-
affected deformation behaviors and remnant dislocation-mediated
plasticity. According to the ECCI results, planar slip initially occurs
and thereafter develops into the Taylor lattice with high-density
dislocation walls (HDDWs) at both 298 K and 77 K. This result im-
plies that the effect of temperature on the SFE of VCoNi would be
insignificant or at least qualitatively different from those reported
for, e.g.,, CrMnFeCoNi and CrCoNi. This motivates us to reveal the
underlying mechanism in terms of the SFE.

To verify this expectation, we computed the SFE of VCoNi based
on ab initio simulations, as represented in Fig. 6. For comparison,
the SFE of CrCoNi is also shown. A negative SFE was found for Cr-
CoNi at 0 K, which is consistent with previous ab initio results [44-
47| and indicates that at O K the hcp phase is thermodynamically
more stable than the fcc phase. A previous ab initio study indicated
that chemical short-range order can increase the SFE of CrCoNi
[46]. For CrCoNi, we found that the computed SFE decreased with
decreasing temperature, consistent with our above-mentioned ex-
pectation. This trend is also consistent with a previous ab initio
study (cf. Fig. 4 in Ref. [45]). Conversely, for VCoNi, the SFE was
found to be relatively independent of temperature. A near-constant
SFE for VCoNi was found, revealing that the deformation behav-
ior of VCoNi remained rather unaffected by temperature as com-
pared to the CrCoNi alloy. Note that these quantities do not nec-
essarily reflect absolute SFEs, but capture the qualitative change in
SFEs from their zero temperature values. For example, the exper-
imental SFE of CrCoNi was determined to be 22 m] m~2 at 298
K by measuring the separation distance between Shockley partials
[12], which could be partially attributed to short-range order not
accounted for in the present simulations.

Various previous ab initio studies have shown that the tem-
perature dependence of SFEs can vary qualitatively depending on
the alloy or material system considered. For pure Al, Cu, and Ni,
for example, finite-temperature calculations revealed a decrease in
SFE with increasing temperature [48]. This is qualitatively different
from that of, for example, FeMn alloys [49] or various other 3d-
transition element multicomponent alloys, including the prototyp-
ical CrCoNi and CrMnFeCoNi, wherein SFEs are found to increase
with temperature [45]. These examples underline how strongly
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SFEs can vary depending on temperature and composition, which
is consistent with the qualitatively different trends found in the
present work for VCoNi and CrCoN:i.

The aforementioned remarkable properties at cryogenic temper-
atures of CrMnFeCoNi and CrCoNi alloys, specifically the enhance-
ment of both strength and ductility from those at room temper-
ature, have been explained by the TWIP or TRIP effect. The com-
puted SFEs, however, imply that for VCoNi both the mechanisms
are either not activated or less active at room temperature. There-
fore, the enhanced strength and ductility of VCoNi must be at-
tributed to other mechanisms. To reveal them, we focused on the
dislocation density and distribution of localized deformation struc-
tures. Fig. 7(a;, by) shows the EBSD KAM maps of D10, which was
35% deformed at 298 K and 77 K. The misorientation is known to
be caused by elastic distortions of the lattice resulting from arrays
of GNDs [50]. It is evident that the KAM value was higher for the
deformation at 77 K. The average KAM values were 0.79 and 1.14 at
298 K and 77 K, respectively. These values correspond to the GND
density of 1.15 and 2.19 x 10> m~2, confirming that the GND den-
sity is higher for the deformation at 77 K. At cryogenic tempera-
tures, dislocations can readily accumulate owing to the suppression
of dynamic recovery [51]. Lower dynamic recovery at 77 K would
lead to a higher dislocation density, and therefore to higher strain
hardening rates and a lower decrease in the strain hardening rate
during deformation (Fig. 3(b)) [52].

An additional feature found in KAM maps is the distribution of
misorientation. At 298 K, the grain boundaries were usually of a
highly misoriented region, while both grain boundaries and lat-
tices exhibited high KAM values at 77 K. This result indicates a
tendency to form a relatively homogeneous network of dislocations
at lower temperatures. The degree of deformation, however, varies
with grain size, Schmid factor, and orientation; thus, an additional
EBSD line profile analysis was conducted under regulated variables
between the deformation conditions. Two lines were taken along
directions L; and L,, both being approximately parallel to the ten-
sile direction of each specimen. Fig. 7(ay, by) confirms that the
Schmid factor displays similar color levels for the grains of interest,
and the average values along the line profiles are determined to be
0.313 (298 K) and 0.317 (77 K). A similar level of the Schmid fac-
tor excludes the effect of priority for slip systems to be activated
during deformation. In addition, in Fig. 7(a3, b3), the pole of the
two grains is analogous to the [101] direction. However, the lat-
tice rotation obtained along with the line profile supersedes the
direction. Although the total misorientation at the end near the
grain boundary is approximately identical to ~6° according to the
point-to-origin misorientation plot, the profile at 77 K shows larger
fluctuations and accumulated misorientations in lattices. Moreover,
the GND density presented in Fig. 7(a4, bs) reveals that it is higher
at the grain boundaries for both temperatures, while it fluctuates
more in lattices with higher values at 77 K.

Accordingly, the effects of deformation structures on the in-
crease in both strength and ductility at 77 K are attributed to
twofold contributions. Firstly, although the transition to TWIP or
TRIP is absent in VCoNi alloys, the dislocation density increases
under planar-slip dislocation-mediated plasticity. At both temper-
atures, dislocations are stored within the grain interior rather than
freely gliding toward the grain boundaries because of the slip-
band refinement [34]. A high density of slip bands with dense-
packed dislocations (Fig. 4) proves that dislocations are stored in
lattices while constructing HDDWs and fine dislocation structures.
The measured spacing of slip bands is similar for both conditions,
which is consistent with our DFT results for the SFEs, but the mi-
croscopic structure observation demonstrates the high dislocation
density at 77 K and consequently the enhanced stress and strain-
hardening rate according to Taylor’s hardening. The slip band at 77
K can be regarded to contain a higher density of dislocations.
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Secondly, the well-sustained high strain-hardening rate results
from the homogenous distribution of deformation structures. The
Taylor lattice in the VCoNi alloy induces homogenous distribu-
tions of deformation with the aid of the mutual screening effect
of planar slip bands having alternating signs that lower the stored
energy [53]. Because of the lower temperature, the lower mobil-
ity and higher resistance to dislocation glide can restrict the fur-
ther localization of the slip. This enables multiple glides and thus
strain-induced rotations to take place on numerous lattice planes,
not only restricted to the grain boundary [54,55]. The dislocation
density at the grain interior is comparable to that at the grain
boundaries (Fig. 7(b4)). The higher dislocation density enhances
the strain-hardening rate; the homogeneous distribution of the de-
formation structure throughout whole grains maintains a highly
sustained high strain-hardening rate. Therefore, the combined ef-
fects enable the VCoNi alloy to exhibit greater mechanical proper-
ties at cryogenic temperatures.

4.2. Correlation between the temperature dependence of yield
strength and Charpy impact properties

As presented in Section 3.4, typical single fcc phase HEAs/MEAs
such as CrMnFeCoNi and CrCoNi show an increase or maintenance
of toughness with decreasing temperature. In addition to the tran-
sition of deformation behavior at 77 K, the increase in the area be-
low the strain-stress curves, regarded as toughness, is attributed
to the sustained toughness in the aforementioned alloys. How-
ever, this explanation does not apply to VCoNi even though both
strength and ductility increase at 77 K, because the impact tough-
ness of VCoNi reduces as the temperature decreases.

A property worth considering in VCoNi alloys is the yield
strength. The equiatomic VCoNi alloy endures severe lattice dis-
tortion and the consequent high friction stress of 383 MPa at 298
K, which is attributed to the considerable fluctuation of the bond
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distance between V and other elements [5,6]. In addition, accord-
ing to the interior source model of dislocation generation, the lat-
tice distortion is attributed to both high friction stress and high
Hall-Petch coefficient [56]. According to this model, the VCoNi al-
loy shows a high Hall-Petch coefficient of ~870 MPa pm'/2, which
implies a high sensitivity of stress to grain size. When impact loads
are applied to V-notched specimens, the toughness is determined
by how much a locally concentrated energy at the notch can be ac-
commodated by plastic deformation. The zone of plastic deforma-
tion absorbing the impact energy is called a plastic zone, whose
size is related to the yield strength based on the Irwin formula
[57]. The yield strength usually increases as temperature decreases,
that is, the size of the plastic zone decreases, which affects the
Charpy impact energy. Therefore, it is essential to investigate the
temperature dependence of the yield strength of VCoNi compared
with other HEAs/MEAs to understand the impact energy trend as-
sociated with temperature.

According to Wu et al. [58], the temperature dependence of
yield strength (oys) is described as

oys(T) = oaexp (— %) + oy (3)

where o,, C, and oy, are fitting constants. The first term on the
right implies the thermal or temperature-dependent part of the
yield strength, and here, o, relates to a rise in yield strength as
the temperature decreases. The second term (o},) on the right rep-
resents the temperature-independent or athermal part. The yield
strength of D10 at 773 K was measured to be 487.8 MPa (curves
are not shown here), and all the fitting constants were obtained
as listed in Table 3. The temperature dependence of yield strength
is plotted in Fig. 8 along with that of the CrCoFeMnNi and Cr-
CoNi alloys [58]. The VCoNi alloy exhibits a much higher value of
o0, than the other two alloys: 614 MPa, 489 MPa, and 423 MPa
for VCoNi, CrCoNi, and CrMnFeCoNi, respectively. This result indi-
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Table 3
Calculated constants describing the thermal and athermal
parameters in Eq. (3).

Alloy o, (MPa)  C(K) oy, (MPa)
VCoNi [5] 614.3 203.7 4741
CrCoNi [5,58] 489 228 167
CrMnFeCoNi [5,58] 423 180 109
77K 298K 773K
1000 T T T T T T
—/\—VCoNi
—(~=CrCoNi
800 —[]—CrMnFeCoNi | -
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Fig. 8. Temperature dependence of the 0.2% offset yield stress of VCoNi, CrCoNi,
and CrMnFeCoNi alloys.

cates that VCoNi has the highest temperature dependence of yield
strength in these alloys.

The yield strength of pure fcc metals is not very sensitive to the
variation in temperature due to the negligible Peierls-Nabarro bar-
riers as has been discussed, e.g., in Ref. [58]. On the other hand, the
aforementioned single fcc phase HEAs/MEAs exhibit an increase in
yield strength when the temperature is reduced. The yield strength
is the sum of the various stresses, of which lattice friction has a
temperature-dependent variable. The Peierls-Navarro stress (op) is
the shear stress required to move a dislocation through a crystal
lattice in a particular direction, described by [59]:

26 ex ( 2710))
=T b
where w is the dislocation width, G is the shear modulus, v is Pois-
son’s ratio, and b is the magnitude of the Burgers vector. The dis-
location width provides a measure of the degree of disruption that
a dislocation creates with respect to the perfect lattice. This term
also has a temperature dependence, approximated by Dietze [60]:
w

B = (%)Oexp (%) ~ wo<1 + %) =wo(1+al) (5)

where (w/b), indicates the value at 0 K, wy is the dislocation width
at 0 K, ¢ is a small positive constant, and Ty, is the melting tem-
perature, ignoring the change in b with temperature and using a
simple Taylor expansion. Combining Eqs. (4) and (5), the tempera-
ture dependence of the Peierls stress becomes

26 27wy 27wy
_1_vexp (— b )exp(— b aT) (6)

In Eq. (6), the most dominant variable of each alloy is wg/b [58,61],
since it appears in the exponential expression. Thus, the value of
Peierls stress changes according to temperature in an exponential
way. In other words, a small dislocation width per unit length of
the Burgers vector (wq/b) enables the Peierls stress to have a high

op (4)

Op
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dependence on temperature. In addition, the reduced dislocation
width caused by severe lattice distortion produces high friction
stress as dislocation motions become more difficult [61]. This effect
is represented by the athermal term o},. Above all, VCoNi has the
lowest dislocation width among the considered alloys [58]. It has
therefore the largest dependence of temperature on yield strength.

The large temperature dependence of yield strength is directly
related to the plastic zone size, as stated above, and consequently
to the impact toughness. The stress concentration at the front of
the notch and the resulting extent of plastic deformation can be
estimated by the Irwin formula:

1 /K \?
Tp - 61 <O’y5>
where rp, is the plastic zone size, oys is the yield strength, and K;
is the stress intensity factor. Therefore, the reduction in the plas-
tic zone size would be the largest in the VCoNi alloy according
to Fig. 8; hence, the VCoNi alloy cannot absorb the impact en-
ergy as much as the CrCoNi or CrMnFeCoNi alloy. Nevertheless,
Fig. 5 shows the ductile-dimpled fracture at 77 K, which indi-
cates that a ductile-to-brittle transition does not occur, although
the Charpy impact energy decreases with decreasing tempera-
ture. Therefore, this study implies that the enhancement of both
strength and ductility is not the sole parameter to determine cryo-
genic damage tolerances for HEAs/MEAs, especially for alloys pos-
sessing significant lattice friction stress and temperature depen-
dence. Thus, for the development of high-yield-strength cryogenic
alloys, it would be more crucial to alter the deformation mecha-
nism, resulting in vigorous plastic deformation and energy absorp-
tion in the plastic zone whose size becomes small at low temper-
atures.

(7)

5. Conclusions

In this study, an equiatomic VCoNi alloy was annealed un-
der four different conditions, and its cryogenic tensile and im-
pact properties were evaluated. The cryogenic tensile properties
were improved compared to those at room temperature, while
the Charpy impact properties gradually decreased with decreasing
temperature. The underlying mechanisms determining these prop-
erties were investigated in terms of the temperature dependence
of yield strength and deformation mechanism, thus resulting in the
following conclusions:

(1) The VCoNi alloy exhibited enhanced mechanical properties
at 77 K than at 298 K. The well-sustained high hardening
rate at 77 K delayed the onset of plastic instability and im-
proved both strength and ductility.

(2) At 298 K, the initiation of a planar glide developed into
intertwined dislocation networks of planar dislocation ar-
rays, finally resulting in nano-sized dislocation substruc-
tures, called Taylor lattice-like structures. The deformation
structures at 77 K were almost identical, indicating that
the effect of temperature would be insignificant or differ-
ent from the existing fcc-structured HEAs/MEAs. The ab ini-
tio simulations revealed a nearly constant and slightly in-
creasing SFE from 600 K to 0 K for VCoNi, which contributes
to much less temperature dependence of deformation struc-
tures as compared to the CrCoNi alloy.

Local dislocation substructures were similar at both tem-

peratures, while the dislocation density increased at 77 K,

resulting in an enhanced stress and strain-hardening rate

according to Taylor’s hardening. The highly sustained high
strain-hardening rate at 77 K was attributed to the homo-
geneous distribution of the deformation structure through-
out the grains, in contrast to the localization occurring near
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grain boundaries at 298 K. Thus, these combined effects en-
abled the VCoNi alloy to present greater mechanical proper-
ties at cryogenic temperatures.

(4) Although a ductile-to-brittle transition was absent, the
Charpy impact toughness decreased as temperature de-
creased, directly relating to the temperature dependence of
yield strength. The severe lattice distortion in VCoNi pro-
duced a reduced dislocation width and thus, a significant
temperature dependence of Peierls stress. The large temper-
ature dependence of yield strength reduced the plastic zone
size at the notch tips and consequently restricted the suffi-
cient absorption of impact energies.
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