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Abstract: High-entropy alloys (HEAs) and medium-entropy alloys (MEAs), also sometimes referred
to as multi-principal element alloys (MPEAs), present opportunities to develop new materials with
outstanding mechanical properties. Through the careful selection of constituent elements along with
optimized thermal processing for proper control of structure, grain size, and deformation mecha-
nisms, many of the newly developed HEA systems exhibit superior strength and ductility levels
across a wide range of temperatures, particularly at cryogenic deformation temperatures. Such a
remarkable response has been attributed to the hardening capacity of many MPEAs that is achieved
through the activation of deformation twinning. More recent compositions have considered phase
transforming systems, which have the potential for enhanced strengthening and therefore high
strength and ductility levels. However, the strain rate sensitivity of such transforming MPEAs is
not well understood and requires further investigation. In this study, the tensile properties of the
non-equiatomic V1oCrjgFes5Co30Nis MPEA were investigated at different deformation rates and tem-
peratures ranging from 77 K (—196 °C) to 573 K (300 °C). Depending on the deformation temperature,
the considered MPEA exhibits plasticity through either crystallographic slip, deformation twinning,
or solid-state phase transformation. At 300 °C, only slip-mediated plasticity was observed for all the
considered deformation rates. Deformation twinning was detected in samples deformed at room
temperature, while face-centered cubic to body-centered cubic phase transformation became more
favorable at cryogenic deformation temperatures. The trends are nonlinear with twinning-induced
plasticity (TWIP) favored at the intermediate deformation rate, while transformation-induced plas-
ticity (TRIP) was observed, although limited, only at the slowest deformation rate. For all the
considered deformation rates at cryogenic deformation temperature, a significant TRIP activity was
always detected. The extent of TRIP, however, was dependent on the deformation rate. Increasing
the deformation rate is not conducive to TRIP and thus hinders the hardening capacity.

Keywords: high-entropy alloys; multi-principal element alloys; VCrFeCoNi; TWIP; TRIP; plastic
deformation mechanisms; strain hardening

1. Introduction

The need to develop new materials with enhanced properties has fueled major research
activities to overcome existing limitations. Metals and metallic alloys are of particular
importance due to their desirable properties and wide use in practical applications [1].
Although engineering properties through composition control and heat treatment has
been well-practiced for hundreds of years, significant developments and advancements
were enabled in the last century through an enhanced and deeper understanding of the
microstructural features and deformation mechanisms that control the material response.
Various systems with enhanced and superior properties were developed: for example,
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Ni-based super-alloys that are optimized for high-temperature applications [2], Maraging
steels which exhibit high strength and toughness levels [3], twinning-induced [4-8], and
transformation-induced plasticity steels [9] (TWIP and TRIP) where high strength and
ductility levels are attained through the additional hardening introduced through the
activation of these two important deformation mechanisms [10]. Generally speaking, the
use of a single principal element, in addition to alloying elements at lower percentages, has
been the common alloy design methodology in the aforementioned systems and in virtually
all structural alloys. Despite the notable advances made utilizing this alloying principle,
recent efforts have ventured outside these well-established guidelines in an attempt to
achieve new alloy systems with superior properties [11].

The recent development of high-entropy alloys (HEAs) and medium-entropy alloys
(MEAs), also known as multi-principal element alloys (MPEAs), has challenged the well-
known alloy design principle, which relies on the use of predominantly a single alloying
element [12-26]. A wide range of and resulting crystal structures have been reported,
including FCC (Face-Centered-Cubic), BCC (Body-Centered-Cubic), HCP (Hexagonal
Close-Packed), or a mixture of them [11,17,27-30]. The earlier compositions, sometimes
referred to as first-generation HEAs, were focused on single-phase structures. However,
more recent works have also considered compositions with dual or multi-phase microstruc-
tures, also known as the second generation of HEAs. Various MPEAs show exceptional
fatigue and fracture resistance with high strength and ductility at cryogenic temperatures.
For example, the well-known and heavily investigated HEA, equiatomic CoCrFeMnNi,
also referred to as the Cantor alloy [31-35], exhibits exceptional strength, ductility, and
toughness levels, all at the same time at low temperatures (e.g., 77 K or liquid nitrogen
temperature). The MEA systems of CoCrNi [36—45] and CoVNi [46] have also shown ex-
ceptional mechanical properties across a wide range of temperatures, including cryogenic.
Such desirable properties have been linked to the high strain-hardening capacity in these
systems enabled by mechanical twinning, which delays the onset of necking and allows for
excellent ductility.

Revealing the fundamental reasons for the remarkable mechanical properties of HEAs
and MEAs has been the subject of many studies. In this regard, the staking fault energy
(SFE) has seen to play a major role in influencing the deformation mechanism [47]. As
the SFE decreases, the plasticity mechanism changes from dislocation glide to dislocation
glide in conjunction with twinning and phase transformation [48-50]. TWIP and TRIP are
observed in many alloys including high-Mn TRIP and TWIP steels [7,9]. Many MPEAs
show TWIP at cryogenic temperatures, which explains the enhanced ductility. Some of
the newly developed HEAs exhibit combined TWIP and TRIP effects, depending on the
deformation temperature. The activation of twinning and/or phase transformation during
plastic deformation enables additional hardening, increases strength levels, and eventually
results in enhanced ductility. The FCC-HCP transforming compositions comprise the
majority of MPEs exhibiting TRIP (e.g., FesoMnygCo19Crig, CrppMnysFe30Cop0Nig, and
CryoMnj5Fe33CopNiyg) [35,51,52]. In addition to the FCC-HCP TRIP alloys, unique and
interesting FCC-BCC TRIP HEAs have recently been reported for a limited number of com-
positions. For instance, the non-equiatomic Fe45C030Cr19V19NisxMny (x =0, 2.5, and 5 at.%)
HEA and more recently the V19Fes5Co30Cr1oNis alloy both exhibited FCC-BCC TRIP effect
at cryogenic temperatures [10,53-57]. It should be emphasized here that the FCC to BCC
martensitic transformation that dominated the response at cryogenic temperatures took
place while still maintaining high ductility levels, despite the presence of the BCC phase. In
comparison, most of the reported HEAs with BCC structure (e.g., AlCoCrFeNi HEA) and
some refractory HEA (NbysMoy5Taps Wos and VogNbygMoggTaygWyp) generally exhibited
inferior ductility compared to their FCC counterpart (e.g., Cantor, CoCrNi, and CoVNi).
In addition to temperature, deformation rate also plays a role in dictating the dominant
deformation mechanism. For example, changing the deformation rate from quasi-static
(10x ~3/s) to dynamic (10x3/s) rate causes a reduction of TRIP and an increase of TWIP at
both room and cryogenic temperatures in V19CrgFes5Co39Nis HEA [56]. Understanding
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the hardening effects associated with introducing the BCC phase and its temperature and
deformation rate dependance is important to optimize the mechanical properties of these
alloys and assist in the efforts aimed to resolve the ductility issues in BCC HEAs in general.

As discussed above, the resulting mechanical properties and the underlying deforma-
tion mechanisms are strongly dependent on the deformation temperature and strains rate.
Such effects are amplified in the case of TWIP and TRIP and can therefore lead to signifi-
cantly different responses compared to slip-dominated materials. Other factors, including
grain size [53], composition [48,54], and crystal structure [58], are also known to influence
the mechanical properties, including the strain rate sensitivity. In the case of the recently
developed VCrFeCoNi, which again exhibits interesting TWIP /TRIP effects with a unique
FCC to BCC transformation, studies conducted at cryogenic and room temperatures, both
quasi-static and dynamic loading conditions, revealed pronounced strain rate sensitivity.
However, only a limited number of rates were considered. As this work will show, the
strain-rate dependence is more complex and exhibits nonlinear dependence with interme-
diate deformation rates, potentially resulting in higher strength levels compared to higher
deformation rates. In addition, the effect of deformation temperature is also explored from
cryogenic to elevated temperatures. It is generally expected that increasing the deformation
rates is more conducive to TWIP. Nevertheless, such relation is also dependent on the strain
rate and exhibits a nonlinear relation (e.g., intermediate rates showing higher levels of
TWIP than higher rates). This work aims to shed further quantitative insight into these
aspects, focusing on the resulting mechanical properties and the changes in the dominant
deformation mechanisms at different deformation temperatures and rates.

2. Materials and Methods

An HEA ingot with a non-equiatomic composition of V1gFes5Co30Cr9Nis (at.%) was
prepared by arc melting using pure elements (purity >99.5 wt.%). Following casting, the
ingot was homogenized at 1200 °C for 24 h in an Argon atmosphere. For proper control of
grain size, 3 mm thick sheets were machined from the homogenized ingot and subsequently
cold rolled to a final thickness of 1.1 mm (i.e., 65.5% CW). Dog-bone-shaped tensile samples
with a gauge length of 8 mm, a cross-section width of 3 mm, and a thickness of 1.1 mm
were machined from the rolled sheets. Prior to loading, all samples were heat-treated at
1050 °C for 20 min, followed by water quenching. To prevent oxidation during the high
temperature solution treatment, samples were encapsulated in quartz tubes with an inert
Ar atmosphere. The resulting microstructure following homogenization was characterized
using energy dispersive spectroscopy (EDS—Oxford Instruments, Abingdon, UK), X-ray
diffraction (XRD—Malvern Panalytical X'pert® powder X-ray diffraction, Malvern, UK),
and electron-backscatter diffraction (EBSD—Oxford Instruments, Abingdon, UK).

Figure 1 show the EDS and XRD results collected from a solution-treated sample (not
rolled). The elemental maps presented in Figure 1a point to a homogeneous composition
with no segregation. The resulting chemical composition is summarized in Figure 1b. The
XRD data reported in Figure 1c reveal a single-phase FCC structure. This was further
confirmed using EBSD, as noted from the phase map presented in Figure 2a. The EBSD
grain orientation map shown in Figure 2b was collected prior to rolling and shows a
relatively large grain size and a non-ideal grain size distribution.

Following homogenization, rolling, and solution treatment, the microstructure ex-
hibited mainly an FCC crystal structure along with potentially some limited BCC regions
(Figure 3a). The grain size and distribution were (Figure 3b) finer and more homogeneous
compared to the results obtained from non-rolled specimens (Figure 2). All the reported
mechanical properties assessed were obtained from specimens that had the same initial
microstructure as reported in Figure 3.
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Figure 1. (a) EDX maps of Fe, Co, Cr, V, and Ni confirming the ingot’s homogeneity. (b) The nominal
composition in wt.% and at.%. (c) XRD analysis of a specimen following homogenization and solution
heat treatments. The results point to a single FCC phase with a lattice parameter a = 3.58 A.
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Figure 2. (a) EBSD phase map showing a single FCC phase following homogenization and solution
heat treatments. (b) The corresponding grain orientation map.

Tensile experiments were conducted at different temperatures and deformation rates
using a universal testing machine equipped with an environmental chamber (Instron, Nor-
wood, MA, USA). Three different strain rates were considered, 1.32 x 1073/s (1 mm/min.
crosshead speed), 0.66/s (500 mm /min crosshead speed), and 1.32/5s (1000 mm/min, which
is the maximum achievable speed in the utilized setup). For each strain rate, specimens
were tested at room temperature (RT, 293 K), cryogenic temperature 77 K, and a high
temperature of 573 K (the maximum attainable temperature for the utilized environmental
chamber). The considered conditions are explained schematically in Figure 4. For the RT
experiments, optical images were captured during deformation using a high-resolution
camera connected to VIC-snap with a capture rate of 1 image per 500 ms (milliseconds).
VIC-2D 6 commercial software from Correlated Solutions (Irmo, SC, USA) was used to
measure the displacement fields and calculate the associated strains. During the tests at
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77 K, the specimen along with the grips were submerged in a liquid nitrogen (LN) bath
and soaked for about 5 min prior to load application. For the experiments conducted at
300 °C, an environmental chamber was utilized for heating. The loading was initiated
after a 20 min soaking time at 300 °C. For each of the considered conditions, at least three
samples were tested.

Figure 3. (a) EBSD phase map following homogenization, rolling, and solution heat treatment.
(b) The corresponding grain orientation map.
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Figure 4. Schematic detailing the considered deformation temperatures and strain rates in this work.
All experiments were conducted under tension.

3. Results and Discussion
3.1. Tensile Mechanical Properties

As explained above, three different deformation temperatures and strain rates were
considered in this study. For each condition, three different specimens were loaded in
tension. Representative engineering stress-strain curves are shown in Figure 5, one for each
of the considered deformation temperatures and strain rates. Considering the response
at RT, the results clearly indicate that the highest ductility was achieved at the slowest
strain rate of 1.32 x 1073/s. When comparing the yield strength (0.2% offset) obtained
from the different deformation rates at RT, a linear correlation between the deformation
rate and the resulting yield strength was not observed. The highest yield strength was
measured at the intermediate rate (0.66/s) with slower (1.32 x 1073/s) and faster rates
(1.32/s), resulting in lower yield strengths. For the ultimate tensile strength (UTS), the
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attained strength levels did not differ significantly at different deformation rates (all RT). It
should be noted here that in all of the considered specimens, increasing the deformation
strain rate to either 0.66/s or 1.32/s resulted in reduced ductility. However, the percentage
in ductility reduction was dependent on the deformation temperature, with the largest
drop observed at 77 K.

1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l

Strain rate Deformation Temperature
— 1.32x107%/s — RT

...... . — _196°CL

300°C [

Polycrystalline
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Figure 5. Representative stress—strain curves of VipFes5Co30CrigNi5 samples deformed at three
considered temperatures and strain rates.

Decreasing the deformation temperature to 77 K (blue curves) resulted in a significant
increase in both strength and ductility. The effect was more pronounced at the slow
deformation rate of 1.32 x 1073 /s, which resulted in the highest strength levels in all of
the considered conditions with superior ductility. Similar to the results obtained at RT, the
highest yield strength at 77 K was again obtained at the intermediate deformation strain
rate of 0.66/s. However, as the ductility differed significantly between the samples tested at
77 K compared to the RT specimens, a large difference in the UTS was also observed. Aided
by the high ductility and hardening levels at the 1.32 x 103 /s strain rate, the UTS reached
noticeably higher magnitudes (an impressive 1.2 GPa with ductility exceeding 50%).

Increasing the deformation temperature to 300 °C (red curves in Figure 5) resulted
in enhanced ductility levels; however, this was accompanied by a significant strength
reduction. Due to the limited number of available specimens, only two deformation rates
were considered at this temperature. After increasing the strain rate, the expected reduction
in ductility was observed consistently across all temperatures. However, unlike the results
obtained at RT and 77 K, both the yield strength and UTS dropped compared to the slow
strain rate results. This aspect is discussed further in Section 3.2.

Table 1 summarizes the mechanical properties of the studied HEA at all deformation
temperatures and strain rates. The samples deformed under cryogenic temperature and
a strain rate of 1.32 x 1073/s gave the highest UTS of around 1225 MPa and ductility
of 62.2%, while samples deformed under the high temperature of 300 °C and strain rate
of 1.32 x 1073/s gave the highest ductility of 71.5%. To further highlight the effects of
deformation temperature and strain rate on the obtained mechanical properties, the RT and
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slow strain rate results were used as control conditions and the relative change in strength
and ductility were calculated. The results are presented in the last four columns in Table 2.

Table 1. Summary of the obtained mechanical properties.

Conditon  PERTEEN K aRae oMby UTSOMP
Slow-RT RT 1.32 x 1073/s 245.7 £ 154 617.5 £21.9
Intermediate-RT RT 0.66/s 335.1+£1.5 646.02 £ 19.08
Fast-RT RT 1.32/s 287.6 £37.7 649.6 + 14.6
Slow-LN LN 1.32 x 1073/s 535.8 £18.1 1224.8 £ 29.06
Intermediate-LN LN 0.66/s 593.2 £54.9 1020.5 + 16.3
Fast-LN LN 1.32/s 577.7 £ 30.9 995.9 £ 54.5
Slow-300 °C 300 °C 1.32 x 1073/s 143.3 £51.6 518.5 £ 10.6
Fast-300 °C 300 °C 1.32/s 824 £49.1 4949 + 28.4

Table 2. Effect of deformation temperature and deformation rate on strength and ductility.

Changein Changein Changein Changein
. Strength Ductility Strength Ductility
Condition T]e)rif. Du(ijl)l ity Due to Due to Due to Due to
p- ? Temp. Temp. Rate Rate
Change Change Change Change
Slow-RT RT 476 £2.8 Ref. Temp  Ref. Temp - -
I“te“l;‘;dlate RT 355+02  Ref Temp  Ref. Temp 4.6% —25.4%
Fast-RT RT 40+15 Ref. Temp  Ref. Temp 5.1% —16.5%
Slow-LN LN 62.2 £ 0.085 98.3% 30.6% - -
intermediate N 345429 57.9% —~3% ~16.6%  —4458%
Fast-LN LN 35+2 53.3% —11.9% —18.6% —43.7%
Slow-300 °C 300 °C 715+ 44 —16.03% 50.3%
Fast-300°C 300 °C 65.4 4+ 3.5 —23.8% 64.5% —4.5% —8.6%

3.2. Strain Hardening—TWIP/TRIP Effects

Strain hardening develops in the material due to plastic strain accumulation. Various
aspects influence this phenomenon, including dislocation multiplication and dislocation
interface interaction (e.g., grain boundaries and phase boundaries). For example, the TWIP
effect introduces additional interfaces (i.e., twin boundaries) that act as obstacles for dislo-
cation motion, increasing strength, and hardening levels. A similar effect takes place in the
case of TRIP due to the introduction of phase boundaries [59]. As the investigated material
in this study exhibits TWIP and TRIP depending on the deformation temperature [10,56],
quantifying the hardening level for the different considered conditions is extremely im-
portant. The hardening responses of the investigated samples can be better quantified by
calculating the material hardening rates do/de.

Figure 6 shows representative true stress—strain curves with the corresponding strain-
hardening rates for the RT deformation conditions. For the 1.32 x 10~3/s (slowest) and
1.32/s strain rates (fastest), the hardening rate experienced rapid reduction with defor-
mation (Stage I) followed by a slower decay rate in Stage II. Such a response is typically
observed when dislocation glide (i.e., slip) is the dominant deformation mechanism [60].
The corresponding EBSD results shown in Figure 7 point to pronounced slip activity. How-
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ever, in the case of the slow deformation rate (1.32 x 1073/ s), very limited TWIP was
detected through EBSD, as shown in Figure 7a. In addition, TRIP was also observed, as
shown by the small BCC regions in the phase map presented in Figures 7a and 8. TRIP was
not detected for the other deformation rates. In previous work on the VCrFeCoNi MPEA,
TRIP has also shown strain-rate dependence (secondary effect) in addition to deformation
temperature dependence (primary) [56]. It should be emphasized here that the deformation
was still dominated by slip with limited transformation at only slower deformation rates.
Limited TWIP activity was also seen for the fastest deformation rate (1.32/s).

RT Deformation Temperature

1 1 1 1 1 1 1 o b by b L L g
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Figure 6. (a) Representative true stress—true strain curves of VigFe45Co39CrgNi5 samples deformed
at RT. (b) The corresponding strain-hardening rate.

[

Strain rate 2 Strain rate 3
0. 66 / s 1.32 / s

Figure 7. (a) EBSD grain orientation and phase maps of a sample deformed at RT and 1.32 x 1073/s
deformation rate. (b) RT and 0.66/s deformation rate. (c¢) RT and 1.32/s deformation rate.
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Figure 8. The dominant deformation mechanisms and summary of the mechanical properties for the
room-temperature deformation conditions.

The intermediate deformation rate (0.66 /s—RT deformation) stands out in this ma-
terial and exhibits a notably different response compared to the other deformation rates
(faster and slower). As shown in Figure 6b, the hardening rate curve shows evidence
of Stage III, where the strain-hardening rate increases following Stage II. The presence
of this stage is a clear indication of TWIP and/or TRIP effects while its absence points
to slip dominance. The increase in hardening rates is attributed to the reduction in slip
length due to the additional interfaces generated by TWIP/TRIP. This response is similar
to the Hall-Petch effect associated with grain boundary strengthening. The EBSD grain
orientation and phase maps presented in Figures 7b and 8 point to a lack of TRIP but
significant slip and TWIP activities. Note that the strength levels for this case were higher
compared to the other considered deformation rates but with slightly lower ductility (see
Figure 5). Clearly, the results presented here for RT deformation highlight the complexity
of interactions taking place and affecting the plastic response and activated deformation
mechanisms. The trends are nonlinear with TWIP favored at the intermediate deformation
rate while TRIP was observed, although limited, only at the slowest deformation rate.
All observations and major results for the RT deformation conditions are summarized in
Figure 8.

Figure 9 shows fractographs collected from all the specimens deformed at RT. In all
cases, ductile dimples can be observed for all the deformation strain rates. However, there
are some flat regions marked with arrows which indicate potential failure due to the grain
boundary sliding at these conditions. Although all samples show ductile dimples on the
fracture surfaces, the 1.32 x 1073 /s and 1.32/s deformation rates (i.e., the slowest and
fastest) exhibit slightly less fibrous surfaces compared to the features observed for the
intermediate strain rate (0.66/s).
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1.32 x 1073/5

Figure 9. Fractographs of tensile specimens deformed at RT at a rate of 1.32 x 1073 /s (a,b),
0.66/s (c,d), and 1.32/s (e,f). The red arrow point to flat fracture regions.

Figure 10 shows representative true stress—strain curves with the corresponding strain-
hardening rates for the samples loaded at cryogenic temperature (—196 °C-LN). The
slowest (1.32 x 1073 /s) and intermediate deformation rates (0.66/s) show clear evidence of
increased hardening rates (Stage III) following the initial and rapid drop in strain hardening
through Stages I and II. Such a response is, again, typical in TWIP/TRIP alloys. The XRD
results presented in Figure 11a point to a reduction in the FCC phase volume fraction
along with dominance of BCC. This suggests significant TRIP activity, which was further
confirmed through EBSD analysis. It should be noted here that the Stage III region, both
the strain window where amplification in hardening rates is observed and the attained
hardening levels, depends on the deformation rate. The effect is more pronounced for the
1.32 x 1073 /s case compared to the other strain rates, which explains the significantly higher
strength and ductility levels for this condition (i.e., superior strain-hardening capacity).
Stage III is relatively limited for the intermediate deformation rate (0.66/s) and almost
absent for the fastest rate. The strength and ductility levels for the 0.66/s (i.e., the case
exhibiting clear Stage III) were higher compared to the 1.32/s case where Stage III was
barley visible. However, the difference was not significant, as shown in Table 1.

The grain orientation and phase maps presented in Figure 11 confirm the significant
contribution of TRIP at this deformation temperature. For all the considered deforma-
tion rates, a significant volume fraction of the BCC phase was detected. The extent of
TRIP (BCC phase) was, however, dependent on the deformation rate. As highlighted in
Figure 11D, at the slowest considered deformation rate (1.32 x 1073 /s), almost the entire
sample transformed to BCC. The significant TRIP in this case allowed for pronounced
hardening (Figure 10b) and consequently, superior strength and ductility levels, the best
among all the considered samples. For the other deformation rates, both exhibited sig-
nificant TRIP, with the sample deformed at the fastest rate (1.32/s) showing slightly less
BCC volume fraction compared to the sample deformed at the intermediate rate of 0.66/s
(63% compared to 71% BCC volume fraction). Clearly, increasing the deformation rate is
not conducive to TRIP and thus hinders the hardening capacity. Jo et al. also observed a
significant reduction in the BCC volume fraction (almost 50% reduction) at an ultra-high
deformation rate of 1500/s compared to quasi-static loading conditions [56]. The results
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Intensity

presented in this study highlight that even at slower deformation rates, a significant impact
and hindrance of TRIP can be expected in this material system. As detailed above in
Figure 5 and Table 1, this adversely impacts the resulting mechanical properties in terms
of strength and ductility levels. A summary of the observations and major results for the
cryogenic deformation temperature conditions is shown in Figure 12.

LN Deformation Temperature
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Figure 10. (a) Representative true stress-true strain curves of VygFes5C039CrygNis samples deformed
at —196 °C. (b) The corresponding strain-hardening rate.
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Figure 11. (a) XRD analysis collected from fractured samples deformed at —196 °C and the three
considered deformation rates. (b) EBSD grain orientation and phase maps of a sample deformed at
—196 °C and 1.32 x 103 /s deformation rate. (c) —196 °C and 0.66/s deformation rate. (d) —196 °C
and 1.32/s deformation rate.

Figure 13 shows fractographs collected from all the specimens deformed at —196 °C.
Similar to the specimens deformed at RT and due to the ductile nature of the considered
MPEA, ductile dimples can be observed for all the deformation strain rates. However, the
fracture surfaces for the cryogenic deformation temperature are more fibrous, exhibiting
smaller dimples at a higher density, which is not surprising, given the higher strength
levels observed in this case. This is particularly obvious for the slowest deformation
rate, which, as explained above, exhibited the highest strength and ductility levels due to
extensive TRIP.
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Figure 12. The dominant deformation mechanisms and summary of the mechanical properties for
the cryogenic deformation conditions.

Figure 13. Fractographs of tensile specimens deformed at —196 °C at a rate of 1.32 x 1073/s (a,b),
0.66/s (c,d), and 1.32/s (e,f).

As for the elevated temperature conditions, Figure 14 shows representative true stress-
strain curves with the corresponding strain-hardening rates. Only two deformation rates
are shown here due to a limited number of available specimens. Compared to either the
RT or cryogenic deformation temperatures, the cases presented here exhibit no signs of
Stage III, which suggests slip dominance and absence of either TRIP (unlikely given limited
TRIP observation even at RT) or TWIP. Increasing the deformation temperatures reduces
slip resistance with generally limited impact on the critical resolved shear stress to initiate
deformation twinning. However, it should be noted here that deformation rate also impacts
the tendency of the material to deform by twinning. Unfortunately, this was not possible to
examine in this study, but is an objective that is worthy of further investigation.
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Figure 14. (a) Representative true stress—true strain curves of VjgFes5Co30CrigNi5 samples deformed
at 300 °C. (b) The corresponding strain-hardening rate.

The EBSD grain orientation and phase maps shown in Figure 15 confirm slip domi-
nance and the absence of large-scale TRIP and TWIP activities. This obviously can’t rule
out any nano-scale twinning, which would require TEM analysis to detect. However, pro-
nounced twinning, as in the case shown for the RT and intermediate strain rate condition,
can be ruled out with high level of confidence. It should be emphasized here that the
significant increase in deformation rate did not induce pronounced differences in terms
of strength and ductility. As the considered system is shown to mainly exhibit different
properties following the activation of either TWIP (at certain deformation rates and RT) or
TRIP (at cryogenic temperatures with strain-rate dependence), the relatively small differ-
ences observed at 300 °C following deformation rate change is not surprising, given the
lack of TWIP /TRIP.

Strain rate 3
1.32/s

Figure 15. (a) EBSD grain orientation and phase maps of a sample deformed at 300 °C and
1.32 x 1073 /s deformation rate. (b) 300 °C and 1.32/s deformation rate.

A summary of the observations and major results for the elevated deformation tem-
perature conditions is shown in Figure 16. Moreover, fractography from samples deformed
at the two considered rates is shown in Figure 17. Ductile dimples were also detected in
this case, but they lack the dull and fibrous appearance visible in the specimens deformed
at RT and LN. This indicates that the samples did not exhibit high strength magnitudes,
which is consistent with the stress-strain results.
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Figure 16. The dominant deformation mechanisms and summary of the mechanical properties for
the elevated temperature deformation conditions.

1.32 x 1073/5

Figure 17. Fractographs of tensile specimens deformed at 300 °C at a rate of 1.32 x 107%/s (a,b), and
1.32/s (c,d). The red arrow point to flat fracture regions.

4. Conclusions

In this work, the VigFes5C030Cr1gNis TWIP/TRIP MPEA was investigated under
tension at different deformation rates (1.32 x 1073/s to 1.32/s, 1000 times faster) and
deformation temperatures, extending from cryogenic (—196 °C) to elevated (300 °C). The
mechanical properties were evaluated and compared for all the considered conditions.
EBSD and XRD analysis were also conducted to shed light onto the dominant deformation
mechanisms (i.e., slip, TWIP, and TRIP). The results were analyzed in terms of the mechani-
cal properties, strength, ductility, and hardening rates, with the aim to provide a deeper
understanding of how deformation rate and temperature affect the plasticity mechanism
and, consequently, the attained strength and ductility levels in this novel and unique MPEA.
The work supports the following conclusions:
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1. The highest ultimate tensile strength (UTS) of 1225 MPa along with superior ductility
of 62.2% was achieved at cryogenic temperature and slow deformation rate. Exten-
sive phase transformation (TRIP—almost complete FCC to BCC) induced significant
hardening, allowing for superior strength and ductility magnitudes compared to all
other deformation conditions.

2. For all the considered deformation rates at the cryogenic deformation temperature, a
significant TRIP activity was always detected. The extent of TRIP (FCC to BCC phase
transformation), however, was dependent on the deformation rate. Increasing the
deformation rate is not conducive to TRIP and thus hinders the hardening capacity.

3. For deformation at room temperature, the mechanical properties were relatively less
affected by deformation rate. The impact at cryogenic temperature was significantly
more pronounced.

4. TWIP was only detected in samples deformed at RT. The results presented here for
RT deformation highlight the complexity of interactions taking place and affecting
the plastic response and activated deformation mechanisms. The trends are nonlinear
with TWIP favored at the intermediate deformation rate while TRIP was observed,
although limited, only at the slowest deformation rate. The highest yield strength was
measured at this intermediate rate (0.66/s) with slower (1.32 x 1073 /s) and faster
rates (1.32/s), resulting in lower yield strengths.

5. Increasing the deformation temperature to 300 °C resulted in enhanced ductility levels;
however, this was accompanied by a significant strength reduction. By increasing the
deformation strain rate, the expected reduction in ductility was observed consistently
across all temperatures. However, unlike the results obtained at RT and 77 K, both the
yield and UTS dropped compared to the slow strain rate results.

6. Compared to either the RT or cryogenic deformation temperatures, the material
deformed at 300 °C exhibited no signs of Stage III hardening and slip-dominated re-
sponse. No signs of either TWIP or TRIP were detected in this case. As the considered
system is shown to mainly exhibit different properties following the activation of
either TWIP (at certain deformation rates and RT) or TRIP (at cryogenic temperatures
with strain-rate dependence), a relatively less significant deformation rates impact
was observed at this deformation temperature given the lack of TWIP /TRIP.
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