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ABSTRACT ARTICLE HISTORY

An equiatomic VCoNi medium-entropy alloy possesses high sensitivity to grain-boundary strength- Received 18 February 2021
ening, achieved by severe lattice distortions. Its ultrafine-grain structure enables 1.5 Gigapascal yield
strength even for the fully recrystallized alloy with a single face-centered cubic structure. The high Medium- .

: R : 4 ™ . . . edium-entropy alloy;
density of grain boupdarles als'o.generates high back stresses via plllng. up of massive dlslc?c.atlons, severe plastic deformation;
and the low cross-slip probabilities produce not only robust dislocation-mediated plasticity but ultrafine grain structure;
also high back stress contribution to flow stress, which affords high strain-hardening capability to severe lattice distortion;
ultrafine-grain alloys, with 1.7 Gigapascal ultimate tensile strength with remarkable ductility. Our grain boundary
approach provides a new method for developing ultrastrong metallic materials. strengthening
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Introduction traditional dilute alloys, significantly increases the pos-

Developing stronger and more ductile materials hasbeen  sibility of the discovery of new alloys via traditionally
a key issue for obtaining desirable service performance =~ uncommon element grouping [8]. Based on this new

in various structural applications [1-6]. However, tra-  alloying design concept, various alloys with high per-
ditional strengthening methods for developing strong  formance have been intensively developed over the past
metallic materials usually involves the sacrifice of duc-  decade [2-4,6-12].

tility, which is known as a strength-ductility trade-off. As multi-principal element alloys are composed of

Most material scientists have attempted to overcome  several principal elements, it is widely known that high
this challenge using novel metallurgical strategies with ~ solid-solution strengthening could be achieved by pro-
respect to metastability engineering [2], multi-phase or ~ ducing severe lattice distortions [13-15]. In this respect,
precipitation strengthening [3,4], and nano- and hetero- by utilizing the irreplaceable advantage of multi-principal
structuring of microstructure [5-7]. Furthermore, the  element alloys, an equiatomic VCoNi MEA with a sin-
emergence of multi-principal element alloys, known as  gle face-centred cubic (FCC) phase was recently devel-
high-entropy alloys (HEAs) and medium-entropy alloys ~ oped, which exhibited superior tensile properties with
(MEAs), with no single dominant element in contrast to ~ a near 1 GPa yield strength [15]. The novel mechanical
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properties of the VCoNi alloy were derived from the
concept of the enhanced solid-solution strengthening
induced by the large difference in atomic radius in the
V-Co-Ni system as compared with those in conven-
tional alloys. Moreover, beyond the substantial merits for
good mechanical properties, the VCoNi MEA exhibits
multi-functional performances, such as high resistance to
hydrogen embrittlement due to low hydrogen diffusivity
[16], good corrosion resistance due to the absence of a
local potential gradient [16], and high strain-rate super-
plasticity, achieved via active dynamic recrystallization at
high temperatures [17].

Of specific interest is the enhanced solid-solution
strengthening has a crucial role in improving the grain-
size dependency of yield strength as well in recrys-
tallized FCC alloys [13,15]. In other words, as grain-
boundary (GB) strengthening could be much more effec-
tive for VCoNi alloy than other FCC-structured alloys,
it is perceived that further improvement of mechan-
ical properties can be realized by nano-structuring.
However, the verification of the proposed sugges-
tions is very challenging because the single FCC
phase could be obtained at high temperatures (over
850°C) in an equiatomic VCoNi system [17], which
impedes the grain refinement by annealing at rela-
tively low temperature conducted in conventional pro-
cessing routes [18,19]. In this respect, a severe plas-
tic deformation (SPD) along with post-annealing heat
treatment can produce ultrafine-grained (UFG) mate-
rials by offering a considerably high driving force of
recrystallization for grain refinement [18,19], while deli-
cate processing controls are required to form fully recrys-
tallized alloys maintaining UFG structures. In this study,
therefore, we conducted a high-pressure torsion (HPT)
process to introduce significant strain energy and sub-
sequently followed by short-time annealing treatment
at a high rate to avoid undesirable grain growth. We
found the fabricated fully recrystallized UFG VCoNi
alloy exhibited superior strain-hardening capability pro-
ducing high tensile strength ( ~ 1.7 GPa) with remarkable
ductility (~27%), and thus the underlying mechanisms
were revealed in terms of roles of grain boundaries and
deformation structures.

Materials and methods

The equiatomic VCoNi alloy ingots were produced by
vacuum induction melting in Ar atmosphere using pure
metal pellets with high purity (> 99.95%). Homogeniza-
tion was conducted for as-cast ingots at 1200°C for 24 h
in an evacuated ampule. For the homogenized ingots,
cold rolling was performed for the thickness reduc-
tion from 7mm to 1.5mm to break the coarse casting

microstructure. Moreover, to maximize the driving force
of recrystallization for obtaining homogeneous fine grain
structures, HPT was performed on machined samples
with a disc shape of 10 mm diameter and 1.5 mm thick-
ness. A total of five turns of HPT were carried out for each
sample at 1 rpm under 6 GPa for inducing sufficient shear
strains on the samples [18-20].

After HPT, the short-time annealing was conducted
for the samples at 900°C (for the phase diagram of V-
Co-Ni system, See Supplementary Figure 1) for 30 and
150 s under vacuum atmosphere (8 x 10~2 Torr) using
a rapid thermal processing system (LABSYS RTP-1200,
NEXTRON, Korea). The heating rate was maintained at
100°C/s to suppress grain growth during heating, and
the samples were quenched in He after isothermal hold-
ing for UFG-structuring while maintaining a single FCC
phase. Notably, the samples annealed for 30 and 150 s are
hereafter denoted as UFG and FG, respectively.

For microstructural investigation, all the samples were
finely polished using a colloidal silica suspension. Elec-
tron backscatter diffraction (EBSD) analysis was per-
formed using a field-emission scanning electron micro-
scope (XL-30S FEG, FEI Co., USA), and the EBSD
data were interpreted using a TSL OIM Analysis 7
software. To characterize the UFG and FG structures
of the VCoNi alloys, scanning transmission electron
microscopy (STEM, Talos F200X, FEI Co., USA) anal-
ysis was carried out on thin-foil samples prepared by
focused ion beam (FIB, Helios Nanolab 650i, FEI Co.,
USA) extraction. Furthermore, to verify compositional
homogeneities of the samples, atom probe tomography
(APT) analysis was performed on the sample prepared
using the FIB milling system with a local electrode atom
probe (LEAP-4000X HR, CAMECA Inc., France) at 50 K
under <1077 Pa.

Results and discussion

Figure 1 reveals the initial microstructure of the annealed
VCoNi alloys after HPT process. The alloys clearly
exhibit the UFG and fine-grained (FG) structures in
the range of a few hundred nanometres to micrometres
as a single FCC phase with a nearly random crystallo-
graphic orientation (Figure 1(a,c)). Noticeably, as shown
in Figure 1(b,d), although the annealing heat treatment is
performed for a short-time period for severely deformed
samples, the annealed samples display a fully recrystal-
lized microstructure with a sufficiently low KAM distri-
bution (for detailed estimation of recrystallized fractions,
see Supplementary Figure S2). This result demonstrates
the annealing temperature of 900°C can efficiently pro-
mote the recrystallization of the severely deformed sam-
ples while maintaining a single FCC phase. In addition,
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Figure 1. (a and c) IPF maps and (b and d) and KAM maps for (a and b) UFG and (c and d) FG VCoNi alloys. The insets in (b) and (d)
indicate the grain-size distribution of UFG and FG alloys, respectively. (e) 3D reconstructed element distributions of FG VCoNi alloy by
APT analysis. The GBs are marked in black lines in the EBSD maps and denoted as a black-dashed line in the APT reconstruction maps.
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Figure 2. (a) Engineering stress—strain curves and (b) Strain—hardening rate curves of the UFG and FG VCoNi MEAs compared with those

of CrCoNi MEAs having similar grain size.

a short period of annealing time could also be effective
for interrupting grain growth of the alloys. The aver-
age grain sizes (d) of the UFG and FG alloys are deter-
mined to be 657 321 nm and 1.32 &= 0.41 um (insets in
Figure 1(b,d)), respectively.

The compositional homogeneities were verified by
APT across grain boundaries for the UFG alloy
(Figure 3(a)), revealing that the constituent elements
are homogeneously distributed with nearly equimolar
compositions of V, Co, and Ni, without any observable
segregation at the GB (for the 1D profile of the chemi-
cal composition for the APT sample, see Supplementary
Figure S3).

Figure 2 presents the mechanical properties for the
UFG and FC alloys, compared with those of CrCoNi
MEA produced by HPT and post heat treatment.
Detailed tensile properties measured from tensile curves
are listed in Table 1. Notably, although the alloys comprise
a fully recrystallized microstructure with a single FCC
phase, they exhibit extremely high yield strength (YS)
and ultimate tensile strength (UTS), as well as remarkable
total elongation (EL) (Figure 2(a)). The strength levels
of UFG VCoNi surpassed those of other single FCC-
structured alloys having similar grain sizes [13,18-22],
which demonstrated that the strength enhancement via
GB strengthening (ogg) was much more effective for
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Figure 3. (a) STEM micrographs for deformed microstructure of UFG VCoNi alloy. (b) High angle annular dark-field (HAADF) micrograph
indicating planar slip of massive dislocation walls near GBs. (c) The magnified image for the region enclosed in the green box in (b).
(d) HAADF micrograph presenting the nano-sized dislocation substructure formed by intersections of non-coplanar slip walls. (e) The

magnified micrograph for the region enclosed in the blue box in (d).

Table 1. Room-temperature tensile properties of the UFG and FG
VCoNi and CrCoNi MEAs.

Samples (Avg. grain size,d)  YS(MPa) UTS(MPa) U.EL(%) T.EL (%)
FG CrCoNi(d = 1.3 um) 955 1041 27.0 50.0
UFG CrCoNi (d = 960 nm) 1040 1090 21.0 41.0
FGVCoNi(d = 1.3 um) 1120 1507 28.0 429
UFG VCoNi (d = 657 nm) 1496 1681 16.4 26.6

VCoNi MEAs. Based on the Hall-Petch relationship
(0GB = 00 + Kgip - d~1/2), where oy and Kgip are the
lattice friction and Hall-Petch slope for slip, respec-
tively, the VCoNi MEA had a significantly high value for
Hall-Petch slope (864 MPa um'/2) in comparison with
those for other FCC-structured materials (Supplemen-
tary Figure S4). This strongly supported the beneficial
effect of severe lattice distortions on GB strengthen-
ing (for comparison of lattice distortion between VCoNi
alloy and CrCoNji alloy, see Supplementary Figure S5 and
Table S1).

Moreover, surprisingly, the UFG VCoNi MEAs exhibit
a much higher strain-hardening rate than UFG CrCoNi
MEAs in overall plastic deformation (Figure 2(b)). Gen-
erally, due to low stacking fault energy (SFE), FCC-
structured HEAs and MEAs often exhibit high strain-
hardening capability, which are usually attributed to the
deformation mechanism transition from slip to either
twinning-induced plasticity (TWIP) or transformation-
induced plasticity (TRIP), which provides additional
hardening sources [21-23]. However, it has been well
reported that grain refinement suppresses the TWIP

or TRIP effect on the flow behaviours of the alloys
[18,19,21-23]. For instance, with respect to the
Hall-Petch equation for critical twinning stress (Gtwin),
the Hall-Petch slope (Kyyi,) can often be estimated to be
twice as large as the slope for slip (Kg;ip) [21]. Therefore,
the flow behaviours of UFG HEAs are often governed by
dislocation slip because of the high required stress for
twin initiation. In addition to the restraint of TWIP or
TRIP, it has been widely reported that the high densities
of GBs could effectively act as sinks for glide dislocations
based on greater diffusion-controlled plasticity in UFG
materials [24,25]; thus, the strain-hardening capability
could be significantly decreased when compared with
those of the coarse-grained alloys [13,18,19,21]. On the
contrary, the UFG VCoNi MEAs maintained high strain-
hardening rate despite significant grain refinement. This
high strain-hardening rate offered not only ultra-high
tensile strength, but also large uniform elongation (U.
El), by delaying the onset of plastic instability of the alloy
during tensile deformation.

Meanwhile, it has been known that the Hall-Petch
equation is highly related to dislocation pile-ups at GBs
generating long-range internal stresses known as back
stresses [26]. In other words, it could be supposed that
the extremely high value of Hall-Petch slope for VCoNi
alloy is also related to strong GB effectively interrupting
dislocation movement with profuse dislocation pile-ups
generating high back stress during plastic deformation.
In order to reveal underlying mechanism of the unusual
strain-hardening behaviour, deformed microstructure
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Figure 4. Ashby plots indicating (a) YS vs. U. EL and (b) UTS vs. T. EL of the UFG VCoNi MEAs at room-temperature (present work) in
comparison with those of existing HEAs and MEAs. Note that the ordered FCC, ordered body-centered cubic (BCC), hexagonal close-
packed phases, and other intermetallic compounds having complex lattice structures (e.g. o phase, 1 phase, and carbides) are referred

to as L12, B2, HCP, and CP, respectively.

was investigated for UFG alloy, as presented in Figure 3.
It is clearly identified that the dislocations are densely
piled-up as a planar array configuration from the GB
(Figure 3(b,c)). This result implies that the massive pile-
ups of dislocations at the GBs strongly generate back
stresses, which kinematically contributed to strain hard-
ening of the alloys during plastic deformation [24-27].
Generally, the strain hardening of FCC-structured alloys
can be usually expressed as the contributions of two types
of hardening mechanisms [25-27]: isotropic hardening
by the evolution of forest dislocations; and kinematic
hardening by dislocation accumulation at the GB. More-
over, the kinematic hardening is governed by the combi-
natorial effect of back stress and forward stress between
soft grains and hard grains across the GB [28]. In order
to obtain a synergetic hardening effect by profuse dis-
location pile-ups for materials during deformation, the
contributions of back stress should be larger than those
of forward stress based on the distinguished distribution
of each type of stress around the GB [29].

Meanwhile, it has been suggested that the contribution
of back stress to strain hardening is dominated by the
cross-slip probability of materials [27]. The back-stress
(0p) hardening can be expressed as a function of the evo-
lution of the dislocation density (p) with increasing strain
(&) using the following equations [30]:

M
o M -2 0
& 2./p de
dp

1k
=M <E + Eﬁ) -exp(=By/p)  (2)

where M is the Taylor factor, o is a constant in the
Taylor equation [21], G is the shear modulus, b is the
Burgers vector, and P is the probability of cross slip

(0 < P < 1). Here, k and $ are model parameters deter-
mined from experiments [30]. According to Equations
(1) and (2), when P decreased, the contribution of
back stress to strain hardening increased. Bouaziz et al.
[30] recently reported that the solute solutions in HEAs
could effectively decrease P associated with larger spac-
ing between Shockley partial dislocations induced by the
solute, which strongly promotes planar slip during plastic
deformation. In other words, this could be considered an
advantage of multi-principal element alloys with strong
back-stress hardening effects (solute back strengthening)
[30]. For the UFG VCoN:i alloy designed by maximized
solid-solution strengthening, considering the high pla-
narity of slip as indicated in Figure 3(b,c), it can be
proposed that the high back-stress hardening has a sig-
nificant effect on the strain-hardening capability at lower
d values in the initial stage of deformation according to
Equations (1) and (2).

Furthermore, the planar dislocation walls were crys-
tallographically aligned as the coplanar slip bands on the
111 planes (Figure 3(d,e)), indicating the non-coplanar
slip bands are activated with an increase in plastic strain.
Consequently, the coplanar and non-coplanar slip bands
intersect each other, which significantly reduces the spac-
ing between the slip bands as the formation of nano-scale
dislocation substructures (i.e. Taylor lattices) in grain
interiors [31]. This non-cell-forming structure verifies
the difficulty of cross slip of the present alloy. Noticeably,
the spacing between adjacent slip bands is measured to be
~ 30 nm in the Taylor lattice (Figure 3(d,e)). In addition,
this dynamic slip-band refinement significantly enhances
the strain-hardening capability via the storage of massive
dislocations in the grain interiors as well as GB effects.
It has been known that the GB effects are weakened at
the later regime of the plastic deformation, while the GBs
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could be regarded as perfectly opaque barriers to disloca-
tions at the early part of deformation [32]. However, the
efficient dislocation-mediated plasticity (non-cell form-
ing) could still accelerate the strain hardening of UFG
VCoNi MEA by dynamic-slip band refinement at the late
part of plastic deformation.

Figure 4 compares the tensile properties of the UFG
VCoNi MEAs with those of other HEAs and MEAs (for
the database of the alloys, see Supplementary Table S2).
Notably, the UFG VCoNi MEA exhibits a much supe-
rior YS-U. EL combination compared to those for other
single FCC-structured alloys. Meanwhile, the YS level of
UFG VCoNi MEA could be similar to those of several
multi-phase HEAs hardened by multiple-strengthening
mechanisms (i.e. heterogeneous structure, precipitation
hardening, etc.) [3]. However, as a different point of
view, although the single FCC-structured alloys with the
strain-free state are usually considered as soft materials,
the YS level of UFG VCoN:i is nearly equivalent or higher
via just effect of severe lattice distortion and its advantage
for GB strengthening than those of most of the multiple-
strengthened alloys, which could be considered as the
new alloying/microstructure design concepts for devel-
oping ultrastrong materials. Furthermore, as the VCoNi
alloy exhibits high strain-hardening capability in spite of
UEFG structure, the sacrificing ductility was minimized as
compared with UTS enhancement, which consequently
resulted in overcoming the strength-ductility trade-off of
multiple-strengthened alloys.

Conclusions

In this study, the UFG VCoNi MEA is successfully pro-
duced by HPT and subsequent short-time annealing.
The alloys present ultra-high levels of YS (~ 1.5 GPa)
via effective GB strengthening with respect to the high
Hall-Petch slope. The high density of GBs and the
low cross-slip probability have a synergetic effect on
enhanced strain-hardening capability even for UFG
structure of alloy via generating high back stress contri-
bution by massive dislocation pile ups at GBs. Further-
more, because the suppressed cross-slips produces the
dynamic slip-band refinements at the late part of defor-
mation, the alloy exhibits ultrahigh UTS (~ 1.7 GPa)
with remarkable ductility (> 25%) compared with those
of other UFG alloys. This work can pave the way
for new metallurgical strategies to develop novel high-
performance materials by utilising the merits of solid-
solution strengthening in multi-principal element alloys.
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