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Abstract: In this research, we systematically investigated equiatomic CoCrFeNi and CoCrFeMnNi
high-entropy alloys (HEAs). Both of these HEA systems are single-phase, face-centered-cubic (FCC)
structures. Specifically, we examined the tensile response in as-cast quaternary CoCrFeNi and
quinary CoCrFeMnNi HEAs at room temperature. Compared to CoCrFeNi HEA, the elongation of
CoCrFeMnNi HEA was 14% lower, but the yield strength and ultimate tensile strength were increased
by 17% and 6%, respectively. The direct real-time evolution of structural defects during uniaxial
straining was acquired via in situ neutron-diffraction measurements. The dominant microstructures
underlying plastic deformation mechanisms at each deformation stage in as-cast CoCrFeNi and
CoCrFeMnNi HEAs were revealed using the Convolutional Multiple Whole Profile (CMWP) software
for peak-profile fitting. The possible mechanisms are reported.
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1. Introduction

High-entropy alloys (HEAs), an intriguing new class of equiatomic solid-solution
alloys, have attracted interest for their promising engineering applications as structural ma-
terials [1-4]. Comprehensive studies have been devoted to achieving excellent combinations
of high strength and good ductility and determining the microstructural-evolution-driven
deformation responses in single-phase, face-centered-cubic (FCC) HEAs under uniaxial
loading [5-14]. The desired mechanical properties of a good strength—ductility balance in
the HEAs may be tailored via tuning their elemental compositions [15,16].

The mechanical properties of FCC materials are strongly microstructure-sensitive
in terms of the dislocation activities, whereby the interactions of dislocations with other
defects and the dislocations strongly influence the accumulation of tensile damage under
monotonic loading. Therefore, it is important to explore the real-time development of
structural defects governing the deformation behavior during strain accumulation under
tensile loading, which can be achieved via in situ neutron-diffraction measurements.

The most popular FCC HEA, the Cantor alloy CoCrFeMnNi, not only exhibits good
mechanical performance but also high fatigue resistance [5,10,11,17-20]. The as-cast mi-
crostructure of the HEAs enhances fatigue resistance [21,22]. Specifically, the as-cast
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dendritic structure is beneficial to tensile-overload-driven deformation twinning, and
thus enhances fatigue resistance in CoCrFeMnNi HEAs [22]. However, investigations of
tensile-loading-governed microstructural defects in as-cast CoCrFeMnNi alloys are lacking.
Furthermore, there is a need to gain better understanding of the reciprocal relationships
between elemental composition, microstructural evolution, testing conditions, and tensile
performance. The objective of the present study was to investigate the tensile properties
and the corresponding microstructural evolution in as-cast quinary CoCrFeMnNi and
quaternary CoCrFeNi HEAs. In situ neutron-diffraction measurements were performed
to examine the direct real-time microstructural evolution governing tensile-deformation
mechanisms during uniaxial straining.

2. Materials and Methods

The equiatomic concentrated solid-solution alloys CoCrFeNi and CoCrFeMnNi were
studied in the present work. The as-cast CoCrFeNi and CoCrFeMnNi HEAs were vacuum-
arc-melted from equal molar compositions with the purities of elemental powders higher
than 99.9 wt % under a high-purity argon atmosphere. After arc-melting, the ingots were
heated to 1273 K for 6 h for homogenization. The as-cast CoCrFeNi and CoCrFeMnNi
HEAs revealed dendritic structures with grain sizes around 1034 and 995 pm, respectively,
as shown in Figure S1 in the Supplementary Information.

The in situ neutron-diffraction measurements were carried out during tensile tests at
the TAKUMI beamline in the Materials and Life Science Experimental Facilities at ]-PARC,
Japan. The loading direction was 45° with respect to the neutron beam, associated with
two detector banks located at £90° concurrently recording diffraction vector patterns
in both the loading and transverse directions. For the tensile test, cylindrical dog-bone-
shaped specimens with a gauge length of 30 mm and a diameter of 6 mm were prepared.
Quaternary and quinary samples were step-loaded in the elastic regime, followed by a
continuous loading at a nominal strain rate of 5 x 107°/s in the plastic regime. In situ
neutron-diffraction patterns were recorded at several specific strain values at which the
two specimens were held. The in situ neutron-diffraction profiles were analyzed using the
general structure analysis system (GSAS) [23] for single-peak fitting and Convolutional
Multiple Whole Profile (CMWP) software [24,25] for determining the tensile deformation
mechanisms, following the previously reported protocols [15,22,26]. We followed our
earlier protocol for the procedures for in situ neutron-diffraction experiments during the
tensile test and a complete data analysis process [15]. In addition, the neutron-diffraction
peaks demonstrated a single FCC phase in both quaternary and quinary HEAs before
and after tensile deformation; therefore, the influence of phase transformation on the
deformation mechanism was ignored in the present study [27-29].

3. Results
3.1. Tensile Properties

Figure 1 describes the uniaxial tensile engineering stress—strain (S-S) curves of both
CoCrFeNi and CoCrFeMnNi HEAs. The macroscopic yielding point of the CoCrFeMnNi
HEA started at a stress of 194 MPa, which was a remarkable 17% increase compared to
that of the CoCrFeNi HEA. The ultimate tensile strength (UTS) of the CoCrFeMnNi HEA
was 427 MPa, which was greater than the 404 MPa of the CoCrFeNi HEA. The elongations
to failure of the CoCrFeNi and CoCrFeMnNi HEAs were 107% and 92%, respectively.
Although the addition of Mn decreased ductility by 14%, it significantly enhanced the yield
stress (YS) and UTS of the alloy. This suggested a hardening behavior in the CoCrFeMnNi
HEA. The addition of Mn achieved a good balance between high tensile strength and
ductility, which is an outstanding characteristic for wide and practical applications of
HEAs. Since the strain rates were similar in the as-cast quaternary and quinary alloys, their
tensile properties are presumably related to the element composition and the evolution
of different structural defects at each deformation stage. In this work, we focused on the
elastic deformation and plastic deformation stages within the UTS.
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Figure 1. Engineering stress—strain (S-S) curves of the CoCrFeNi and CoCrFeMnNi alloys.

3.2. Lattice Strain Evolution

Figure 2 presents the lattice strain evolution of different grain orientations of {311},
{220}, {200}, and {111} with respect to the applied stress along the axial loading direction
in the two HEAs. Similar trends in all grain orientations were observed for both HEAs,
which increased linearly during macroscopic elastic deformation within the yielding region.
The elastic constant of each orientation was determined from its slope. Among all the
orientations, the {200} grain had the lowest elastic modulus and was the easiest-deforming
lattice plane in both quaternary and quinary alloys, which has similarly been observed
in other FCC polycrystalline metallic systems [30,31]. Beyond the macroscopic yield
stress, all grain orientations in both HEAs significantly deviated from the original linear
slopes and continuously increased with applied stress. Among all grains, the {220} and
{111} orientations revealed smaller strain increases, whereas the {200} grain exhibited a
larger increase in elastic strain than the initial linear increase for each orientation in both
HEAs. This implies load sharing from the {220} and {111} to the {200} grain families. With
increasing the applied stress above the UTS in the CoCrFeMnNi HEA, there were obvious
shifts in all grains toward much higher strain values at which they bore more loading at
large deformation.
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Figure 2. Lattice strain evolution with respect to true stress along the axial loading direction in the
CoCrFeNi and CoCrFeMnNi HEAs.

3.3. Microstructural Evolutions during Tensile Straining

Figure 3a depicts the multi-stage work-hardening behaviors with respect to the macro-
scopic true strain in the CoCrFeNi and CoCrFeMnNi HEAs. We mainly focused on major
deformation stages A and B. In regime A, there was a continuous decline in the work
hardening rate around a true strain of 0.07 for both CoCrFeNi and CoCrFeMnNi HEAs, rep-
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resenting the dominant deformation of dislocation activities in this region. However, their
major differences in deformation mechanisms were identified during the plastic regime
B, which was the most important deformation stage in determining the overall tensile
performance of the two HEAs. A larger strain hardening was observed in the CoCrFeMnNi
HEA, which thus enhanced the tensile strength of the quinary alloy. The work-hardening
rate in the CoCrFeMnNi HEA reached a steady state up to a strain of around 0.25 and then
gradually decreased, similar to that in the fine-grained CoCrFeMnNi HEA [15]. Compared
to the CoCrFeMnNi HEA, the strain-hardening rate of the CoCrFeNi HEA increased gradu-
ally before approaching a steady state at a strain of 0.3 and long-remained in a steady state
up to a strain larger than 0.5. A similar tendency of the strain hardening rate at this stage
was also observed in the quaternary alloy [8]. Such a long steady state of twinning-activated
deformation appears close to failure, postpones necking, and significantly enhances the
ductility of the CoCrFeNi HEA. The real-time evolution of the microstructural defects
during tensile deformation was explored using CMWP analysis.
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Figure 3. (a) Work-hardening rate, (b) dislocation density, (c) formation probabilities of intrinsic and
extrinsic stacking faults (SFs), and (d) formation probability of twins as a function of macroscopic
true strain along the axial loading direction in CoCrFeNi and CoCrFeMnNi HEAs.

CMWP was employed to quantitatively determine different kinds of structural defects
governing the dominant behavior at each deformation regime during straining in both
quaternary and quinary alloys. The dynamic evolution of dislocation density, stacking
faults (SF), and twinning analyzed by CMWP fitting procedures was related to the variation
in peak shape and peak width broadening of the diffraction profiles. The SF and twinning
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formation probabilities were directly determined based on the shifts and breadths of the
sum of symmetrical and asymmetrical Lorentzian-function-based sub-profiles, given by
fifth-order polynomials of the planar fault density [32,33]. The type of sub-profiles follows
the specific selection rule for the hkl indices of the Bragg reflections [32]. The dislocation
density is related to the Fourier coefficient of the strain profile as follows [8,24,33,34]:

A%(sllocatmn = exp [_ %gchsz ( RL* ) ] e8]
e

where b is the absolute value of the Burgers vector, g is the absolute value of the diffraction
vector, C is the dislocation contrast factor, p is the dislocation density, L is the variable of the
Fourier transform, f is the Wilkens’ function, and R.* is the cut-off radius of the dislocations.

Figure 3 presents the development of dislocation density, the formation probability of
twinning, and intrinsic and extrinsic SF as a function of true strain along the axial loading
direction. In Figure 3b, the dislocation density generally increases with increasing strain
for both HEAs, but a higher dislocation density is shown by the CoCrFeMnNi than the
CoCrFeNi HEA during tensile loading. In the first deformation stage, at a low strain
below 0.2, the dislocation density gradually increased in the quinary alloy, whereas it
remained almost unchanged in the quaternary alloy. Both HEAs displayed a strong rise
in dislocation density at an intermediate strain of 0.2-0.4, which is in accordance with
previous work [8,15]. Accompanying the evolution of dislocation density, the increased
tendency of formation probability of other defects such as intrinsic and extrinsic SFs and
twins with increasing strain was similar in the two HEAs (Figure 3c,d). The formation
probabilities of intrinsic and extrinsic SFs and twins at intermediate strain were almost two
times higher than those below a strain of 0.2 in both HEAs. In Figure 3c, the formation
probabilities of intrinsic and extrinsic SFs in the CoCrFeNi HEA are slightly higher than
those in the CoCrFeMnNi HEA at a low strain; however, their evolution was different at an
intermediate strain. The formation probability of intrinsic SFs in the CoCrFeMnNi HEA
was higher than that in the CoCrFeNi HEA, whereas the formation probability of extrinsic
SFs in the CoCrFeMnNi HEA was lower than that in the CoCrFeNi HEA. In Figure 3d,
the CoCrFeNi HEA displays a much higher formation probability of twinning at both low
and intermediate strains compared to the CoCrFeMnNi HEA. The much higher formation
probability of deformation twins, obtained by the CMWP analysis, coupled with a longer
steady state of strain hardening in stage B produced better elongation in the CoCrFeNi than
in the CoCrFeMnNi HEA. In contrast with the as-cast CoCrFeNi and CoCrFeMnNi HEAs
in the present study, a fine-grained CoCrFeMnNi HEA of 17 um exhibited improvements
in both strength and ductility compared to a fine-grained CoCrFeNi HEA of 39 pm at a
strain rate of 1 x 10~#, which was attributed to the deformation-twinning-induced complex
multiple-stage strain-hardening behavior in CoCrFeMnNi HEA [12].

4. Discussion

Table 1 summarizes the tensile properties of CoCrFeNi and CoCrFeMnNi HEAs
with different grain sizes and strain rates at room temperature. Various factors, such
as the number of solid-solution elements, elemental composition, grain size, and strain
rate, simultaneously govern the microstructural-development-driven tensile deformation
mechanisms and thus the tensile properties of HEAs. The larger number of alloying
elements is beneficial in overcoming the strength—ductility trade-off, and it has a major
impact on the fracture strain but not on the yield strength of equimolar solid-solution
alloys [9,12]. Compared to the number of alloying elements, the alloying composition has a
much more significant impact on the tensile performances of HEAs [9,15,16,35].
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Table 1. Summary of the tensile properties of CoCrFeNi and CoCrFeMnNi HEAs with different grain
sizes and strain rates at room temperature.

HEAs Grain Size (um)  Strain Rate (s—1) YS (MPa) UTS (MPa) Elongation (%) Mechanisms
Dislocation slip at lower
CoCrFeNi 1034 5% 1075 166 404 107 strain to extrinsic stacking
faults and deformation
twins at higher strain
Dislocation slip at lower
CoCrFeMnNi 995 5% 107 194 127 92 strain to intrinsic stacking
faults and deformation
twins at higher strain
1x 107* 190 370 40 Dislocation slip at lower
CoCrFeNi [14] 200-300 1x1073 202 398 44 strain rates to stacking faults
1x 1072 214 410 46 at higher strain rates
CoCrFeNi [12] 39 1x10°* 218 523 47 Dislocation slip
2x10°* 230 616
) 1.5 x 1073 235 612 . . .
3 o
CoCrFeNi [13] 22 1 % 10-2 240 610 60-73 Dislocation slip
1x 1071 257 *
CoCrFeNi [9] 24 1x1073 288 708 39 Dislocation slip
2x 1074 212 552
. 1.5 x 1073 228 593 . . .
. Disl 1
CoCrFeMnNi [13] 24 1 % 10-2 237 560 58-70 islocation slip
1x 1071 251 *
Planar dislocation at lower
strain to dislocation
CoCrFeMnNi [12] 17 1% 10 230 615 68 substructure (microbands
and dislocation cells) and
finally deformation
twinning
Dislocation plasticity at
CoCrFeMnNi [17] 17 1x1073 265 600 47 lower strains to deformation
twins at higher strains
Dislocation slip to
CoCrFeMnNi [15] 18 5x 1075 242 621 64 deformation twins in the
plastic regime
4 360 660 52 Planar dislocation glide to
CoCrFeMnNi [11] 50 103 200 560 60 cell structures at higher
155 170 530 63 strains
CoCrFeMnNi [5] 6 * 400 747 56 Planar dislocation slip

* Values were not reported in the corresponding study.

A higher strain rate and grain refinement were found to have positive effects on the
tensile properties of HEAs. While no significant effects of quasi-static strain rates on ten-
sile properties were reported in either fine-grained CoCrFeNi or CoCrFeMnNi HEA [13],
higher quasi-static strain-rate-promoted stacking faults enhanced the UTS and elongation
in coarse-grained CoCrFeNi HEA [14]. The dominant microstructures of dislocation slips at
quasi-static strain rates together with deformation twins at dynamic strain rates determine
tensile deformation behaviors in both fine-grained CoCrFeNi and CoCrFeMnNi HEAs [13],
whereas deformation-induced planar slip at lower strain together with induced stacking
faults at higher strain were found in fine-grained CoCrFeNi HEA [14]. However, despite
being strained at different strain rates, the tensile deformation mechanisms in the CoCr-
FeMnNi HEAs with similar fine-grain sizes were driven by the dislocation plasticity at
lower strains and twinning at higher strains close to fracture [15,17]. Meanwhile, yield
strength increased but fracture strain decreased when decreasing the grain size from coarse-
to ultrafine-grained in CoCrFeMnNi HEAs, whose deformations were dominated by planar
dislocation glide, stacking faults, and, finally, by the cell structures at higher strains [11]. In
general, it can be suggested that compared to the number of solid-solution elements and
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strain rates, the alloying composition and grain size play a more crucial role in the tensile
strength and ductility of HEAs. While a planar dislocation slip-dominated microstructure
was found at lower true strains, the predominant microstructure of different structural de-
fects such as stacking faults, dislocation substructure, and deformation twins was different
at higher true strains in the HEAs.

Compared to the previously reported CoCrFeNi HEAs [8,9,12-14], the ductility of the
as-cast CoCrFeNi HEA was much more striking, with almost two times higher elongation
to failure. The as-cast CoCrFeNi HEA revealed a UTS comparable to that of the coarse-
grained CoCrFeNi HEA (200-300 pum) [14] but lower YS and UST than those reported
for a fine-grained CoCrFeNi HEA (22-39 um) [12,13]. Similarly, the as-cast CoCrFeMnNi
HEA revealed a better ductility but lower YS and UTS in comparison to the previously
reported CoCrFeMnNi HEAs [5,11-13,15,17]. At the same tensile strain rate, the as-cast
CoCrFeMnNi alloy showed a decrease of 20% in YS and 31% in UTS but a compensation of
44% in strain to failure compared to our previously reported fine-grained CoCrFeMnNi
HEA (18 pm) [15]. Compared to the CoCrNi medium-entropy alloy [6,7], the yield strengths
of the as-cast CoCrFeNi and CoCrFeMnNi HEAs were not particularly high; however, the
tensile ductility of the as-cast HEAs significantly increased. The as-cast CoCrFeNi and
CoCrFeMnNi HEAs revealed excellent ductility associated with a moderate tensile strength.
Our findings suggest that the striking enhancement in ductility in the as-cast CoCrFeNi
and CoCrFeMnNi HEAs was presumably not directly related to the number of alloying
elements or alloying composition but to the dendritic microstructure of the HEAs. Higher
strain-activated stacking faults and deformation twins were conducive to better elongation
to fracture in the as-cast CoCrFeNi and CoCrFeMnNi HEAs.

5. Conclusions

Compared to the completely recrystallized microstructures of HEAs, as-cast CoCrFeNi
and CoCrFeMnNi HEAs exhibited a much higher tensile ductility. The as-cast CoCrFeMnNi
HEA revealed a higher tensile strength but at the cost of lower ductility compared to the
as-cast CoCrFeNi HEA. A larger strain hardening demonstrated the improved tensile
strength of the CoCrFeMnNi HEA, whereas a longer steady state of twinning formation
explained the enhanced ductility of the CoCrFeNi HEA. Plastic deformation governed by
dislocation slips at low true strain as well as intrinsic and extrinsic SFs and deformation
twins at high strain were obtained in both HEAs. The as-cast microstructure-promoted
stacking faults and deformation twins may be favorable for high ductility in HEAs.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst12020157/s1, Figure S1: OM micrographs of the CoCrFeNi
(a) and CoCrFeMnNi (b).
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