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A series of non-equiatomic Coz9CragFeagNi3,Vy (x = 0, 0.5, 3, and 5) high-entropy alloys (HEAs) with fully
recrystallized microstructures were prepared by rolling and annealing. The microstructures were characterized
and the mechanical properties were obtained at different temperatures. The recrystallization and grain-growth
behavior of the alloys are retarded owing to the addition of V. The lattice friction stress increases drastically
with the addition of a minor of V. Ultrahigh yield strengths of 1.8 GPa and 1.4 GPa, and considerable tensile

ductility values of ~30% and ~50% were developed at a cryogenic temperature (77 K) for the 700 °C-annealed
and 800 °C-annealed alloys. The strengthening mechanism and deformation behavior at cryogenic temperatures
were investigated. The comprehensive mechanical properties of the alloy at low temperatures are better than
those of most reported HEAs. The alloy is easy to process and prepare and therefore, has considerable potential

for industrial applications.

1. Introduction

High-entropy alloys (HEAs) tend to form single-phase structures,
such as the face-centered-cubic (FCC), body-centered-cubic (BCC), or
hexagonal close-packed (HCP) phase. Consequently, many HEAs possess
excellent properties that cannot be obtained by conventional materials,
such as outstanding cryogenic mechanical properties [1], high strength
[2-4], good corrosion and wear resistance [5,6], and superior high
temperature performance and thermal stability [7-9].

Among various HEAs, the ones with an FCC structure attracts
considerable attention because of their potential ductility over a wide
temperature range from cryogenic to elevated temperatures. The qui-
nary CoCrFeMnNi alloy was one of the first equiatomic HEAs to be
characterized as an FCC solid solution, and it has been widely investi-
gated with respect to its mechanical properties, deformation

mechanisms, fracture toughness, etc. [1,9-11]. However, the low yield
strength of these FCC-structured HEAs makes it unsuitable for industrial
applications. Many methods have been adopted to overcome these
shortcomings and increase the yield strength (YS) of the FCC-structured
HEAs. Except for precipitation, heterogeneous structure, grain refine-
ment, and severe plastic deformation (SPD) [12-16], an effective
approach is to remove or replace elements from the CoCrFeMnNi alloy
to reduce the stacking fault energy (SFE) and realize the twinning
induced plasticity (TWIP) and transformation induced plasticity (TRIP)
effects, and thus, achieve the superior mechanical properties [17-20].
In addition, solid-solution hardening also plays an important role in
improving the strengths of HEAs. The lattice distortion hinders the
dislocation slip and contributes to solid-solution hardening [21-23].
Sohn et al. [24] designed a novel VCoNi medium-entropy alloy (MEA)
with high yield strength, which contributes to the high-level lattice

* Corresponding author. Key Laboratory of Solidification Control and Digital Preparation Technology (Liaoning Province), School of Materials Science and En-

gineering, Dalian University of Technology, Dalian, 116024, China.

** Corresponding author. Key Laboratory of Solidification Control and Digital Preparation Technology (Liaoning Province), School of Materials Science and En-

gineering, Dalian University of Technology, Dalian, 116024, China.

E-mail addresses: luyiping@dlut.edu.cn (Y. Lu), tmwang@dlut.edu.cn (T. Wang).

https://doi.org/10.1016/j.msea.2023.144611

Received 11 November 2022; Received in revised form 5 January 2023; Accepted 7 January 2023

Available online 10 January 2023
0921-5093/© 2023 Elsevier B.V. All rights reserved.


mailto:luyiping@dlut.edu.cn
mailto:tmwang@dlut.edu.cn
www.sciencedirect.com/science/journal/09215093
https://www.elsevier.com/locate/msea
https://doi.org/10.1016/j.msea.2023.144611
https://doi.org/10.1016/j.msea.2023.144611

C. Wei et al.

Table 1

Anneal temperatures used on different alloys.
Alloys Vo V0.5 V3 V5
Annealing 675, 700, 675, 700, 675, 800, 900, 800, 900,

temperatures (°C) 800, 900 800, 900 1000, 1200 1000, 1200

distortion. Compared to CoCrNi, CoCrNiW, alloys exhibited the high
lattice friction stress and strength [25]. Thus, large atoms that enhance
the lattice distortion and the mechanical properties are introduced into
the matrix. In addition, the SFE can also be changed by modifying the
lattice distortion, which is an important factor that affects the me-
chanical properties and deformation mechanisms of FCC-structured
HEAs [26,27]. A pioneering study [28] indicated that the SFE could
be tailored to a wide range of values by altering the composition and the
low-Ni alloys had a much lower SFE compared with the equiatomic
CoCrFeNi alloy system. In the system of Co—Cr-Fe-Ni alloys, the SFE of
the Ni element was the highest. The SFE of Ni-based superalloy was
systematically decreased with the addition of Co and Cr, while the
addition of Fe failed to change the SFE of Ni-based superalloy signifi-
cantly [29,30]. The addition of other elements, such as V element, to
Ni-based alloys could also decrease the SFE of the alloys [31]. Adding an
element with a large radius is an important means to improve the yield
strength of FCC-phase HEAs via solid solution strengthening. The radius
of V element is larger than Co, Cr, Fe, and Ni element. Hence, the V
element was chosen for adding into the Co-Cr-Fe-Ni HEA system in this
study. It is reported that the mechanical properties of the HEAs can be
improved by the addition of elements like Al [32], Ti [33], Nb [34], Mo
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[35]. However, the alloy will be produce biphasic or multiphasic
structures with increasing the alloying elements [33-35]. In order to
obtained the single FCC phase alloy, small amount of V element was
added in this study.

Based on the above discussion, a series of Coz9CraogFeqgNij3,Vy (x =
0, 0.5, 3, and 5, at. %) alloys were designed and prepared. The effects of
V on the microstructures and mechanical properties of the alloys were
also studied.

2. Experimental methods

Alloys with a nominal composition of Co9CragFeagNijs,Vy (x = 0,
0.5, 3, 5, denoted as VO, V0.5, V3, and V5 alloys, respectively) were
prepared, using a compact vacuum-induction melting equipment in an
argon atmosphere. The raw materials were high-purity (>99.95% wt.)
Co, Cr, Fe, Ni, and V metal particles. Approximately 110 g of the master
alloy was melted and poured into a rectangular module. To ensure a
chemical homogeneity, majority of the ingots were homogenized at
1200 °C for 2 h. And then they were multipass hot-rolled at 900 °C with
a reduction ratio of 30%. Following this process, the sheets were ho-
mogenized at 1200 °C for 2 h, followed by water quenching. The pur-
pose of this homogenization treatment is to eliminate the precipitation
produced during the hot rolling process and obtain a single FCC struc-
ture with fully recrystallized microstructure. And these processes could
also be ensured the alloys without defects before cold tolling. Subse-
quently, the sheets were rolled to 2 mm at room temperature (RT, 25 °C)
as the final sheets.

The tensile samples were cut from the as-cast ingots and rolled sheets

Fig. 1. EBSD IPF maps of VO alloy after rolling and annealing at (a) 675 °C, (b) 800 °C, and (c) 900 °C for 1 h and V0.5 alloy after annealing at (d) 700 °C, (e) 800 °C,

and (f) 900 °C for 1 h.
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Fig. 2. EBSD IPF maps of the V3 alloy after rolling and annealing at (a) 900 °C, (b) 1000 °C, and (c) 1200 °C for 1 h and V5 alloy at (d) 900 °C, (e) 1000 °C, and (f)

1200 °C for 1 h.

along the height of the ingot and rolling direction (RD), respectively.
The RT tensile tests were performed, using a machined dog-bone-shaped
sample with a gauge length of 12.5 mm and width of 3 mm. In order to
statistic the grain size and investigate the grain growth behavior, the
alloy with fully recrystallized were chosen in our study. Hence, different
temperature parameters were used on different alloys. The annealing
temperature were ranged from 675 °C to 1200 °C and quenched with
water. The detail of the anneal temperatures were summarized in
Table 1. All tests were carried out, using an Instron 5569 machine with a
strain rate of 10~ 57! at RT.

For the 77 K experiments, flat dog-bone tensile specimens with a
gauge length of 25 mm and width of 4 mm were used. The tensile
specimens and grip were completely immersed in liquid nitrogen for 15
min Before the tensile test. To ensure that the tensile specimens are held
at a target temperature, they are always submerged in liquid nitrogen
during tensile testing. Tensile tests were carried out, employing an
Instron 5582 machine with a strain of 1073 s7L,

Microstructures of the alloy in the as-rolled and other conditions
were analyzed, using different methods. X-ray diffraction (XRD) mea-
surements were performed, employing an Empyrean machine equipped
with Cu K-a radiation operated at 40 KV and 30 mA between 30° and
100° (260) with a step size of 6°/min. The tensile fracture morphologies
were observed, using SUPARR 55 scanning electron microscope (SEM).
Electron backscatter diffraction (EBSD) measurements were carried out
by a Helios G4UX SEM, and the data were analyzed, using a Channel 5
software. The samples for EBSD measurements were first mechanically
and then electrically polished in a solution of perchloric acid (10%,
volume percent) and ethanol (90%, volume percent) at a voltage of 15 V.

The chemical compositions and elemental mappings of the samples were
studied via a JXA-8530F PLUS electron probe microscope (EPMA).

Transmission electron microscopy (TEM) characterization was con-
ducted, using a JEOL 2100F machine operated at 200 kV. The specimens
for TEM investigations were prepared by mechanical polishing, followed
by twin-jet electro-polishing (electrolyte: 93% ethanol + 7% perchloric
acid volumetrically) with a potential of 25 V.

3. Results
3.1. Microstructures during annealing

The EBSD inverse pole figure (IPF) maps of V0, V0.5, V3, and V5
alloys after rolling and annealing at different temperatures are shown in
Figs. 1 and 2. For the VO alloy, the microstructure consists of nearly-
complete recrystallized grains with a mean size of ~0.74 pum after
annealing at 675 °C, as shown in Fig. 1 (a). With the increase in the
annealing temperature, the partial grains grow and a heterogeneous
structure with a mean grain size of ~1.02 pm is developed at 800 °C, as
presented in Fig. 1 (b). After annealing at 900 °C, the grains grow to
~1.42 pm. Different from the VO alloy, the grain size is only about
~0.22 pm after annealing at 700 °C for the V0.5 alloy. The grain size
changes slightly when the annealing temperature reaches 800 °C, and it
is smaller than that of the VO alloy (See Fig. 1 (e)). At an annealing
temperature of 900 °C, the coarse grains are formed with a mean size of
~1.63 pm, which is larger than that of the VO alloy (See Fig. 1 (f)). For
the V3 and V5 alloys, the completely-recrystallized grains are observed
at 900 °C for 1 h. With increasing the annealing temperatures from
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Fig. 3. Mean grain sizes of alloys as a function of the annealing temperature.
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Fig. 4. XRD patterns of the VO, V0.5, V3, and V5 alloys: (a) After homogenization at 1200 °C; (b) After annealing at different temperatures. The annealing tem-
peratures for VO and V0.5 are 675 °C and 700 °C, respectively. The annealing temperature for both V3 and V5 is 900 °C.

Table 2
Chemical compositions (at. %) of the fully-recrystallized alloys.
Alloys Co Cr Fe Ni \4
Vo Nominal 29 29 29 13 0
Experimental 28.84 29.28 28.91 12.97 0
V0.5 Nominal 29 29 29 12.5 0.5
Experimental 28.52 29.46 29.54 11.96 0.52
V3 Nominal 29 29 29 10 3
Experimental 28.31 30.32 28.90 9.50 2.97
V5 Nominal 29 29 29 8 5
Experimental 28.49 29.87 28.89 7.78 4.97

900 °C to 1200 °C, the grains grow from 0.54 pm to 6.66 pm for the V3
alloy (Fig. 2(a—c)). For the V5 alloy, the grains grow more rapidly as the
annealing temperature increases. With the increase in the annealing
temperature, the mean grain size changes from 0.70 pm to 11.49 pm.
The results of these grain sizes are plotted in Fig. 3.

The XRD patterns of these alloys after homogenization and annealing
reveal a single FCC structure, as presented in Fig. 4(a and b). But the
peaks were shifted slightly with an increasing of V element. These
structures can be verified by the local magnification of the XRD patterns,
as shown in the inserts of Fig. 4 (a) and (b). These phenomena were
resulted from the solid solution of V element. Chemical compositions of
the fully-recrystallized alloys are listed in Table 2. Partial EPMA results
were chosen in present study to further explain the microstructure of the
alloys. And the EPMA maps of the 675 °C-annealed VO alloy and 900 °C-
annealed V5 alloy are shown in Fig. 5. It indicates that all the elements
are uniformly distributed in the VO and V5 alloy. And these results are
consistent with the XRD results, which revealed only a single-phase
structure, as shown in Fig. 4 (b).

3.2. Mechanical properties under tensile deformation at room
temperature

Fig. 6 (a) shows the RT tensile engineering strain-stress curves of the
VO alloy. The as-cast VO alloy had a YS, ultimate tensile strength (UTS),
and fracture elongation (EL) of 327 MPa, 617 MPa, and 25%, respec-
tively. After two-stage rolling, the strength increased by four times to
1670 MPa. But there is a sharp deterioration in plasticity, and it frac-
tured immediately after yield. In this case, grain-boundary strength-
ening and dislocation strengthening are considered to be the primary
strengthening mechanisms.

As in the case of conventional alloys, the enhancement in ductility
after annealing was achieved at the expense of strength, and the YS of
the VO alloy reached to 1.3 GPa after annealing at 675 °C. And the total
elongation is 13%. Meanwhile, the flow stress reaches its peak value and
then softens with the strain increased. This phenomenon often occurs
when an annealed specimen is deformed by rolling [36]. Due to the
grain growth and dislocation density decrease, annealing-induced soft-
ening was commonly observed in alloys. Annealing-induced hardening
was also observed earlier, which was caused by precipitation hardening,
nano-twin formation and grain-boundary relaxation [37,38]. In the
present work, annealing-induced hardening may be attributed to
grain-boundary relaxation, which is similar for the CoCrFeMnNi and the
CoCrNi alloy [38,39]. The EL increased to 40% as the annealing tem-
perature rose to 700 °C. In general, the annealing process increases the
hardening ability and is characterized by a strain-hardening stage in the
tensile test. The V0.5, V3, and V5 alloys exhibited mechanical properties
similar to the VO alloy after annealing at different temperatures. For all
the Cog9CragFeqgNiisyVy alloys, the EL increased, and the strength
decreased with the increase in the annealing temperature. Fig. 7 shows
the mechanical properties of the Vx alloys after annealing at 800 °C. The
YS and UTS of the V5 alloy are 1320 MPa and 1500 MPa, respectively.
Meanwhile, the EL decreased sharply from 53.5% for the VO alloy to
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Fig. 5. EPMA maps of the VO alloy after annealing at 675 °C (a) and V5 alloy after annealing at 900 °C (b).

6.6% for the V5 alloy. For the V5 alloy annealed at 800 °C, the poor
ductility may result from the deformation microstructure and high
density of dislocations. With the increase in the annelaling temperature,
recrystallization and grain growth occur, and the ductility increased as
the strength decreased.

3.3. Cryogenic properties and strain-hardening behavior of the V0.5 alloy

In order to explain the excellent mechanical properties and defor-
mation mechanisms, the alloy with remarkable combination of strength
and tensile ductility at 77 K were selected in present study. Fig. 8(a and
b) show the mechanical properties of the 700 °C-annealed and 800 °C-
annealed V0.5 alloys at RT and 77 K. The figure indicates an exceptional
strength-ductility combination and superior YS and UTS values of ~1.8
GPa and ~1.84 GPa for the 700 °C-annealed alloy when compared to
~1.4 GPa and ~1.7 GPa for the 800 °C-annealed alloy at 77 K, respec-
tively. The elongation also retained ~30% for the 700 °C-annealed alloy
and ~50% for the 800 °C-annealed alloy, respectively. The excellent
mechanical properties may be attributed to the high strain hardening
rate of the V0.5 alloy. The strain-hardening-rate curve superimposed
with the true stress curve of the 700 °C- and 800 °C-annealed alloy is

shown in Fig. 8 (b). For 800 °C-annealed alloy, the strain-hardening-rate
curve is characterized by four regions. In Region I, the strain-hardening
rate dropped sharply to 2.4 GPa, which is associated with the elastic to
plastic transition. In Region II, the strain-hardening rate increases
rapidly and then drops gradually. In Region III, the strain-hardening rate
increases again and reaches a peak value of 3.4 GPa. With further in-
crease in the strain, the strain-hardening rate remains constant initially
and then decreases progressively, which is already in Region IV.

The increase of the strain-hardening rate in Region III and the
persistent high value in a certain range of Region IV is unique during the
tensile process. This high-strain-hardening rate was rarely reported
among the single FCC phase HEAs deformed at cryogenic temperatures
[10,40,41]. It is worth noting that the fracture surface has two regions
corresponding to the 700 °C-annealed and 800 °C-annealed alloys. The
central flat fracture region and the peripheral shear-lip region are
marked with the black dashed line in Fig. 9 (a) and (d). Both regions of
the 700 °C-annealed and 800 °C-annealed alloys have numerous dimples
that indicate a characteristic mode of ductile fracture at 77 K, as pre-
sented in Fig. 9 (b), (c), (e), and (f). The depth of the dimples at the
center is larger than that of the shear lip region.

A comparison of the YS of these alloys with published values for
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HEAs and conventional alloys is exhibited in Fig. 10. The outstanding
cryogenic mechanical properties are particularly noteworthy, and sur-
pass those of the existing HEAs/MEAs, including AISI 304 stainless steel
and high-Mn steel [1,2,10,11,40-51].
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4. Discussion
4.1. Grain growth

The grain growth, which will be taken specifically to refer to the
increase in the grain size that results from annealing after recrystalli-
zation, occurred by the migration of grain boundaries. The kinetics of
grain growth are described by the following equation [52,53]:

D} — Dy = Ct 1)
where Dy is the initial grain size, Dy is the measured mean grain size, t is
the annealing time, n is the kinetic coefficient quantifying the grain-
growth behavior, and C is the constant related to the mobility and sur-
face energy of the grain boundary that depends on the temperature, T,
according to the following equation [54]:

C=Coexp(—Q/RT) (2)
where Cy and R are, respectively, an arbitrary constant and the gas
constant, and Q is the activation energy for grain boundary migration.
In the classical grain-growth theory, the value of n is typically in the
range of 2-4 [55]. Before annealing at different temperatures, the alloys
experience severe mechanical deformation, and Dy is small enough to be
neglected [56]. Hence, the Q value can be calculated from the plot of
In{(D} —Dj) /t} against the reciprocal of the annealing temperature, as

shown in Fig. 11. Based on the slopes of the dashed lines in Fig. 11, the Q
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Fig. 8. (a) Engineering tensile curve of the V0.5 alloy at RT and 77 K after annealing at 700 °C and 800 °C. (b) Strain-hardening rate and true stress as a function of

true strain for the 700 °C- and 800 °C-annealed alloy.



C. Wei et al.

o~
=2
~—

heral region 8

="
| =N -
@
==

Central region

700°C-annealed

|
\

Materials Science & Engineering A 865 (2023) 144611

Fig. 9. Fracture surface deformed at 77 K of (a) 700 °C-annealed alloy and (d) 800 °C-annealed alloy. High-magnification fracture surface of the peripheral shear-lip
region (b) and central flat fracture region (c) for the 700 °C-annealed alloy. High-magnification fracture surface of the peripheral shear-lip region (e) and central flat

fracture region (f) for the 800 °C-annealed alloy.
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values of the V3 alloy are higher than that of the VO alloy for the same n
values. First, the addition of V produced the solute-drag effect, resulting
in the slow grain-coarsening kinetics. And second, the increase in Q at
high temperatures in the V3 alloy documents its high efficiency in
hampering the grain-coarsening kinetics. The high value of the index, n,

indicates the slow grain coarsening kinetics.

These results indicate that the difference in grain sizes among these
alloys is a result of the content of the V element. The formation of pre-
cipitates will exert a retarding force or pressure on the grain boundary,
which may influence the recrystallization and grain growth [57].

Besides, V has a larger atomic radius than Co, Cr, Fe, and Ni, which
improves the retarding effects during recrystallization and grain growth

[25]. Similar phenomena have been observed in previous works [25,

27]. The details of retarding effects on the recrystallization by the
addition of V need further investigation.

4.2. Strengthening mechanisms at room temperature and 77 K

The enhancement of YS due to the addition of V is significant. The

strengthening mechanisms of polycrystalline alloys include solid-
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Table 3
Grain size, yield strength (YS), and the calculated value of these alloys.

Alloys Grain size (um) YS (MPa) k (MPa-pm®®) 60 (MPa)
\) 1.09 540 367.9 188
1.77 465
2.97 401
V0.5 0.40 755 264.9 336
0.89 617
1.63 545
V3 0.54 760 296.4 356
1.24 625
6.66 470
V5 0.70 751 318.2 366
0.93 690
11.49 461

solution strengthening (c,), grain-boundary strengthening (o), disloca-
tion strengthening (o4), and precipitation strengthening (o). For fully-
recrystallized alloys in present study, the contribution of 64 and o,
may be neglected. Hence, the strengthening mechanisms in these alloys
are mainly solid-solution strengthening and grain boundary
strengthening.

Grain-boundary strengthening can be represented by the Hall-Petch
equation [12]:

6, =00 + kd™*? 3)

where oy is the lattice friction stress, k is the Hall-Petch slope, and d is
the average grain size. The k values of Vx alloys are not reported in the
literature. Hence, oy and k of Vx alloys need to be calculated, based on
the experimental results [25,58]. The calculated k of VO, V0.5, V3, and
V5 alloys are 367.9 MPa pm®®, 264.9 MPa pm®®, 296.4 MPa pm®®, and
318.2 MPa pmo's, respectively. The calculated o of VO, V0.5, V3, and V5
alloy are 188 MPa, 336 MPa, 356 MPa, and 366 MPa, respectively. The
calculated value of these alloys at different grain sizes are listed in
Table 3. The results are different from the values reported for CoCr-
FeMnNi alloy [10] and other medium-entropy alloys [24,47,58]. The
difference is closely related to the alloying element. The crystal lattices
of the alloys are distorted result from the addition of large atomic sizes V
element, and the reason for the high lattice friction stress is due to the
lattice distortion effect [58].

Solid-solution strengthening in HEAs are related to the lattice stress

Materials Science & Engineering A 865 (2023) 144611

[11]. In the present study, the increase in YS can be described as the
difference of oy between the Vx alloys (x = 0.5, 3, and 5) and the
reference VO alloy. Based on the calculated o values, the increment in
YS due to the solid solution strengthening for the V0.5 alloy is 148 MPa,
while the increments for V3 and V5 are 168 MPa and 178 MPa,
respectively. This trend indicates that solid-solution strengthening in-
creases significantly due to the addition of a minor quantity of V. The
lattice-friction stress also increased with the addition of V. Sohn’s [24]
research indicated that the addition of V can introduce large fluctuations
of atomic-bond distances, eventually resulting in the increased lattice
distortion and friction stress [59]. In present study, the lattice parameter
was 3.5501 A,3.5602 A, 3.5729 A, and 3.5843 A for V0, V0.5, V3, and
V5 alloy, respectively. V has a larger atomic size than Co, Cr Fe and Ni,
and the larger atomic size differences can generate higher friction
stresses when dislocations pass through the alloy.

Similarly, the solid-solution strengthening and grain-boundary
strengthening are the main strengthening mechanisms for the high YS
at cryogenic temperatures, and the YS can be expressed by the following
equation:

oys(T) =0, + 0, 4

where oyg is the YS, and o5 is the contribution from the solid solution.
According to Cordero et al. [60], the Hall-Petch slope can be written
as below:

k=pGb°>3 (5)

where f is a constant, b is the Burgers vector, and G is the shear modulus,
respectively. According to the Hall-Petch relationship, on combining
Equations (3) and (5), Equation (4) becomes:

oys =0, + Aoy + AG ) pb°3d " (6)

The shear modulus, G, is slightly temperature-dependent [61]. Solid
solution-strengthening can be incorporated into the oy [11]. Hence,
Equation (6) can be written as:

Oys&X00(r) @]

The dislocation line energy in HEAs is a variable, in contrast to
conventional FCC alloys [62,63]. This fluctuation will affect the dislo-
cation mobility to overcome the lattice-friction stress. The
Peierls-Nabarro (P-N) stress, op.y, which is controlled by the influence of
temperature on the width of the dislocations, dominated the lattice
friction. The value of op.y could be calculated as the following Equation
[11]:

Op_y= 12G& exp <—277:w0> * eXp (—271'(1)0) ol 8)

b b

where & is the Poisson’s ratio, wg is the dislocation width at 0 K, a is a
positive constant, and T is the test temperature, respectively. It suggests
that the P-N stress would be exponentially amplified by the
temperature.

4.3. Deformation mechanisms at 77 K

To understand the exceptional mechanical properties of the alloys at
77 K, the microstructure of the 800 °C-annealed V0.5 alloy after tensile
deformation at 77 K was investigated by TEM. It can be observed that
deformation occurs by the dislocations and stacking faults (SFs), as
shown in Fig. 12 (a), marked with white ellipses. Dislocations are
localized at the grain and twin boundary, as marked with white arrows
in Fig. 12 (a). The deformation structures were also detected in the
annealing twins to further synergize the deformation of the alloy. Also,
some SF bundles are formed in the alloy during the deformation process,
as shown in the high-resolution TEM image of Fig. 12 (b), which is
marked with red arrows. There are also some dislocations in the SFs free
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Fig. 12. (a) Bright-field TEM microstructure of the
V0.5 alloy after tensile at 77 K. The grain boundaries
are highlighted by white dashed lines and twin
boundaries represented by red dashed lines. (b) High-
resolution TEM image of SFs. The insert shows the
magnified inverse fast Fourier transform image
showing the SFs marked by a red square in (b). The
images, (c) and (d), are the bright-field TEM images
of dislocations, SFs and L-C locks. (For interpretation
of the references to colour in this figure legend, the

)

50 nm

(a)

annealing twin

g )

dislocation SF

reader is referred to the Web version of this article.)

L-C lock

Fig. 13. Schematic sketches illustrating the microstructure evolution and deformation mechanisms in the 800 °C-annealed V0.5 alloy during tensile deformation at

77 K: (a) recrystallized microstructure; (b) initial deformation stage; (c) fracture.

regions, as shown in Fig. 12 (c). The high-density SFs can pin the motion
of dislocations by decreasing their mean free path and enhancing the
strain hardening of the alloy [40]. In addition, the Lomer-Cottrell (L-C)
locks, which result from the interaction of two partial dislocations, as
shown in Fig. 12 (d), act as obstacles that effectively pin the motion of
dislocations and further enhance strain hardening [64]. The L-C locks
can also be served as Frank-Read sources for dislocation multiplications
that lead to strain hardening [65]. Meanwhile, the density of the SF and
L-C locks increase as plastic deformation proceeds, and their
strain-hardening effects are enhanced [66,67]. The recrystallized

microstructure and lattice friction lead to stable mechanical properties
of the V0.5 alloy at 77 K. Consequently, the V0.5 alloy exhibites both
excellent ductility and high strength.

Schematic sketches for the deformation mechanisms and the feature
of deformed microstructure in the 800 °C-annealed V0.5 alloy at 77 K is
shown in Fig. 13. After annealed at 800 °C, the V0.5 alloy was exhibited
fully recrystallized microstructure and lots of annealing twins were
observed in the recrystallized microstructure (Fig. le). And the
annealing twins were indicated by orange line in the schematic sketches
as shown in Fig. 13 (a). At the early stage, deformation initiates by
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dislocation slip and SFs, and then is their interaction dominated the
deformation with increasing the plastic strain. The number of disloca-
tion and SF were also increased with increasing the strain and accu-
mulated at grain and twin boundaries, as shown in Fig. 13 (b) and (c). All
of the dislocations and SFs were played a major role in the increased
strength, ductility, and strain hardening capacity of the V0.5 alloy at 77
K.

5. Conclusions

A series of Coy9CragFesgNiis,Vy (x = 0, 0.5, 3, and 5, at. %) HEAs
were designed and prepared. The microstructures were characterized by
SEM, EBSD, EPMA, XRD, and TEM. The tensile mechanical properties at
RT and cryogenic temperature (77 K) were investigated. Based on the
experimental results, the conclusions are described as follows.

(1) After annealing at 675 °C for 60 min, a fully-recrystallized
microstructure was formed for the VO alloy. The grain size
increased from 0.74 pm to 1.77 pm when the annealing temper-
ature increased from 675 °C to 900 °C. Also, the grain sizes of
other alloys increase with the increase of annealing temperatures.
The XRD diffraction patterns of the fully-recrystallized alloys
reveal a single phase.

With the addition of V, the temperature of complete recrystalli-
zation increased gradually. The addition of V impedes the grain-
boundary migration during the recrystallization and grain-
growth processes.

The 675 °C-annealed VO alloy has a good combination of high YS
(~1.3 GPa) and ductility (~13%) at RT. The increasing annealing
temperature resulted in an increase in the EL and a decrease in
the strength. The lattice-friction stress increased drastically with
the addition of V. The large fluctuation of the atomic-bond dis-
tance is the predominant reason for the increase in the lattice-
friction stress.

The YS reached 1.8 GPa with 30% ductility for the 700 °C-
annealed V0.5 alloy at 77 K, which is much higher than that at
RT. After annealing at 800 °C, the V0.5 alloy exhibited an
exceptional strength-ductility combination at 77 K. The YS is 1.4
GPa, UTS reached ~1.7 GPa, and the ductility was ~50%. The
mechanical properties were superior to most of the reported
HEAs and conventional alloys at cryogenic temperatures.

The combination of dislocation, SF, and L-C lock results in a large
strain-hardening rate and high strength during the tensile
deformation at 77 K. The outstanding mechanical properties at
77 K were attributed to the recrystallized microstructure and the
lattice-friction stress.
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