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Abstract: MnFeCoCuNi, high-entropy alloys (HEAs) with different Ni contents were fabricated by vacuum induction
melting. XRD and SEM—EDS were used to analyze the phase constitution and structure, and the tensile properties of
the samples were determined using a universal tensile tester. The results show that the HEAs consist of a dual-phase
structure, in which FCC1 phase is rich in Fe and Co, while the FCC2 phase has high contents of Cu and Mn. As Ni
content increases, the segregation of Cu decreases, accompanied by the decrease of FCC2 phase. Moreover, the tensile
strength of the HEAs increases first and then decreases, and the elongation increases slightly. This is attributed to the
combined effect of interface strengthening and solid solution strengthening. The in-situ stretched MnFeCoCuNiy 5 alloy
shows obvious neck shrinkage during the tensile fracture process. In the initial deformation stage, the slip lines show
different morphologies in the dual-phase structure. However, in the later stage, the surface slip lines become longer and
denser due to the redistribution of atoms and the re-separation of the dissolved phase.
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1 Introduction

High-entropy alloy, also called multi-
component alloy, has been rapidly developed. The
original design concept focused on using five or
more alloying elements in an equal or approximate
atomic ratio [1,2]. Although there are many alloying
elements and a large number of high-entropy alloy
systems are formed, the crystal structure of
high-entropy alloys is simple, which includes FCC,
BCC, FCC+BCC, and even HCP [3—5]. This
phenomenon can be explained by the Gibbs free
energy equation AGux=AHyix—TASnix, Where the
mixed entropy (ASyix) and the mixed enthalpy

(AHix) are in a competing position. At higher
temperatures, the larger mixing entropy encourages
the formation of a simple solid solution [6—8]. The
high entropy effect does not guarantee the
formation of a single-phase solid solution in
multi-component alloys. Many other important
factors that need to be considered [9—11], such as
mixed enthalpy (AH.), atomic size difference (),
and valence electrons concentration (VEC). In
general, HEAs with FCC structure have good
plasticity but poor strength, while HEAs with
BCC structure have high strength but low
ductility [12—15]. The basic characteristics of HEAs
can be summarized as four effects, namely, high
entropy effect on thermodynamics, lattice distortion
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effect on structure, sluggish diffusion effect on
kinetics, and “cocktail” effect on properties [16].

CANTOR et al [1] reported a five-component
FepCryMnyNiyCoy alloy forming a single FCC
phase solid solution, termed “Cantor” alloy [17].
There have been extensive studies on modified
Cantor alloys, for example, substituting for a certain
element from or adding some eclements to the
original Cantor composition, or changing the
content of some elements [18—20]. The most
common alternative element is Cu. TAZUDDIN
et al [21] used Cu to replace Cr, and found that the
MnFeCoNiCu high-entropy alloy exhibits greater
room temperature ductility while maintaining the
FCC structure. SHIM et al [22], KIM et al [23], OH
and HONG [24] used Cu element to substitute for
Mn, Co, Ni, and Cr, respectively, and studied the
microstructure stability and mechanical properties
of the resultant alloys from multiple angles. The
addition of elements was also explored by using Al,
V, Ti, and Nb [25—27]. For example, CAO et al [28]
and XU et al [29] showed that when Al was added
to Cantor alloy, the fraction of BCC phase increased
and the tensile strength of the alloy increased
significantly as the Al content increased. Although
there are a lot of studies on modified Cantor
alloys [30—35], there is no research on the effect of
Ni content on MnFeCoCuNi high-entropy alloys.

In this work, MnFeCoCuNi, (x=0, 0.5, 1.0, 1.5)
high-entropy alloys were fabricated by vacuum
induction melting method through changing the Ni
content in the Mn—Fe—Co—Cu—Ni system. The
samples were analyzed by X-ray diffractometry
(XRD), scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS). The tensile
properties were tested by universal tensile tester and
the fracture mechanism was studied and ascertained
by in-situ tensile testing in scanning -electron
microscope.

2 Experimental

The Mn particles (purity 99.99%, 3—6 mm in
diameter and 5 mm in length), iron particles (purity
99.99%, 3—6 mm in diameter and 5 mm in length),
cobalt particles (purity 99.9%, 3—5 mm in diameter
and 5mm in length), nickel particles (purity
99.99%, 3—6 mm in diameter and Smm in length),
copper particles (purity 99.99%, 3—6 mm in
diameter and 5 mm in length) were used as raw

materials. MnFeCoCuNi, (x=0, 0.5, 1.0, 1.5) high-
entropy alloys with different Ni contents were
prepared. To control the Ni content, the mass of the
raw materials required for preparing 40 g of each of
MnFeCoCuNi, (x=0, 0.5, 1.0, 1.5) high-entropy
alloys was first calculated and then weighed.

All the raw materials were inductively smelted
in a ceramic crucible, the molten metals were
alloyed under argon gas protection. The induced
current was set to be 500 A, after all particles
melted, the magnetic force was used to stir molten
metals for about 5 min. The liquid metal was then
cast into a copper crucible and cooled down to
room temperature. A series of tests were performed
on the fabricated samples, such as XRD (Bruker-
AXS D8 Advance), SEM (FEI Quanta 250 FEQG)
and EDS (FEI Quanta 250 FEG). The SEM
specimens were prepared via mechanical polishing,
followed by chemical etching with aqua regia
(V(HC1): V(HNOs)=3:1). The area fractions of FCC1
and FCC2 phases were estimated by the Image J
software. The tensile samples were wire-cut from
the ingots. Three samples were prepared for each
alloy and tested using a UTM/CMT 5000 electronic
universal testing machine at a strain rate of
0.5 mm/min and ambient temperature.

3 Results and discussion

3.1 Microstructural characterization

Figure 1 shows the XRD patterns of
MnFeCoCuNi, high-entropy alloys with different
Ni contents (x=0, 0.5, 1.0, 1.5). The positions of the
main peaks do not change as the Ni content
changes, which makes clear that the crystal
structure of the MnFeCoCuNi, high-entropy alloys
is face-centered cubic (FCC) type. Notably, some
new diffraction peaks appear at 26 values of 42.6°
and 49.6° in the XRD patterns, indicating that
another phase with FCC structure is formed.
Figure 1(b) shows the expanded view of the peaks
with 20 values from 47° to 53°, which reveals the
splitting and broadening of the peaks. When the Ni
content is relatively low, the peaks of the FCC2
phase are more obvious.

Figure 2 shows the typical microstructure of
the MnFeCoCuNi, high-entropy alloys. Table 1
gives the chemical compositions of various phases
measured by SEM-EDS analysis. The as-cast
alloys are dendritic, in which the dendrite region
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Fig. 1 XRD patterns of MnFeCoCuNi, high-entropy alloys with different Ni contents: (a) 26 from 20° to 90°; (b) 26

from 47° to 53°

.

Fig. 2 SEM images of MnFeCoCuNi, high-entropy alloys: (a) x=0; (b) x=0.5; (c) x=1.0; (d) x=1.5

A and the inter-dendritic region B are labeled.
According to the EDS analysis, for the high-entropy
alloys where Ni is present, the dendritic region A4 is
rich in Fe and Co, while the inter-dendritic region B
is rich in Cu and Mn. For the Ni-free high-entropy
alloy, the dendrite region A4 is rich in Fe and Co,
while the inter-dendritic region B is rich in Cu.
Figure 3 shows SEM images and elements
mapping of MnFeCoCuNi, high-entropy alloys.
When x=0, Mn is uniformly distributed in the alloy;
when x=0.5, 1.0 and 1.5, Ni is relatively evenly
distributed in the alloys. Moreover, when the
volume fraction of one of the phases decreases,
the intensity of the peaks in Fig. 1 decreases. The
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Table 1 EDS results of MnFeCoCuNi, high-entropy
alloys corresponding to Fig. 2(at.%)

Fig.2 Zone Mn Fe Co Ni Cu
A 26.00 3042 30.68 - 1290
@ B 2546 1132 1264 —  50.58
A 19.39 27.25 2547 10.85 17.04
® B 2246 1224 1279 997 42.54
A 12.05 31.00 25.70 20.09 11.16
© B 19.55 14.76 13.25 17.94 34.50
A 1491 22.16 2030 2833 14.30
@ B 22.55 1329 12.65 2523 26.28
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SEM image

x=0.5

explanation for this phenomenon may be that as the
Ni content changes, the lattice constants of the two
FCC phases are adjusted to a similar value through
the redistribution of different elements. This effect
is not obvious in traditional alloys, but in high-
entropy alloys, various elements with different
atomic radii have a greater influence on the lattice
constant of the developed phase due to the
multi-component nature [22,36—38].

The area fraction of each phase in Fig. 3 was
estimated and given in Fig. 4 by using the Image J
software. As the Ni content increases, the area
fraction of the phase rich in Cu and Mn decreases,
reflected by the reduction of the inter-dendritic
region. Therefore, the phase rich in Cu and Mn
corresponds to the FCC2 phase in Fig. 1, and the
other phase rich in Fe and Co represents the FCC1.
Combined with the EDS results in Table 1, it is
shown that with the increase of Ni content, the Cu
content of the region rich in Cu and Mn decreases,
and the content of Mn increases. This may be
explained by the mixing enthalpy (AHx) between
different elements (see Table 2 [39]).

As shown in Table 2, the mixing enthalpy
values of Cu with the four other elements are
positive. Accordingly, during the solidification
process, the phase rich in Fe, Co, and Ni solidifies
in the dendrites first, and the Cu atoms segregate
at the inter-dendrites. The mixing enthalpy
between Cu—Ni is lower than that between Cu—Fe
and Cu—Co. With the increase of Ni content, the
high positive mixing enthalpy of Cu with other
atoms decreases, and the segregation of Cu element
is reduced. Similarly, the mixing enthalpy values of

100
M Phase rich in Cu and Mn
90 - =3 Phase rich in Fe and Co
80 - 75
£ 70t 6
= 63
2 60t 57
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Fig. 4 Variation of area fraction of two phases in
MnFeCoCuNi, high-entropy alloys with different Ni
contents

Table 2 Mixing enthalpy (AH.) between different
elements in MnFeCoCuNi, high-entropy alloys [39]

AH i /(kJ-mol ™)

Element
Mn Fe Co Ni Cu
Mn - 0 =5 -8 4
Fe 0 - -1 -2 13
Co =5 -1 - 0 6
Ni -8 -2 0 - 4
Cu 4 13 6 4 -

Mn with Co and Ni are both negative, with the
mixing enthalpy of Mn—Ni reaching —8 kJ/mol.
When the Ni content increases, the high negative
mixing enthalpy values between Mn and other
atoms increase, intensifying the segregation of Mn
element. However, under the action of mixing
enthalpy, the reduction of Cu segregation is greater
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than the increase of Mn segregation, leading to the
decrease of FCC2 phase which is rich in Cu and
Mn.

3.2 Tensile properties

Figure 5 shows the stress—strain curves of
MnFeCoCuNi, high-entropy alloys. As x increases
from 0 to 1.5, the elongations to fracture of the
high-entropy alloys increase continuously, which
are (42.1£0.2)%, (46.3£0.2)%, (47.5£0.2)% and
(52.0£0.2)%, respectively. And the tensile strengths
are (54645), (574£5), (526+5) and (507+5) MPa,
respectively. Figure 6 shows SEM images of the
tensile fracture surfaces of the alloys. As revealed
from the fracture surface morphology, ductile
fracture occurs with dense dimples. A small number
of fine particles are visible in the middle of the
dimple. According to the EDS spectrum analysis in
Fig. 6(d), the small protrusions are made of FCC2
phase (rich in Cu and Mn) with a columnar
structure. It is worth noting that the fracture
morphology is uneven, and the EDS data obtained
at the failure are not accurate enough to be used as
direct evidence. Therefore, it has to be compared
with the EDS result in Fig. 2(b) in order to infer
that the particle is FCC2 phase. During the tensile
testing, the FCC2 columns are fractured, with
broken ends sticking out within the dimple. As
the Ni content increases, the plasticity of the high-
entropy alloy increases steadily.

(c) x=1.5; (d) x=0.5, magnified view of circled region in (a)

600
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Fig. 5 Stress—strain curves of MnFeCoCuNi, high-

entropy alloys with different Ni contents: (a) x=0;
(b) x=0.5; (c) x=1.0; (d) x=1.5

From Fig. 1, the lattice constants of the FCC1
phase in the four alloys at x=0, 0.5, 1.0 and 1.5 are
0.3595, 0.3599, 0.3600 and 0.3601 nm, respectively,
and the lattice constants of the FCC2 phase are
0.3691, 0.3665, 0.3650 and 0.3625 nm, respectively.
The lattice constants between the two phases get
closer, with the tendency of the two phases merging
into one. This is expected to promote the uniformity
of the composition and structure of HEAs, leading
to the increase of the plasticity. For x=0 and 0.5,
the boundaries between the two phases are clear,
which block the movement of dislocations. The
solid solution strengthening and phase boundary

Element  at.%
Mn, Cu  64.68
Fe,Co 24.85

Ni 10.47

15 20 25 30 35
E/keV _
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strengthening effects are significant, resulting in
high tensile strength. When x=0.5, the solid solution
strengthening effect of the sample is higher than
that of the sample with x=0, so the tensile strength
increases. However, when x=1.0 or 1.5, the volume
fraction of FCC2 phase decreases, and the interface
strengthening effect is weakened, so the tensile
strength is reduced. By calculating the atomic size
difference 9,

2
o= Z:‘ci (l—r,. /Z:‘cjrj) x100%
i= Jj=l

where ¢;, r; and r; denote the atomic fraction and
atomic radii of the ith element and the jth element,
respectively, the ¢ values of the MnFeCoCuNji, (x=0,
0.5, 1.0, 1.5) are 1.78%, 1.98%, 2.08% and 2.13%,
respectively. As the J increases, the lattice distortion
increases, and consequently the elastic-strain energy
increases [40]. This also explains the decrease in the
tensile strength when x=1.0 and 1.5.

3.3 Fracture mechanism

The SEM images showing the surfaces of
MnFeCoCuNiys high-entropy alloys at different
strains are presented in Fig. 7. When the strain
is 5% (Fig. 7(a)), area-specific response appears on

AccV SpotMagn Det WD —————{ 50um
200kV50 1000x SE 162

AccV SpotMagn Det WD }—————— 50um
200kV50 1000x SE 162

the surface of the material, owing to different
phases in the dendrite and the inter-dendritic
regions. When the strain increases to 15%
(Fig. 7(b)), the boundary between the two phases
becomes more obvious due to different
compositions of the two phases. During the plastic
deformation process, the defects, such as vacancies
and dislocations, are different. The dislocations are
accumulated at the two-phase interface, resulting in
significant boundary between the two phases. When
the strain continues to increase to 25% (Fig. 7(c)),
dislocations are generated and connected in large
quantities, which promote the slippage of the
multilayer atoms, resulting in a small amount of slip
bands. Finally, when the strain increases to 35%
(Fig. 7(d)), a large amount of slip bands are formed
on the surface of the material, and the sliding
surface spacings of the two phases are different.
The surface of the material becomes uneven, and a
surface topography with ridges and grooves is
formed.

Figure 8 presents the SEM images showing
crack propagation under the deformation of
MnFeCoCuNijs high-entropy alloys. The surface
slips appear quite rough, but they are evenly
distributed on the sample, which indicates excellent
deformability. As can be seen from Figs. 8(a)—(c),

AccV SpotMagn Det WD j—————{ 50m
200kV50 1000x SE 162

Acc.V SpotMagn Det WD }———— 50um
200kV50 1000x SE 162

Fig. 7 SEM images showing surfaces of MnFeCoCuNi,s high-entropy alloys at different strains: (a) 5%; (b) 15%;

(c) 25%; (d) 35%
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the material produces less pronounced necking at
a strain of 40%, and necking becomes more
appreciable as the strain continues to increase.
Notably, the necking portion comprises a large
number of slip bands in different directions. This
may be due to the difference in grain orientation
and the change in shape resulting in different local
shear forces. With a small increase in strain, the
number of the slip bands is greatly increased. It can
be seen from Fig. 8(d) that when the strain is 40%,
micro-voids are formed in the neck portion, and the
hole is the source of crack formation. As the strain
further increases to 41.7% (Fig. 8(e)), the pores
expand and join together to form microcracks. The
cracks are produced at the slip zone junctions in
different directions. When the strain is 42.5%
(Fig. 8(f)), the fracture occurs, wherein the circled

SpotMagn  Det WD p—————— 500 um
K50 100x SE 162

N

>V SpotMagn Det WD j——————{ 500 um
0KV50 100x  SE 164

Acc.V. ‘Spat Magn\‘ Det - —
200kV50 500x  SEN 164 4 j
{ VP / J

position is the origin of the crack formation, and
the arrow represents the direction of the crack
propagation. It can be seen that the cracks
propagate along the slip bands. On the other hand,
from the mapping of Cu element in the /' and G
regions as circled in Fig. 8(f), the atoms in the two
phases have been redistributed as a result of the
high dislocation density in the region with large
deformation. Therefore, the segregation of elements
in the separated two phases is reduced, and the
structure of the two phases is changed.

Figure 9 shows the fracture surface and
elemental mapping of Cu and Co over the
longitudinal section away from and near the fracture
region in the as-cast MnFeCoCuNi, s alloys. Note,
the elemental mapping images of Mn, Fe and Ni are
not shown here to save the space. From Fig. 9(a),

i

. AccV SpotMagn X ,vevt/WD }, — /‘,%] i 2
200Ky 50 5 £/ 164/, ¢ SR s
YD A s, |

Fig. 8 SEM images showing crack propagation in MnFeCoCuNiy s high-entropy alloys at different strains: (a) 35%;

(b, d) 40%; (c, €) 41.7%; (f) 42.5%
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SEM image

| J"’»'

Fig. 9 SEM image, and elemental mapping of Cu and Co over longitudinal section away from (a) and near (b) fracture

region in as-cast MnFeCoCuNi, s alloy

at the position away from the fracture, the
difference in mechanical response between the two
phases is obvious at the small deformation. There
are many large slip bands (indicated by red straight
lines) in the Fe- and Co-rich phase with long and
sparse slip lines. However, small slip bands
(indicated by white double arrows) with short and
dense slip lines appear in the Cu- and Mn-rich
phase because the Cu- and Mn-rich phase contains
a large amount of Cu, which is softer and has better
ductility. Therefore, the slip bands produced are
fine and dense. In Fig. 9(b), the necking area near
the fracture is deformed to a great extent, and the
large slip lines in the Fe- and Co-rich phase
overcome the interface barrier between the two
phases. Connecting with small slip lines in the Cu-
and Mn-rich phase leads to the formation of a large
number of dense and long slip bands. In addition,
some micropores are formed at the interface of the
two phases, similar to the micropores generated in
the initial stage of crack formation. A large number
of micro-voids formed during the deformation
process develope into micro-cracks and continue to
expand until cracks take place. Moreover, as the Ni
content increases, the Cu content decreases in the
soft Cu- and Mn-rich phase but increases in the Fe-
and Co-rich phase. Under the large deformation, the
redistribution of atoms and re-separation of
dissolved phases are likely to occur [22]. The
composition difference of the two phases is further
reduced, and the phase interface is reduced.
Dislocations are not likely to accumulate at the

Cu Co

phase interface, and cracks are not easy to generate.
So the plasticity is improved.

4 Conclusions

(1) The MnFeCoCuNi, high-entropy alloys
exhibit two-phase FCC structure. The FCC1 phase
rich in Fe and Co forms the dendrites, while the
FCC2 phase rich in Cu and Mn makes the
inter-dendrites. Moreover, as the Ni content
increases, the segregation of Cu element decreases,
while the segregation of Mn element increases,
accompanied by the reduction of FCC2 phase.

(2) With the increase of Ni content, the tensile
strength of MnFeCoCuNi, alloys at x=0, 0.5, 1.0
and 1.5 increases firstly from (546+5) to
(574+5) MPa, and then decreases from (526+5) to
(50745) MPa, owing to the combined effect of
interface and solid solution strengthening. The
elongation to fracture increases slightly, which
is (42.1+0.2)%, (46.3£0.2)%, (47.5£0.2)% and
(52.0£0.2)%, respectively.

(3) In the initial deformation of the
MnFeCoCuNiys alloy, the morphologies of slip
lines in FCC1 and FCC2 phases are different; one
for the FCCI is long and sparse, while one for the
FCC2 is short and dense. However, in the later
deformation, the high dislocation density, the
redistribution of atoms and the re-separation of the
dissolved phase might occur. The slip lines
overcome the interface barrier and form a large
number of dense and long slip bands. The
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MnFeCoCuNig s high-entropy alloys show necking
during the fracture process. First, micropores are
created at the interface of the two phases, and then
merge to produce micro-cracks, which extend along
the slip zone until fracture.
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