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Abstract The effect of Ni content on microstructure and
mechanical properties of the CrMnFeCoNi high entropy
alloy (HEA) has been studied. The Ni content varied from
0 to 20 at% in the composition (CrMnFeMn);qo_,Ni,,
where x = 0, 2.5, 5, 10, 15, and 20 at%. The alloys were
synthesized by vacuum arc melting and the microstructure
as well as hardness of the as-cast alloys were studied.
Alloys with low Ni content (x < 2.5%) consists of a two-
phase microstructure of dendritic and inter-dendritic
regions with fcc (matrix) and tetragonal (sigma) crystal
structure, respectively. When the Ni content is 5 at%, two-
phase structure with fcc (matrix) and bec (secondary phase)
is observed, with the addition of Mn-rich inclusions that are
present in the entire matrix. Alloys with higher Ni content
(x > 10, at%) exhibit a single phase of fcc structure.
Hardness of the HEAs decreases from 320 to 120 Hv with
increase in Ni content, and the high hardness of these
alloys with low Ni content is due to the mixture of both fcc
and hard tetragonal (sigma) phases.
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1 Introduction

Conventional alloys consisting of a principal element with
various concentrations of minor elements have been stud-
ied extensively for structural and functional applications in
the last two centuries. Recently a new alloy design concept
has emerged where there are two or more principal ele-
ments in equi- or near-equiatomic compositions resulting
in a single-phase alloy due to the exceptional high con-
figurational entropy (lowest Gibbs free energy) [1, 2]. This
class of new alloys has been named as high entropy alloys
or multicomponent alloys [1, 2]. Most of the reported
single-phase HEAs have the face-centered cubic (fcc) or
body-centered cubic (bcc) structure, with the rare occur-
rence of hexagonal close-packed (hcp) phases [3-5]. One
of the earliest reported HEAs is the quinary CrMnFeCoNi
alloy (Cantor alloy) which is a single phase with fcc
structure [2]. The alloy continues to be investigated to
understand the structure—property relations as a model for
HEAs [6]. The alloy also possesses outstanding mechanical
properties at room temperature as well as cryogenic tem-
peratures (— 196 °C) owing to an additional deformation
mechanism, namely nano-twinning [6-8].

Another school of thought is that, non-equiatomic HEAs
may exhibit better properties than equiatomic alloys for
wider applications [9]. This argument has been supported
by theoretical calculations which predict that non-equia-
tomic quinary Cr-Mn-Fe—Co-Ni HEA will be stronger
than the equiatomic CrMnFeCoNi alloy and that the yield
strength of the former is higher by 100 MPa [10]. Li et al.
[11] have reported the formation of non-equiatomic two-
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phase Fegg_,Mn,Co,oCr;g HEA through transformation-
induced plasticity (TRIP) mechanism, which yields an
excellent combination of strength ductility. Fang et al.
reported a non-equiatomic quaternary Cos;sCrpsFeqo_(Ni,
(x = 0-15) HEA that possesses an excellent combination of
the tensile strength of a maximum of 1000 MPa and
elongation of 35%, owing to solid solution strengthening
augmented with TRIP effect [12]. Li et al. [13] have used
an ab initio-assisted alloy design approach to screen for
new HEAs and found that the non-equiatomic quinary
CryoMnygFe;6Co,0Nig compound exhibits higher tensile
strength (more than 150 MPa) and higher strain-hardening
ability compared to the corresponding equiatomic
CrMnFeCoNi alloy owing to the TRIP effect. The non-
equiatomic quinary CryoMnyoFes;6Co,0Nig HEA possesses
two-phase structure, with the volume fraction of the fcc
and hcp phases being 94% and 6%, respectively. Choi et al.
[10] have reported that by reducing or removing Co and Ni
one by one from quinary CrMnFeCoNi HEA, the alloy
becomes unstable, and hence it is essential to have Co and
Ni in the alloy. However, since Co and Ni are expensive,
reduced usage of these elements will be greatly beneficial
from a commercial point of view. If one is able to syn-
thesize a HEA with lower content of Co or Ni in quinary
Cr—Mn-Fe—Co-Ni with comparable or superior mechani-
cal properties, it can be useful for a wide range of appli-
cations. Zhu et al. [14] studied the structural stability of
CrMnFeCoNi HEA with Co and found that the HEAs are
not stable at low concentrations of Co. Therefore, it is
necessary to investigate the effect of Ni on the evolution of
microstructure, constituent phases and mechanical proper-
ties of quinary CrMnFeCoNi HEA. In the present study,
development of the microstructure and mechanical prop-
erties of the as-cast (CrMnFeCo);_,Ni, HEA, where x = 0,
2.5, 5, 10, 15 and 20 at%, is reported. This study also
reports microstructural data which will be an input for
computational studies to calculate important intrinsic
parameters such as elastic constant and critical resolved
shear stress (CRSS) parameters for the design of new
HEAs.

2 Experimental

Alloys with composition of (CrMnFeCo),_,Ni,, where
x =0.0, 25,5, 10, 15 and 20 at%, were prepared using the
vacuum arc-melting technique. A sample of 10 g of each
alloy composition was prepared using high-purity (99.9%)
elements. Before melting of the sample, the arc-melting
chamber was purged with high-purity Ar gas thrice and to
further remove trace oxygen, Ti metal getter was melted. In
order to ensure chemical homogeneity, the button that
formed after the first melting was re-melted by flipping it
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up-side down after each melt for five times. To obtain the
desirable composition of the melted alloy, 10% of Mn was
additionally added to the sample since Mn has a high vapor
pressure of 7.54 mBar at 1400 °C [15]. The nomenclature
of each of the compositions is as follows: (CrMnFeCo);qq
(x =0, at%) as NO, (CrMnFeCo)g75Nis 5 (x = 2.5 at%) as
N2.5, (CrMnFeCo)gsNis (x =5 at%) as NS5,
(CrMnFeCo)ggNi o (x = 10 at%) as N10, (CrMnFeCo)gs.
Ni;s (x=15at%) as NI15, and (CrMnFeCo)goNisg
(x = 20 at%) as N20. The as-cast buttons were considered
for microstructural studies and mechanical property
evaluation.

Powder X-ray diffraction was carried out using a Bruker
D8 Advance unit with Cuy, radiation for phase identifica-
tion. Microstructural studies were carried out by optical
microscopy (Olympus, Model: DSX510), scanning elec-
tron microscopy (Zeiss FE-SEM GEMINIS00) and trans-
mission electron microscopy (FEI-G2, 200 kV) with
energy-dispersive spectroscopy (EDAX-TSL). Specimens
for TEM studies were prepared by the twin jet electro-
polishing technique using 15% perchloric acid with
methanol. Bulk hardness was measured on samples with a
load of 1 kg using a Vickers macro-hardness tester (LECO,
Model: LV-700AT). An average value of the hardness
obtained from more than ten indentations that were made
on the samples has been reported in this manuscript. JEMS
electron microscopy simulation software has been used to
analyze the selected area electron diffraction (SAED)
patterns, especially to analyze the tetragonal phase of Cr—
Mn-Fe—-Co—(Ni) in the NO and N2.5 compositions.

3 Results

XRD patterns of as-cast (CrMnFeCo);qo_,Ni, HEAs with
Ni content from 0 to 20 at% are shown in Fig. 1. It can be
observed that the diffracted intensities of the patterns are
not as expected indicating that the as-cast microstructure
possesses crystallographic texture that develops during the
solidification. The XRD patterns of NO and N2.5 show the
presence of two-phase structure, which is identified as
matrix phase with face-centered cubic (fcc) structure with
space group (SG) of fm-3 m and the second phase with
tetragonal structure SG of P42/mnm [16]. The XRD pat-
terns of NO and N2.5 agree with the reported XRD profile
of as-cast CoCrFeMn HEA that has the presence of a
tetragonal phase in addition to the matrix fcc phase [17].
The XRD profile of the N5 composition mainly exhibits the
fcc phase with an additional peak at 20 of 46.86°, corre-
sponding to the Miller indices of the (110) planes of body-
centered cubic phase with inter-planar spacing (d) of
1.972 A. The XRD patterns of N10, N15, and N20 show a
single phase with fcc structure. Lattice parameters of the
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Fig. 1 Superimposed XRD patterns of the as-cast (CrMnFeCo);_,.
Ni, HEA with Ni content

fcc, tetragonal and bec phases with Ni content have been
calculated and are provided in Table 1. The lattice
parameter of the fcc phase slightly decreases with the
increase in the Ni content in (CrMnFeCo);go_,Ni,
(Table 1) owing to the smaller atomic radius of the Ni. The
lattice parameter (a = 3.589(3) A) of the fcc phase of the
N20 HEA is comparable to the value in earlier reports [18],

and the lattice parameters (a = 8.773(7) A and 4.594(5) A)
of the tetragonal phase of the NO HEA are also in good
agreement with Ref. [19].

The as-cast microstructure of the (CrMnFeCo);qq_,Ni,
HEAs with Ni content is shown in Fig. 2. The NO and N2.5
HEAs exhibit the two-phase microstructure of dendritic
and inter-dendritic regions (Fig. 2a, b), whereas N5 HEA
(Fig. 2c) possesses evenly distributed islands in the matrix
phase. No trace of bcc phase (Fig. 2c¢) is observed in the N5
HEA as the signature of the diffracted peak observed from
the XRD pattern (Fig. 1). The other alloys also consist of
such islands with reduced size and number. The volume
fraction of the second phase (dark contrast), which includes
inclusions, decreases with Ni content (Fig. S1). Presence of
the secondary (tetragonal) phase is more than 23% in the
NO and N2.5 HEAs while the second phase occurring in
islands rapidly decreases to less than 5% in the N5 HEA
with slight increase in Ni content from x = 2.5-5 at%, and
further, the phase fraction of islands (Mn-rich particles)
decreases to less than 1% in the N15 and N20 HEAs [14].

Transmission electron microscope bright field (BF)
image of the NO HEA is shown in Fig. 3. It can be
observed from Fig. 3a that the region of slight dark contrast
corresponds to the matrix phase, whereas bright region
corresponds to inter-dendritic secondary phase (P2). The
chemical composition, obtained using TEM-EDS (Fig. 3b)
of the matrix phase (P1), is the nearly equiatomic com-
position of CrMnFeCo alloy (Table 2). The secondary
phase also consists of all the principal Cr, Mn, Fe, and Co
elements in major fraction, but is enriched with Cr and
slightly depleted in Co as compared to the matrix compo-
sition (Table 2). Crystal structure of the matrix (P1) and the
secondary phase (P2) have been independently determined

Table 1 Lattice parameters of the various phases in the as-cast (CrMnFeCo); _,Ni, HEA with Ni content

S. no. Alloy Technique Lattice parameter (A)
a (fce) a (tetra.) c (tetra.) a (bcc)

1 x=0 XRD 3.597 (5) 8.773 (5) 4.594 (4) -
TEM 3.65 (3) 8.86 (7) 4.56 (3) -

2 x=25 XRD 3.595 (7) 8.790 (2) 4.538 (3) -
TEM 3.65 (2) 8.82 (2) 4.52 (4) -

3 x=5 XRD 3.596 (6) - - 2.739
TEM 3.67 (2) - - -

4 x=10 XRD 3.592 (4) - - -
TEM 3.67 (3) - - -

5 x=15 XRD 3.594 4) - - -
TEM 3.64 4) - - -

6 x =20 XRD 3.589 (3) - - -
TEM 3.62 (2) - - -
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Fig. 2 Optical micrographs of the as-cast (CrMnFeCo),_,Ni, HEA with Ni content, a x =0, b x=2.5,¢cx=5,d x=10, e x =15 and

fx=20at%

using selected area electron diffraction (SAED) (Figs. 3c—
f) with a minimum of two diffraction patterns from dif-
ferent zone axes. The SAED patterns obtained from the
matrix phase, using zone axes of [001] and [011] (Fig. 3c,
d), confirm that the phase has face-centered cubic (fcc)
structure with a lattice parameter of 3.65 A, which is
similar to lattice parameter obtained by XRD [18]. Anal-
ysis of three diffraction patterns obtained (Fig. 3e-g) using
zone axes of [001], [110] and [111] from the secondary
phase with support of simulated electron diffracted pattern
(Fig. 3h) using JEMS software confirms further that the
phase (P2) is tetragonal with lattice parameters of
a =886 A and ¢ = 4.56 A, which is in good agreement
with the values obtained from XRD studies. Similarly, the
microstructure of the N2.5 alloy also consists of two phases
(Fig. S2) with matrix phase being fcc and the secondary
inter-dendritic phase being tetragonal. Lattice parameters
of these phases are similar to the NO HEA (Table 1). A
small fraction of Ni is present in the tetragonal phase
(Table 2). Detailed investigation of the microstructure
(TEM-BF) (Fig. 4) of the N5 alloy reveals that it has a bcc
structure (Fig. 4a), in addition to the matrix fcc phase. The
second phase is confirmed to have a bcc crystal structure
with SAED patterns that are obtained from the zone axes of
[001], [011] and [111] (Fig. 4b—d). The matrix is confirmed
to be fcc by SAED pattern obtained from the [011] zone
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axis (Fig. 4e). The presence of bce phase in the N5 HEA is
further confirmed with the TEM investigation, as the XRD
profile of the N5 HEA has only one diffracted peak at 20 of
46.86° from the bee phase. The chemical composition of the
bee phase also contains all the principal elements (Fig. 4f),
and it is enriched with Cr, and has a presence of Ni around
2 at% (Table 2). The presence of the Mn-rich particles in
the N5 HEA is also sometimes observed as shown in Fig. S3
along with EDS profile that is obtained from the particle.
The estimated average lattice parameters of the N5 HEA
using the SAED patterns of the fcc and the bec phases are
3.67 A and 2.82 A, respectively. Alloys with Ni > 10 at%
show a single phase with fcc structure, which is confirmed
from both the XRD and TEM studies. The microstructure of
the alloys with N10 and N15 (Fig. S4) and N20 (Fig. 5)
exhibits only the presence of single phase of fcc structure,
which is in good agreement with XRD studies (Fig. 1). The
phases present in the alloys and their lattice parameters
obtained from SAED are also provided in Table 1.

The Vickers hardness of a (CrMnFeCo);go_.Ni, HEA
with Ni content is shown in Fig. 6. The alloys NO and N2.5
exhibit high hardness of above 310 HV. With the increase
in Ni content, hardness rapidly decreases for the N5 alloy
to about 160 HV and the other alloys with high Ni content
exhibit hardness close to 120 HV. The hardness of N20 is
very close to that reported in the literature [20].
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Fig. 3 a Bright field image of the as-cast quaternary (CrMnFeCo);_,Ni, HEA with x = 0 at% shows the presence of two-phase structure (matrix
and phase 2), b EDS spectra from matrix and phase 2, c—g selected area electron diffraction (SAED) patterns from matrix and phase 2 with
different zone axes. ¢, d SAED patterns from matrix with zone axes of [001] and [011], and e, f SAED patterns from phase 2 with zone axes of
[001], [011] and [111], and (h) simulated SAD pattern with zone axis of [001] of tetragonal phase

4 Discussion

Microstructural studies reveal the presence of two-phase
structure in NO, N2.5, and N5 HEAs, whereas the other
HEAs exhibit only single phase with the fcc structure.
However, these alloys contain Mn-rich inclusions (may be
sulfides or oxides), which are commonly present in Mn-
containing alloys [21]. The NO and N2.5 HEAs have a
matrix which is dendritic with the fcc structure, and a
second inter-dendritic tetragonal phase, while the N5 HEA
has the second phase that is bcc rather than tetragonal, in
addition to the matrix fcc phase. Therefore, with the
increase in Ni content in (CrMnFeCo);9y_,Ni, HEA, the
second phase initially (x = 0-5 at%) has the tetragonal
structure which transforms to bce phase. For the HEA with
x > 10 at%, the second phase disappears altogether, with
only the matrix fcc remaining.

To understand the phase evolution in as-cast
(CrtMnFeCo)oo_,Ni, HEAs, pseudobinary phase diagram
with the Ni composition from 0 to 20 at% has been cal-
culated using Thermo-cal database as shown in Fig. 7. The

predicted phases at room temperature are fcc, bcc and
sigma, which exist throughout the calculated composition,
but these phases and their fractions are not exactly cor-
roborated by the experimental data due to the limitations of
the input parameters of the database for HEA composi-
tions. Although the calculated phase fractions are not in
good agreement with the experimental data, the calculated
phase diagram provides an insight into the possible phases
which have been experimentally observed in this work. The
sigma (tetragonal) phase is present in the NO and N2.5
compositions of the matrix fcc phase, and with further
increase in Ni to 5 at%, the sigma phase disappears, with
the appearance of the bec phase. The chemical composition
of both the sigma and the bcc phases is nearly similar
within the variation of a few at% (Table 2). From the Fe—
Cr phase diagram [22, 23], it is well known that the sigma
phase (FesoCrsg) is bee [23], and when the Fe content is
slightly increased by 1%, (Fes;Cry9, at%), it transforms to
the tetragonal crystal structure [24]. In the case of multi-
component Cr-Mn—-Fe—Co-Ni alloy, the tetragonal sigma
phase is enriched with Cr by around ~ 35 at%, as is seen
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Table 2 Composition (at%) of the various phases in the as-cast (CrMnFeCo);_,Ni, HEA with Ni content

S. no. Alloy Phases Composition (at%)
Cr Mn Fe Co Ni

1 x=0 Alloy 24.78 25.61 24.68 2491 0
Matrix 24.30 24.10 25.70 26.00 0
Secondary (tetragonal) 35.00 22.70 23.20 19.20 0

2 x=25 Alloy 25.04 24.08 23.46 23.99 2.23
Matrix 23.68 23.22 23.98 26.2 2.88
Secondary (tetragonal) 35.48 21.54 22.12 19.68 1.2

3 x=5 Alloy 23.52 24.12 24.17 23.63 4.56
Matrix 21.19 22.61 24.98 23.42 4.80
Secondary (bcc) 37.9 22.0 20.65 17.4 2.1
Mn-rich particles 8.28 85.90 2.45 2.51 0.86

4 x=10 Alloy 22.83 23.06 22.15 22.33 9.63
Mn—Cr rich particles 49.97 44.58 4.86 4.41 2.20

5 x=15 Alloy 21.23 22.20 21.41 20.34 14.82
Mn-rich particles 17.60 60.24 8.49 8.20 5.52

6 x =20 Alloy 21.17 19.30 20.65 19.59 19.20

from previous report [25]. In the present study, the chem- B 5

ical composition of the sigma phase is similar to published  § — Z ¢ (1 — #) (3)

values expect Ni content [25] and the bcc phase has a =1 > i (ciri)

slightly higher content of Cr than the sigma phase. We
propose that the transformation of the bcc phase from
tetragonal sigma phase is not due to the Cr content alone,
but also due to the matrix phase environment. Further
increase in Ni (x > 10) leads to the formation of a single
fce structure, although Mn-rich inclusions are still present
in these alloys with low fraction.

In addition to the support obtained from the pseudo-
binary phase diagram inputs from the widely used semi-
empirical entropy parameters such as entropy of mixing
(ASmix), enthalpy of mixing (AH,,;x), the atomic size dif-
ference (J), and the Zhang parameter [scaled ratio of
(ASmix) to (AH ,ix)] can also be used to study the evolution
of phases with Ni content in the (CrMnFeCo);go_.Ni,
HEA. These parameters have been calculated using the
following relations [26-31].
ASumix = —R Y (cilnc;) (1)

i=1
where R, ¢ and n represent the universal gas constant, the
atomic percentage at%, the number of the elemental
components, respectively.

AHpi = (2)

n
4AH;]T~1ixCiiji:j
i=1
where AHg“" is the enthalpy of mixing of ith and jth
elemental components,
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where r; is the atomic radius of the ith constituent element,

ASmix Zr'lfl Ci(Tm) i
i= i 4
[Ny @

Q:

where (T,,); is the melting point of the ith constituent
element.

According to Guo et al. [27], when the calculated
entropy parameters of HEA fall within the ranges of
11 < ASpix < 19.5 JK™! mol™, — 22 < AH e
< 7klmol™,0 < § < 8.5%, and further, when Q > 1.1,
the HEA is expected to form a solid solution. The favor-
ability of formation of solid solution of the HEA increases
with a higher value of the AS,,;, lowest (— ve) values of
AH ;x, 0 being close to zero, and Q > 1.1 [27]. The ASix,
AH i, 0, and Q parameters have been calculated for the
(CrMnFeCo)g9_,Ni, HEAs of the present study as a
function of Ni content, and are shown in Fig. 8. The
compositions of the HEAs used for the parameter calcu-
lations are obtained from SEM-EDS measurements
(Table 2) while the required inputs to calculate the entropy
parameters have been obtained from Ref. [27]. It can be
observed from Fig. 8 that with an increase in Ni content for
x = 0-20 at%, the entropy of mixing (AS,;.) increases
from 11.52 to 13.38 Jmol ! K™! (Fig. 8a), whereas
enthalpy of mixing (AH;,) decreases from — 2.29 to
— 4.16 kJ mol ™! (Fig. 8a). Similar to AH,,;,, the atomic
size difference () and Zhang parameter (Q) also decrease
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Fig. 4 a Bright field image of the as-cast quinary (CrMnFeCo),_,Ni,
HEA with x = 5 at% showing the presence of two-phase (matrix and
bce), b—e SAED patterns from the matrix and bec phases with
different zone axes. b—d SAED patterns from bcc phase with zone
axes of [001], [011] and [111], and e SAED patterns from the matrix
with zone axis of [011], and (f) EDS spectra from matrix and bcc
phase

from 3.48 to 3.27, and 9.17-5.79, respectively (Fig. 8b).
All these four entropy parameters thus satisfy the criteria to
form a solid solution of the (CrMnFeCo);¢y_,Ni, HEAs
with Ni content up to 20 at% as seen from the present
study. However, microstructural studies reveal the presence
of two phases with Ni content up to 5 at%, while alloys
with Ni content x > 10 at% form a single phase, which is
in the corroboration with the semi-empirical criteria of the
higher value of AS,, lower value of AH;, and the
smaller value of .

The other important parameter is valance electron con-
centration (VEC) which predicts the formation of the

2.um

Fig. 5 Bright field image of the as-cast quinary the (CtMnFeCo);_,.
Ni, HEA with x = 20 at%. Inset shows SAED patterns from the zone
axis of [011]
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Fig. 6 Vickers hardness of the as-cast (CrMnFeCo);_,Ni, HEA with
Ni content

possible phase that may be formed and can be estimated
using following relation

VEC = Z c:(VEC), (5)

i=1

where (VEC), is the VEC of the ith constituent element.
Guo et al. have proposed that when VEC is above 8§, a

single fcc phase will be formed and when VEC is below

6.8, single bcc phase is expected. When 6.8 < VEC < 8§,
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the formation of dual phase is expected with the fcc and the
bee crystal structures [27-29, 31]. Further, Tsai el al. [32]
have proposed a modified criterion for VEC, stating that
the HEAs with the VEC value between 6.8 and 7.8 have
high propensity to form the tetragonal phase during casting
or post-heat treatment process (aging). Figure 9 shows that
the VEC of the (CrMnFeCo);¢y_.Ni, HEAs increases from
7.53 to 7.97 with the Ni content. According to the VEC
values, this HEA should have a two-phase structure con-
sisting of fcc and bcce phases. The NS5 alloy only possesses
dual phases of fcc and bce which is in agreement with
predictions of the VEC proposed by Guo et al. [27, 28].
The low Ni content NO and N2.5 alloys possess the
tetragonal (o) phase instead of the bcc phase along with
matrix fcc phase. To estimate the propensity for the for-
mation of the tetragonal phase, and its volume fraction
from the fcc matrix, Tasi et al. [32] proposed a parameter
called paired sigma-forming element (PSFE) content in
addition to the VEC. The PSFE is proposed based on the
elements that are present in the alloy such as Cr and Mo
which have the propensity to form binary sigma phases and
tend to form binary sigma phases with Mn, Fe, and Co
elements, these elements being named as sigma forming
elements (SFEs) [32]. The fraction of the sigma phase is
directly related to the availability of SFEs in the HEA that
form an equiatomic binary sigma phase (for, example
FesoCrsg). The sigma phase only develops when PSFE
content in the HEA is above a threshold value of more than
20%, though VEC of the HEA value falls in the range of
6.8-8 for the sigma-forming region [32].

The calculated PSFE content at% with Ni for the
(CrMnFeCo),g9_,Ni, HEAs is shown in Fig. 9, which
decreases from 50 to 40 with the increase in Ni content from
x =0 to 20 at%. The PSFE content is higher than 40% in all
alloys, and the VEC of the alloys also falls in the sigma-forming
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Fig. 9 VEC and PSFE content of the (CrMnFeCo),_,Ni, HEA with
Ni content
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Table 3 The calculated d, AHpix, ASmix,» 2, VEC parameters and PSFE content for the (CrMnFeCo),_Ni, HEA with Ni content

S. no. Alloy 5 (%) AH i (kJ mol™h) ASmix Jmol™! K1) Q VEC PSFE content (at%)
1 x=0 3.54 — 225 11.54 9.32 7.50 50

2 x=25 3.48 —2.49 12.16 8.89 7.54 48.75

3 x=5 3.48 —2.77 12.54 8.21 7.62 47.5

4 x=10 3.39 —3.34 13.05 7.09 7.74 45.0

5 x=15 3.9 —3.76 13.30 6.38 7.85 42.5

6 x =20 3.23 —4.08 13.37 5.92 7.97 40

range. Thus, the (CtMnFeCo);yy_.Ni, HEAs should form the
sigma phase with Ni content up to 20 at%. In the present study,
only the NO and N2.5 compositions contain the tetragonal
(sigma) phase with fraction of more than 20%. Among all the
alloys, only NO and N2.5 conform to both the sigma-phase
forming criteria [32, 33]. The other alloys, especially those with
higher Ni content (x > 10), satisfy the criterion to form a single
phase with fcc structure. We have experimentally verified that
the HEA with the composition Co,(CryoFe,Niyg and PSFE of
80% only contains 5% of the sigma phase [32]. This indicates
that higher PSFE and VEC are alone not enough to explain the
development of sigma phase in HEAs with higher Ni content. In
the HEA with higher content (nearly close to equiatomic)
without sigma phase-forming elements such as Mo, V, Ti, etc.,
Ni suppresses mostly the formation of Cr-Fe (Co, Mn) sigma
phase and promotes the formation of fcc structure during
solidification. Secondly, when the Ni content increases to
20 at%, the configurational entropy of HEAs (Fig. 8a) also
increases, which may suppress the formation of the sigma
phase. This will be interesting to investigate if the sigma phase
is formed in these alloys when they are subjected to a post-heat
treatment between from 500 to 900 °C for several hours
(Table 3).

The hardness of the low Ni content (CrMnFeCo);go_-
Ni, HEAs, NO and N2.5, is above 300 Hv and that of the
higher Ni content alloys is about 120 HV. The hardness of
the equiatomic CrMnFeCoNi (x = 20 at%) HEA, which is
only due to solid solution hardening, is similar to that
reported in the literature [20]. Higher hardness in NO and
N2.5 is a composite value of the matrix fcc and secondary
tetragonal (sigma) phases. The sigma phase is a hard phase,
with very high hardness. In the case of the N5 alloy,
hardness is about 160 HV because of the presence of the
bce phase and Mn-rich islands in the alloy.

5 Conclusions

In the present study, the effect of Ni content on the
microstructure and the mechanical properties of
(CrMnFeCo)g9—Ni, HEAs (x =0, 2.5, 5, 10, 15, and
20 at%) has been investigated. The summary of the work is
as follows:

1. The HEAs with varying Ni content have been prepared by
vacuum arc-melting method, and the microstructure and
mechanical properties of the as-cast alloys have been
studied.

2. The HEAs with low Ni content (x < 5 at%) consist of
two-phase microstructure, whereas high Ni content
(x > 10) alloys possess a single phase. The alloy with
low Ni content (x =0 and 2.5, at%) contains the
matrix dendritic arm fcc phase and secondary inter-
dendritic region tetragonal (sigma) phase, while the
5 at% HEA consists of secondary bcc phase with fcc
as a matrix phase. The HEAs with Ni > 10 at% form
as single phase with fcc structure. Mn-rich inclusions
have also been found in the HEAs with Ni content
above 5 at%. Their fraction rapidly reduces from 10 to
1% with increasing Ni content from 5 to 20 at%.

3. The tetragonal (sigma) phase transforms into the bcc
phase when the Ni content increases from 0 to 5 at%.
With further increase in Ni content (x > 10), the sigma
phase disappears in the HEAs.

4. The evolution of microstructure of the HEA with Ni
content has been interpreted with the support from
pseudobinary phase diagram and semi-empirical entropy
parameters, especially using paired sigma-forming ele-
ment (PSFE) content used for sigma phase formation.

5. High hardness of above 300 Hv has been observed for
the HEA with low Ni content (x =0 and 2.5 at%)
owing to the presence of hard sigma phase. The
hardness of around 120 Hv, which has been observed
in the alloy with higher Ni content (x > 10), is
attributed to solid solution strengthening.
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