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a  b  s  t  r  a  c  t

In this  study,  a  magnetic  high  entropy  alloy  (HEA)  of  CoFeMn1.2NiGa0.8 was  designed  and  prepared  by
arc  melting  in  order to investigate  its mechanical,  corrosion  and  magnetic  behavior.  The  results  show
that  the  alloy  mainly  possesses  body-centered  cubic  (BCC)  phase  and  face-centered  cubic  (FCC)  phase.
A  high  compressive  strength  of 1450  MPa,  a strain  of  18.5 % and  a relatively  low  yield strength  of  303
MPa  in  as-cast  condition  at room  temperature  can  be  achieved  in the  present  alloy.  In-situ  high-energy
X-ray  diffraction  technique  was  employed  to  reveal  the  deformation  mechanism  of  CoFeMn1.2NiGa0.8

under  uniaxial  compression  and  the  results  show  that  the competition  between  BCC  phase  and  FCC
phase  plays  a significant  role  during  the  compressive  process.  The  corrosion  behavior  of  CoFeMn1.2NiGa0.8
Compressive property
Corrosion resistance
Magnetic behavior

was  investigated  in 3.5  wt%  NaCl  solution  and  it turned  out  that  the  alloy  possessed  good  corrosion
resistance.  At  last,  the magnetic  behavior  of  the CoFeMn1.2NiGa0.8 alloy  was studied  and  it  can  present  a
high  saturation  magnetization  of  94.5  emu/g  and  a  coercivity  of  26.4  Oe  at 4  K.  This  work  indicates  that
the  present  CoFeMn1.2NiGa0.8 HEA  has promising  applications  as  future  magnetic  functional  materials.

© 2021  Published  by Elsevier  Ltd on behalf  of The  editorial  office  of Journal  of  Materials  Science  &
Technology.
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1. Introduction

Since Yeh et al. [1] introduced the novel multi-component alloy
design concept of high entropy alloys (HEAs) in 2004, this new alloy
system has aroused increasing attention during the past few years.
Unlike the conventional alloys with one principal element, usually
the HEAs can have five or more components in equimolar or near-
equimolar fraction. It is reported that the solid-solution phase(s)
of HEAs is(are) simple crystal structure(s), such as face-centered
cubic (FCC), body-centered cubic (BCC), and/or hexagonal closed-

pack (HCP) lattices [2]. In some reported film HEAs and small-size
HEAs, they can also present an amorphous structure because of the
low glass-forming ability [3]. Owing to their unique concentrated
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olid-solution structures, HEAs have distinguished properties, such
s high strength [4], excellent fracture toughness [5], high fatigue
esistance [6], good ductility [7], good wear and corrosion resis-
ance [8], good thermal stability [9] and high electrical resistivity
10], which are also related to the four “core effects” in HEAs: high
ntropy of mixing, sluggish diffusion, severe lattice distortion and
ocktail effects [1]. Although the above properties of HEAs play a
ignificant role in the potential application, the magnetic perfor-
ance of HEAs should also be developed since magnetic HEAs with

igh performance can be a good candidate as magnetic materials
n the fields such as electric motors, magnetic shielding, hysteresis

otor, signaling storage devices.
The ferromagnetic shape memory alloys (FSMAs) present poten-

ial application as magnetic-field-controlled actuator materials due
o their fast response of magnetostrain across magnetic-field-
nduced phase transformation. So far, many FSMAs have been

ystematically studied, including Ni-(Co)-Mn-Ga [11], Fe-Mn-Ga
12], Ni-(Co)-Fe-Ga [13], etc. However, these magnetic Heusler
lloys always show inherent brittleness, which seriously restricts
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 corresponding SAED patterns of the CoFeMn1.2NiGa0.8 alloy.

Table 1
Chemical composition (at%) of the CoFeMn1.2NiGa0.8 alloy.

Elements Co Fe Mn Ni Ga
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Fig. 1. (a) SEM micrograph and (b) TEM image with the

their applications when the materials need to be processed into
desired shapes for real devices during service [14]. Moreover,
the corrosion resistance of many FSMAs should also be strength-
ened since the materials are usually used in complex environment
[15,16]. As mentioned above, HEAs can show excellent mechani-
cal properties and good corrosion resistance. Thus, combining the
advantages of HEAs and FSMAs to search for alloys with potential
magnetic-field-induced properties may  be a viable option to obtain
high-performance magnetic materials.

In this work, a new CoFeMn1.2NiGa0.8 high entropy alloy was
carefully designed for the purpose of achieving a magnetic HEA
material. The microstructure, mechanical, corrosion and magnetic
properties of the present alloy were investigated in detail. This
study may  provide insight into how HEAs can be developed towards
the magnetic applications.

2. Experimental

The ingot with nominal composition of CoFeMn1.2NiGa0.8 was
prepared by repeated melting in an arc furnace under argon atmo-
sphere. Raw elements with purity higher than 99.95 wt%  were
selected and additional 3 wt% Mn  was added to alleviate the Mn
evaporation during melting. The sample was re-melted five times
at ∼ 2273 K to ensure chemical homogeneity. The microstructure
was characterized by scanning electron microscopy (SEM) (Zeiss
Supra 55) (equipped with energy-dispersive (EDS) detector) and
transmission electron microscopy (TEM, JEM-2100 F, JEOL, Japan).
Compressive tests on samples with the size of �2  × 5 mm3 were
conducted by using a mechanical testing machine (Instron-5966)
equipped with a heating and cooling device with a rate of 10 K/min.
The potentiodynamic polarization experiments were conducted on
a CHI 660D electrochemical working station with a three-electrode
measurement system implemented by using 3.5 wt% NaCl solu-
tion at 308 K. The CoFeMn1.2NiGa0.8 alloy or 304 stainless steel
was regarded as the working electrode, with a platinum foil as the
counter electrode and a saturated calomel electrode (SCE) as the
reference electrode. The open current potential (OCP) was tested
for 7200 s to make the potential stable before the potentiodynamic
polarization test. After the polarization experiment, the samples
were all cleaned by ultrasonic wash and then SEM experiment was
performed on the observation of the morphology of the corroded
surface. Magnetic measurements were performed by using a Phys-
ical Property Measurement System (PPMS, Quantum Design) and

the magnetic hysteresis loops were measured at 4 K and 297 K with
a variable magnetic field rate of 100 Oe/s. Differential scanning
calorimetry (DSC, NETZSCH200F3) experiments were performed
with a heating and cooling rate 10 K/min. In-situ synchrotron high-
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Nominal 20 20 24 20 16
Present 19.34 18.99 24.32 20.16 17.19

nergy X-ray diffraction (HEXRD) experiments were carried out at
he 11-ID-C beamline at the Advanced Photon Source of Argonne
ational Laboratory. A monochromatic X-ray beam with a wave-

ength of 0.1173 Å was used. The diffraction Debye rings were
ollected on a two-dimensional large area detector. The HEXRD
mages were processed by using the Fit2D image processing soft-

are.

. Results and discussion

.1. Microstructural and phase analysis

Fig. 1(a) shows the low magnified SEM image of the as-cast
oFeMn1.2NiGa0.8 alloy. It is clear that the present alloy is poly-
rystalline. One can see that the CoFeMn1.2NiGa0.8 alloy shows a
olumnar-grain morphology with the average grain size larger than
00 �m in the length direction; however, one cannot distinguish
he potential FCC phase structure from the BCC phase structure
rom Fig. 1(a). The EDS analysis can be seen in Table 1. Fig. 1(b)
hows the TEM image and the corresponding selected area electron
iffraction (SAED) patterns for the CoFeMn1.2NiGa0.8 alloy. Inter-
stingly, a sharp boundary was detected in the alloy. By identifying
he electron diffraction patterns, our careful analysis shows that a
CC phase on the left side and a BCC phase on the right side can be
onfirmed in Fig. 1(b). As a result, the structures of the present alloy
ay mainly consist of FCC and BCC, which can further be confirmed

n Fig. 2.
HEXRD experiment was  employed to identify the primary phase

tructure of the as-cast CoFeMn1.2NiGa0.8 alloy, and the results are
hown in Fig. 2.The HEXRD has high resolution, which ensures the
ccuracy of the crystal structure information. As shown in Fig. 2,
he HEXRD patterns at 293 K can be well indexed according to the
CC structure with the lattice constant of 2.863 Å and the FCC struc-
ure with the lattice constant of 3.661 Å. This is consistent with the
EM results shown in Fig. 1(b). As a result, the present alloy mainly
ossesses BCC and FCC-based phase structure.
.2. In-situ study of compressive properties

Fig. 3 shows the typical compressive stress-strain curves
ecorded for CoFeMn1.2NiGa0.8 at 113 K, 293 K, 523 K and 773
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Fig. 2. One-D HEXRD profile of the CoFeMn1.2NiGa0.8 alloy at room temperature.

Table 2
Electrochemical parameters derived from polarization curves of CoFeMn1.2NiGa0.8

and 304 stainless steel in 3.5 wt%  NaCl solution.

Alloys Ecorr(VSCE) Icorr(A cm−2) Ep(VSCE)
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Fig. 3. The nominal uniaxial compression stress-strain curve of CoFeMn1.2NiGa0.8

at different temperatures.

K, respectively. One can see that at 293 K which is close to
the room temperature, the compressive strength and strain of
CoFeMn1.2NiGa0.8 are ∼1450 MPa  and ∼18.5 %. Following the elas-
tic deformation stage, work hardening associated with true plastic
deformation (based on dislocation slip) occurs at 293 K. However,
these two activities cannot be clearly and totally separated owing to
the polycrystalline nature of the present alloy. For comparison, the
compressive strength and strain of the present alloy at room tem-
perature are much higher than that of the Ni(Fe)MnGa magnetic
shape memory alloys [17,18], although they are a little lower than
that of the CoCrFeMnNi high entropy alloy [19]. This may be caused
by the different phase compositions and their contents in these
alloys; different phases can bear different magnitudes of stress
when the external stress is applied. The present CoFeMn1.2NiGa0.8
alloy possesses more FCC phase compared with Ni(Fe)MnGa mag-
netic shape memory alloys. The phase volume fractions of the BCC
and FCC phases in the present HEA at room temperature have been
roughly estimated to be ∼ 84 % and ∼ 16 %, respectively. Due to
the coarse grains of the alloy and the limitation of experimental
conditions, the volume fractions of the BCC and FCC phases dur-
ing compressive process is not given here. The cooling rate during
preparation or heat treatment determining the size of grains as well
as some nanoparticles may  also play an important role in the eval-
uation of mechanical properties for HEAs. Moreover, the present
alloy demonstrates relatively low yield strength of 303 MPa  at 293

K, which may  show good cold working formability for application.
As can be seen from Fig. 3, the increase in testing temperature leads
to the decrease of both the compressive and the yield strength. At all
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CoFeMn1.2NiGa0.8 −0.416 1.11 × 10−3 0.79
304 stainless steel −0.489 1.37 × 10−3 0.22

ested temperatures, CoFeMn1.2NiGa0.8 maintains relatively high
ompression ductility and can all be strained to over 10 % reduction.

The evolution of the one-dimensional (1D) HEXRD patterns
obtained by azimuthal integration of the 2� range from 3◦ to 3.2◦

nd 5.35◦ to 5.65◦) during applying compressive stress is shown in
ig. 4(a). One can see that no new peaks can be detected near the
(111), B(110) and B(211) diffraction peaks during increasing the
ompressive stress, though the B(110) and B(211) diffraction peaks
xhibite an increasing-intensity and a shift towards the higher 2�
alues while the F(111) diffraction peak keeps almost stable under
xternal stress. Lattice strain-stress curves for F{111}, B{110} and
{211} planes under different compressive stresses are presented

n Fig. 4(b). The structure evolution can be clearly understood from
he change in lattice strains εhkl (εhkl = (dhkl-d0)/d0), where d0 and
hkl are the interplanar spacings for different (hkl) crystalline planes
efore and after applying an external stress. As shown in Fig. 4(b),
he lattice strains of F{111}, B{110} and B{211} planes increase
lowly at first (stress lower than 400 MPa) and then present a sharp
ncrease (stress between 400 MPa  and 1200 MPa) and then keep
table at last (stress higher than 1200 MPa). The slopes of the lat-
ice strain curves of the B{110} and B{211} planes are obviously
igher than that of F{111}. In addition, the lattice strains of the
{110} and B{211} planes during plastic deformation stage are
uch higher than that of the F{111}, indicating that the BCC phase

ore much more stress than the FCC phase during this process. The
volution of the full width at half maximum (FWHM) for the F(111),
(110) and B(211) diffraction peaks of CoFeMn1.2NiGa0.8 which can
resent more information of deformation mechanisms, is shown

n Fig. 4(c). When the stress is lower than 400 MPa, the FWHM
f the F(111) diffraction peak almost keeps stable while FWHMs
f B(110) and B(211) diffraction peaks increase slightly. Similar
o the lattice strains shown in Fig. 4(b), one can see that FWHMs
f B(110) and B(211) diffraction peaks increase rapidly and faster
han that of the F(111) diffraction peak when the applied stress
xceeds 400 MPa. The differences in the increase trend of FWHMs
etween BCC and FCC phases, on the one hand, may be caused by the
oherent scattering volumes’ decreasing speed in different phases.
n the other hand, during increasing the stress the crystal defects
nd micro-stresses may  change, leading to further inhomogeneous
train in different phases. Overall, Fig. 4 clearly accounts for the
ough competition trend between BCC phase and FCC phase during
he compressive process.

.3. Corrosion behavior

Excellent corrosion resistance is crucial for application in HEAs
2]. Fig. 5 presents the corrosion behavior of CoFeMn1.2NiGa0.8 after
esting in the 3.5 wt%  NaCl solution, where a 304 stainless steel
as  also investigated for comparison. For clarify, the electrochem-

cal parameters are displayed in Table 2. As shown in Fig. 5(a),
he corrosion potential Ecorr for CoFeMn1.2NiGa0.8 (-0.416 V) is
igher than that of 304 stainless steel (-0.489 V), while the cor-
osion density Icorr of CoFeMn1.2NiGa0.8 is smaller. Besides, one can
ee from Fig. 5(a) that CoFeMn1.2NiGa0.8 presents better critical
ng that the protective passive film started to pit earlier on the
urface of the 304 stainless steel than on CoFeMn1.2NiGa0.8. The
bove observations demonstrate that the passive CoFeMn1.2NiGa0.8
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Fig. 4. (a) 1-D HE-XRD profiles evolution of F(111), B(110) and B(211) under stress by integrating the 2-D diffraction patterns of the 2� range from 3◦ to 3.2◦ and 5.35◦ to
5.65◦ . (b) Response of lattice strains to compressive stress of the F{111}, B{110} and B{211} phases in CoFeMn1.2NiGa0.8. (c) The change in FWHMs  for F(111), B(110) and
B(211) peaks as a function of uniaxial compression in CoFeMn1.2NiGa0.8.
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Fig. 5. (a) Corrosion tests of the CoFeMn1.2NiGa0.8 alloy and steel in 3.5 wt%  NaCl 

views  of filed in the frame in (b). (d) EDS analysis of (c).

has better resistance to the surface corrosion. It is reported that
the elements Co and Ni in HEAs have excellent corrosion resis-
tance, and they can easily form protective layers on the surface

of materials [20–22]. This is further confirmed by our SEM analy-
sis. The SEM micrographs of CoFeMn1.2NiGa0.8 after corrosion in
3.5 wt% NaCl solution are shown in Fig. 5(b) and (c). As can be
seen, the formation of some layer-like morphology appeared on

i
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n at 308 K. (b) SEM micrograph of CoFeMn1.2NiGa0.8 after corrosion. (c) Enlarged

he surface and on the particles of corroded CoFeMn1.2NiGa0.8.
hese layers result from the oxide of Ni and Co to prevent the
aterial from further corrosion, as indicated by the oxygen peak
n the EDS results of Fig. 5(d). In addition to the existence of
i and Co elements, the homogeneously distributed elements (as

hown in Table 1) forming the protective layer also play significant
oles.
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set of (a) is the coercivity of CoFeMn1.2NiGa0.8. (b) The DSC curve of CoFeMn1.2NiGa0.8
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Fig. 6. (a) Magnetic hysteresis loops of CoFeMn1.2NiGa0.8 at 297 K and 4 K. The in
recorded between 300 K and 750 K.

3.4. Magnetic characteristics

The typical magnetic hysteresis loops of CoFeMn1.2NiGa0.8 at
297 K and 4 K are shown in Fig. 6(a). One can see that the mag-
netization processes of CoFeMn1.2NiGa0.8 at 297 K and 4 K present
almost the same trend before saturation, which means it has similar
magnetic susceptibility behavior between 4 K and 297 K. Signifi-
cantly, one should notice that the saturation magnetization (Ms) of
CoFeMn1.2NiGa0.8 can reach 79.2 emu/g at 297 K and 94.5 emu/g
at 4 K, respectively. It is reported that when the temperature is
much lower than the Curie temperature (obtained from Fig. 6(b)),
the atoms’ thermal vibration cannot affect the magnetic order-
ing. When the temperature increases, the atoms’ thermal vibration
behavior will be exacerbated, leading to the atomic magnetic order-
ing decreased and further resulting in a decrease of the saturation
magnetization [23]. Overall, the high saturation magnetization in
the present alloy has exceeded most of other HEAs [24–28], and
can even compete with that of many FSMAs [29–32]. As can be seen
from the inset of Fig. 6(a), the coercivity (Hc) of CoFeMn1.2NiGa0.8
is about 31.1 Oe at 297 K. When the temperature decreases to 4 K,
the coercivity slightly decreases to 26.4 Oe. Fortunately, the present
CoFeMn1.2NiGa0.8 alloy distributes in a semi-hard magnetic region
for future application [33,34], which provides a possibility to use
this materials in the field such as rotor or storage elements of hys-
teresis motor. Fig. 6(b) shows DSC curves of CoFeMn1.2NiGa0.8. No
martensitic transformation behavior can be observed between 300
K and 750 K during heating and cooling and the Curie temperature
is determined to be 464 K.

For NiMnGa-based FSMAs, replacing Ni by Fe or Co can change
the Mn-Mn  coupling and greatly increase the magnetization of
austenite phase. The replacement of Ni by Fe may  stabilize or reduce
the Curie temperature in certain Ni-Mn-Ga alloys [35,36], while
replacing Ni by Co may  significantly increase the Curie tempera-
ture [37]. As a result, it can be optional when tuning the Ms or
changing the Curie temperature windows in a CoFeMnNiGa mag-
netic high entropy alloy system. Besides, from a phase composition
standpoint, usually the FCC phase shows a higher Ms than that of
BCC phase [7]. As for Hc, the microstructure such as grain size and
grain orientation can have large effects. When considering the fac-
tor of grain size, Hc can be determined by the following equation
[35]:

HC ≈ 3

√
�BTC

˛MS

√
1
D

(1)

where �B is the Boltzmann constant, D the average grain size, and

� is the lattice constant. According to Eq. (1), for CoFeMn1.2NiGa0.8,
Hc is inversely proportional to Ms

1/2. This is in accordance with
our result since Hc at 297 K is higher than that at 4 K. Our fur-
ther investigation shows that the magnetic-field-induced strain in

a
M
c
d
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ig. 7. Scatter plot of the magnetic properties for CoFeMn1.2NiGa0.8 and some
eported magnetic HEAs.

he present alloy can be up to 32.1 × 10−6 under the magnetic
eld of 1 T (which is not shown here). This strain value is not in
agnitude with that in the FSMA NiMnGa showing martensitic

ransformation, which should be further improved in the following
ork towards the direction of ferromagnetic high entropy shape
emory alloys. As mentioned above, the present CoFeMn1.2NiGa0.8

lloy belongs to a semi-hard magnetic material. Fig. 7 schematically
isplays the magnetic properties of magnetization and coercivity
alues for some reported HEAs distributing in the semi-hard mag-
etic region [38–46]. As can be seen, the alloy of the current work,
oFeMn1.2NiGa0.8, has reasonably good coercivity which is pretty
lose to the soft magnetic region and relatively high magnetization
alue compared with that of the HEAs reported before. Conse-
uently, the present alloy can be applied as semi hard magnetic
EAs with great potentialities, particularly in the field of magnetic
aterials used under complex environments such as cryogenic

emperature, heavy load, salt spray corrosion.

. Conclusion

In summary, a new CoFeMn1.2NiGa0.8 high entropy alloy has
een successfully developed. The microstructure, mechanical, cor-
osion and magnetic properties were investigated. The results show
hat the CoFeMn1.2NiGa0.8 alloy mainly composes of BCC matrix

nd FCC phase, and can achieve a compressive strength of ∼1450
Pa, a strain of ∼18.5 % and a yield strength of 303 MPa  in the as-

ast condition at room temperature. The in-situ high-energy X-ray
iffraction experiments were employed to reveal the deforma-
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tion mechanism of CoFeMn1.2NiGa0.8 under uniaxial compression
and it indicates that the competition between BCC phase and
FCC phase greatly affects the compressive process. The present
alloy is proved to present good corrosion resistance. Moreover, the
magnetic investigation shows that the present alloy belonging to
semi-hard magnetic materials possesses a high saturation magne-
tization of 94.5 emu/g and a coercivity of 26.4 Oe at 4 K and a Curie
temperature of 464 K. This study may  provide an in-depth under-
standing of elastic deformation mechanism for HEAs and shed light
on the design of HEAs especially for magnetic applications.
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