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Abstract: Microstructure, phase transformation and mechanical properties of NiMnGa particles/Cu composites
prepared by spark plasma sintering method were investigated by SEM, EDS, XRD, susceptibility measurements and
mechanical tests. The NiMnGa particles were found to react with Cu matrix and the composites exhibited a similar
crystal structure to the Cu matrix. The martensitic transformation and Curie transition of the composites were weakened
due to the composition change of NiMnGa particles caused by reactions. With increasing NiMnGa particles content, the
martensitic transformation and Curie transition of the composites were enhanced to some extent. However, the
martensitic transformation temperature and Curie transition temperature were decreased by ~50 K as compared to those
of the original NiMnGa particles. The compressive strength of the composites increased with the increase of NiMnGa
particles content, whereas the compressive strain was decreased gradually.
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1 Introduction

NiMnGa ferromagnetic shape memory alloys
are well known for the large magnetic field induced
strain (MFIS) (6%—10%) [1,2], which have been
extensively investigated on the martensitic
transformation [3—5], magnetic property [6—9] and
MFIS [10—12] in the past few years. However, this
kind of alloy has a large brittleness and thus
exhibits a low workability and mechanical property,
which is unfavorable for the practical applications.
In order to overcome this problem, a feasible
method is to embed NiMnGa particles in a ductile
matrix to make composites, in which the matrix
provides integrity and good workability and the
NiMnGa particles offer functional properties [13,14].

Polymers including polyurethane [15,16], epoxy
resin [17,18], and silicone [19] have been selected
as matrix to composite with NiMnGa particles. It is
found that the composites have exhibited an
enhanced damping performance due to the
additional energy absorption from NiMnGa
particles [15,16,19].

Although it has been mostly used as matrix for
the NiMnGa composites, polymer usually exhibits
low mechanical strength and the interfacial bonding
between polymer and NiMnGa particles is
commonly weak, which is unfavorable for the stress
transfer upon mechanical loading. In comparison,
metals generally have higher mechanical strength
and can exhibit better interfacial bonding with
NiMnGa alloy by proper chemical reaction.
Recently, Mg has been employed as the matrix to
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composite with NiMnGa particles [20,21] and the
composites exhibit a much higher mechanical
strength and ductility as compared to individual Mg
or NiMnGa alloy, meanwhile, the composites
exhibit a similar martensitic transformation
behavior to the original NiMnGa particles. The
interfacial reactions between Mg matrix and
NiMnGa particles can be adjusted properly by
changing NiMnGa particle size. Therefore, the
metal could be a potential candidate as matrix to
make NiMnGa composites.

Cu has large plasticity, good thermal and
electrical conductivity but low mechanical strength
and abrasive resistance. In order to enhance
mechanical properties of Cu, some hard particles,
such as SiC [22,23] and ALOs [24,25], have been
added into Cu to make composites. In consideration
of the drawbacks of NiMnGa alloy and Cu, the
combination of NiMnGa alloy and Cu could
provide a promising way to overcome these
problems. Based on the above analysis, the
composites composed of NiMnGa and Cu have
been raised and investigated in this work. The
spark plasma sintering (SPS) technique has been
widely used for preparation of metal matrix
composites [20,21,26,27] due to its advantages of
rapid sintering forming with low sintering
temperature, short sintering time and merit of
saving energy. Therefore, in the present work, the
composites consisting of NiMnGa particles and Cu
matrix were fabricated by SPS technique and then
the microstructure, phase transformation and
mechanical properties of the composites were
systematically investigated. The research results
could provide an experimental reference for the
development of novel NiMnGa composites or Cu
composites in the future.

2 Experimental

NissMnog sGazi 7 ferromagnetic shape memory
alloy ingot was prepared by arc-melting of high
purity elements of Ni, Mn and Ga under argon
atmosphere. Then the as-cast ingot was
homogenized in vacuum at 1123 K for 12h
followed by water-quenching. The homogenized
NiMnGa ingot was crushed and ball milled to fine
particles and then annealed at 1073 K for 1h to
recover phase transformation [28]. Commercial Cu
powders with spherical shape prepared by

atomization method were provided by Chuang Ying
Metal Materials Company, China. The annealed
NiMnGa powder and the Cu powder were mixed in
a steel vial by using QM—3A vibration ball mill
(manufactured by Nanjing University Instrument
Plant, China) for 30 min without balls. Then, the
mixed powder was sintered under a pressure of
40 MPa at 1073 K for 5 min in vacuum using a
spark plasma sintering device (SPS—1050). Finally,
the NiMnGa/Cu composites with volume fractions
of 20%, 30% and 40% NiMnGa particles were
obtained, and pure Cu was also fabricated by the
same procedure as a control sample.

Microstructure  of the composites was
characterized using a FEI Apreo-C scanning
electron microscope (SEM) equipped with an
energy dispersive spectroscopy (EDS) analyzer.
Phase constitution was identified by X-ray
diffraction (XRD) using a Panalytical X-pert PRO
diffractometer with CuK, radiation at room
temperature. Martensitic transformation and Curie
transition were determined by measuring the
temperature dependence of low-field ac-magnetic
susceptibility using a multi-parameter magnetic
measurement system (manufactured by Institute of
Physics, Chinese Academy of Sciences). The
compression tests were carried out using an Instron
universal testing machine (Model 3365) at a
deformation speed of 0.5 mm/min. The size of the
compression samples was ~d2.5 mm x 4 mm.

3 Results and discussion

3.1 Microstructure of composites

Figures 1(a) and (b) show SEM images of
NiMnGa particles and Cu particles, respectively. It
can be seen that the NiMnGa particles exhibit an
irregular shape with size of <100 um and the Cu
particles mainly exhibit spherical shape with size of
<50 pm. Figures 1(c, d, e, f) show backscattered
electron SEM images of sintered pure Cu, 20%,
30%, and 40% composites, respectively. It is seen
that the pure Cu is very dense and there are almost
no sintered holes observed, and it seems to exhibit
one single phase with grey color. With the addition
of NiMnGa particles, the composites become
different from the pure Cu and they are mainly
composed of two phases colored in light grey and
dark grey, respectively, in which the light grey
phase seems to occupy relatively large amount. With
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Fig. 1 SEM images of NiMnGa powder (a), Cu powder (b), pure Cu (c), and 20% (d), 30% (e) and 40% (f) NiMnGa/

Cu composites

increasing NiMnGa content, the content of dark
grey phase seems to be increased. Therefore, it is
speculated that the light grey phase should be Cu
matrix and the dark grey phase is NiMnGa particle.
In addition, it is noted that, as compared to the pure
Cu, some small black phases have also been found
in the composites, as indicated by arrows in the
figures, and it is seen that the black phases exhibit
different shapes and randomly distribute in
the composites. As compared to the NiMnGa
particles/Mg composites [20,21], it is found that
NiMnGa and Mg exhibit a strong color contrast and
the individual NiMnGa particles can be clearly
distinguished. But for the present NiMnGa
particles/Cu composites, the contrast between
NiMnGa and Cu is weak, which should be caused
by that NiMnGa and Cu have a similar molar mass
that results in a low contrast in the backscattered
electron SEM images.

To further distinguish the NiMnGa particles

distribution, the EDS mapping test was performed
on all the composites and the EDS mapping
results for the 40% NiMnGa composite are shown
in Fig. 2. Figure 2(a) shows the SEM image of
testing area for 40% NiMnGa composite. The
overlay of Cu, Ni, Mn and Ga elemental EDS maps
is shown in Fig. 2(b), in which the distribution of
NiMnGa particles can be seen. From the color
distribution, it seems that some elements have
cross-distributed between the Cu matrix and
NiMnGa particles. Furthermore, some Mn-rich
phases colored in green, as indicated by arrows,
have been found, which well corresponds to the
black phases shown in Fig. 2(a) which are also
indicated by arrows, indicating that partial Mn
elements have aggregated in some local areas.
Figures 2(c, d, e, f) show individual Cu, Ni, Mn and
Ga elemental EDS mapping results, respectively. In
Fig. 2(c), it is clearly seen that some Cu elements
are distributed in the NiMnGa particles area. For
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Fig. 2 SEM image of 40%NiMnGa/Cu composite (a) with corresponding EDS maps of overlay (b), Cu (c), Ni (d), Mn

(e), and Ga (f)

the Ni element distribution shown in Fig. 2(d), it is
noted that most of the Ni elements are distributed in
the NiMnGa particles area and there are very few
Ni elements distributed in the Cu matrix. However,
for the distribution of Mn and Ga elements shown
in Figs. 2(e) and (f), respectively, it can be seen that,
a large amount of Mn and Ga elements have been
found in the Cu matrix area. It is also noted in
Fig. 2(e) that the high content of Mn distribution
area indicated by arrows is consistent with the areas
shown in Figs. 2(a) and (b). This result means that
the black phases shown in Fig. 1 are thought to be
Mn-rich phases. The similar EDS mapping results
have also been obtained in the 20% and 30%
NiMnGa composites. These results indicate that the
NiMnGa particles have reacted violently with the
Cu matrix, which results in the interdiffusion of the
elements. This 1is also different from the
NiMnGa/Mg composites [21], in which although

the small size NiMnGa particles react severely with
Mg matrix, the reaction product only exists in the
local interfacial area between the NiMnGa particles
and Mg matrix.

From Fig. 2, it can be seen that the circular
region mainly corresponds to the Cu matrix, the
irregular shape area indicates the NiMnGa particles
and the black phase is Mn-rich phase. To further
detect the composition of the Cu matrix, NiMnGa
particles and Mn-rich phase, the EDS point testing
was performed. Figure 3 shows the EDS point
testing results of 40%NiMnGa/Cu composite.
Figure 3(a) shows the SEM image of the 40%
NiMnGa/Cu composites, in which the EDS point
testing positions are indicated by arrows for the
particle and matrix (Points 1 and 2 are tested on the
NiMnGa particle and Cu matrix, respectively).
Figure 3(b) shows the enlarged SEM image for
EDS point testing of the black Mn-rich phase (Point
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3 is the testing position). Figures 3(c, d, e) are
EDS patterns of Points 1, 2 and 3, respectively, and
the corresponding composition derived from the
patterns is shown in Table 1. It can be seen from the
result in the Point 1 that Cu occupies a relatively
large content in the NiMnGa particle. For the result
in the Point 2, Ni, Mn and Ga elements can also be
found in the Cu matrix, but the content of Ni, Mn
and Ga is not high. In the Point 3 for the Mn-rich
phase, the Mn element has the largest content, and
meanwhile a relatively large amount of Cu and very
few Ni and Ga can be found. The point testing
results are consistent with the EDS mapping results
shown in Fig. 2. This also further confirms that the
spherical shape area and the irregular part mainly
corresponds to Cu matrix and NiMnGa particles,
respectively, and the black phase is a Mn-rich phase
containing Cu, Ni and Ga elements.

E/keV
Fig. 3 SEM images (a, b) with high magnification of 40%NiMnGa/Cu composite, and EDS point testing results of

Point 1 (c), Point 2 (d) and Point 3 (¢)

Table 1 EDS point testing results of 40%NiMnGa/Cu
composites (at.%)

Point No. Ni Mn Ga Cu
1 (NiMnGa particle) 43.16 20.33 19.14 17.37
2 (Cu matrix) 024 1.08 097 9771
3 (Mn-rich phase) 738 64.82 128 26.52

Figure 4 shows XRD patterns of the NiMnGa
powder, Cu powder, and NiMnGa/Cu composites.
The NiMnGa powder is mainly indexed as a
mixture of tetragonal martensite phase and cubic
austenite phase [28], and the Cu powder is indexed
as face-centered cubic (fcc) structure. It is noted
that the diffraction peaks of all the NiMnGa/Cu
composites are similar to those of the Cu powder. In
40% NiMnGa composite, only diffraction peak
A(220) of austenite phase for the NiMnGa powder



3296 Ping GAO, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3291-3300

P a 4 —NiMnGa
S v—Cu
o —~ £
s Z|= S T T
BN g e s8
NiMnGa powder i = = ==
ok -
L =
40%NiMnGa/Cu WA b4 \
30%NiMnGa/Cu A
20%NiMnGa/Cu A
S
)
Pure Cu A y
1 1 1
20 30 70 80 90

Fig. 4 XRD patterns of NiMnGa powder, Cu powder,
and 20%, 30% and 40%NiMnGa/Cu composites

can be found, and the diffraction peaks of
martensite phase shown in the original NiMnGa
powder are not observed, which should be
attributed to the decrease of martensitic
transformation temperature for the NiMnGa
particles in the composite (it has been verified by
the following susceptibility measurement). In 20%
and 30% NiMnGa composites, no diffraction peaks
belonging to NiMnGa particles are observed. In
addition, although the Mn-rich phase has been
observed in composites, the diffraction peaks of the
Mn-rich phase are not found in the XRD results,
which could be caused by low content of the
Mn-rich phase.

3.2 Phase transformation of composites

It is further noted that all the diffraction peaks
of the composites shift left a little as compared to
those of the pure Cu, which should be caused by the
introduction of Mn, Ga and Ni elements in the Cu
matrix that results in the lattice expansion and
increase of interplanar spacing. This indicates that
the introduced Ni, Mn and Ga elements have
formed solid solution with Cu matrix. It is different
from the NiMnGa/Mg composites [21], in which
the reaction between NiMnGa particles and Mg
matrix are mainly concentrated on the interfacial
local area and the new intermetallics rather than
solid solution are formed by the interfacial reaction.
The disappearance of NiMnGa phase in the 20%
and 30% NiMnGa composites should be related to
the fact that the initial low content of NiMnGa and
the reactions further reduce the content of pure
NiMnGa particles. Thus, the low content of pure

NiMnGa phase and Mn-rich phase could be beyond
detection range of the XRD equipment and results
in the disappearance of the diffraction peaks for
both phases.

Figure 5 shows the susceptibility—temperature
curves of NiMnGa powder and NiMnGa
particles/Cu composites. It can be seen that the
NiMnGa powder exhibits a remarkable martensitic
transformation  (A—M,  303-306K)  with
susceptibility sudden drop on cooling and austenitic
M—A, 316-320K)  with
susceptibility sudden rise on heating, and the Curie
transition  temperature  (from  ferromagnetic
austenite to paramagnetic austenite) with nearly
zero hysteresis is at around 371 K, as shown in
Fig. 5(a). The Tm and Ta indicated at the largest
slope of the A—M and M—A transformation
curves represent martensitic  transformation
temperature  and  austenitic  transformation
temperature, respectively. The 7¢ indicated at the
largest slope of the Curie transition curve stands for
Curie temperature. For the 20% NiMnGa composite
shown in Fig. 5(b), it is seen that the martensitic
transformation and Curie transition cannot be
apparently detected. With increasing NiMnGa
particles content to 30% shown in Fig. 5(c), we can
see that the relatively weak Curie transition at
around 310 K has been observed, furthermore a
thermal hysteresis at 250—300 K between heating
and cooling curves can be seen, indicating the
existence of martensitic transformation. This means
that some intact NiMnGa particles remain after
interactions between NiMnGa and Cu with
increasing NiMnGa content, which results in the
appearance of martensitic transformation and Curie
transition. For the 40% NiMnGa composite
(Fig. 5(d)), the Curie transition and martensitic
transformation seem to be further enhanced as
compared to those of the 30% NiMnGa composite
due to the increase of NiMnGa particles content.
These results are consistent with the XRD results
shown in Fig. 4, in which the diffraction peak
belonging to NiMnGa particles has been observed
in the 40% NiMnGa composite.

In addition, it is found that the Curie
temperature and  martensitic  transformation
temperature of the composites have been apparently
reduced as compared to that of the original
NiMnGa particles. It is much different from the
NiMnGa/Mg composite [21], in which although the

transformation
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Fig. 5 Susceptibility—temperature curves of NiMnGa powder (a), and 20% (b), 30% (c) and 40% (d) NiMnGa/Cu

composites

NiMnGa particles have severe interfacial reactions
with the Mg matrix, but the Curie transition and
martensitic transformation temperatures are still
similar to those of the original particles, and the
reaction mainly occurs in the interfacial area and
there are no elemental diffusions with long distance.
In the present NiMnGa/Cu composites, the
reactions have resulted in the elemental
interdiffusion between the NiMnGa particles and
Cu matrix, and meanwhile, the aggregation of Mn
elements during diffusion process occurs in some
local areas. This indicates that the reaction
mechanism between NiMnGa particles with Mg
matrix and with Cu matrix are different, which
results in the different properties of the composites.
It is noted that, for the Cu composite, the sintering
temperature is 1073 K and the pressure is 40 MPa,
which are much higher than those for the
preparation of NiMnGa/Mg composites (the
sintering temperature is 773 K and the pressure is
20 MPa). Therefore, the much higher sintering
temperature and pressure in the NiMnGa/Cu
composites should have provided higher diffusion
driving force for the elemental diffusions than those

for the NiMnGa/Mg composites, which should be
the main reason for the different reaction
phenomena obtained in both composites.

3.3 Mechanical properties of composites

Figure 6 shows the compressive stress—strain
curves of pure Cu and NiMnGa particles/Cu
composites. It is found that the pure Cu does not
fracture during compression (it is compressed to a
thin sheet ultimately) and the partial compressive
curve of the pure Cu is given in the figure. After the
addition of NiMnGa particles, it can be seen from
the curves that the composites can be fractured
during the compression, indicating the reduction of
ductility due to the addition of NiMnGa particles.
However, the mechanical strength of the composites
is greatly enhanced after the addition of NiMnGa
particles. The compressive strength is increased
gradually with increasing NiMnGa particles, but the
compressive strain is reduced gradually. The
compressive strength and ductility of the 40%
NiMnGa composite reach up to 865 MPa and 30%,
respectively, which are higher than those of the
Cu—Al,O3 nanocomposites [24].
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Fig. 6 Compressive stress—strain curves of pure Cu, 20%,
30%, and 40%NiMnGa/Cu composites

The fracture surfaces of the NiMnGa
particles/Cu composites are shown in Fig. 7.
Figures 7(a, c, €) show the low magnification SEM
images of 20%, 30% and 40% NiMnGa composites,
respectively. It can be seen that the fracture surfaces

2P 0t . %

=
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of the three samples are similar and some small
holes and cracks can be seen on the surface, as
indicated by arrows in the figure. The holes could
come from the sintering process or from the split of
small Mn-rich phases. It is noted that there is no
apparent individual NiMnGa particles observed in
the figure. Figures 7(b, d, f) show the fracture
surfaces with high magnification of 20%, 30% and
40% NiMnGa composites, respectively. These
figures are mainly selected on the cracks part
shown in the low magnification images. For 20%
NiMnGa composite, many dimples can be seen on
the surface as indicated by arrows, which indicates
a good ductility of the composite. With increasing
NiMnGa content to 30% and 40%, we can see that
the dimples can also be seen on the surface, but the
quantity and size of the dimples seem to be reduced
gradually, as indicated by arrows. The reduction of
dimple size and quantity indicates the reduction of
ductility of the composites. It is suggested that the
introduction of Mn, Ga or Ni elements into the
Cu matrix has resulted in the solution strengthening

L S e

Fig. 7 Fracture surfaces of 20% (a, b), 30% (c, d), and 40% (e, f) NiMnGa/Cu composites
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effect, and meanwhile, the remained NiMnGa
particles and formed Mn-rich phases also enhance
the mechanical strength by particle reinforcing
effect. Therefore, the enhancement of mechanical
strength of the Cu matrix should be related to the
two factors: solution strengthening and particles
strengthening. Whereas, the irregular Mn-rich
phases acting as a brittle matter could form a weak
interfacial bonding with the Cu matrix, therefore,
the existence of Mn-rich phases and some sintered
holes could be favorable for the origins of cracks
and propagation of cracks, thus reducing the
ductility of the composites.

4 Conclusions

(1) The NiMnGa particles react with the Cu
matrix during sintering, which results in the
interdiffusion of Mn, Ga and Ni elements with the
Cu element and formation of Mn-rich phases.

(2) For the 20% NiMnGa composite, the
martensitic transformation and Curie transition
nearly disappear. With increasing NiMnGa content
to 30% and 40%, the martensitic transformation of
the composites is enhanced and occurs. The
martensitic transformation temperature and Curie
temperature of the composites are reduced, as
compared to those of the original NiMnGa
particles.

(3) The enhancement of compressive strength
of the composites with the addition of NiMnGa
particles and with the increase of NiMnGa content
should be related to the two factors: solution
strengthening and particles reinforcement. The
reduction of ductility as compared to the pure Cu
should be caused by the existence of brittle Mn-rich
phases and sintered defects that result in the crack
formation and propagation.
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