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This study investigated the microstructure, phase transformation and mechanical property of Ni–Mn–Ga
particles/Mg composites with a strong interfacial reaction between the particles and the matrix. The
strong interfacial reaction was related to the large surface area and energy per unit volume of the flaky
shape Ni–Mn–Ga particles that favors the reaction between the particles and matrix. The martensitic
transformation behavior was largely weakened due to the interfacial reactions and thus the reduced vol-
ume fraction of Ni–Mn–Ga particles. The composites exhibited a much improved compressive strength
and ductility in comparison with that of the Ni–Mn–Ga alloy. The compressive plasticity of the compos-
ites was decreased when the Ni–Mn–Ga particle content exceeded 40 wt%. In comparison with the
Mg-composites with large size Ni–Mn–Ga particles, the composites with small size particles would have
a much stronger interfacial reactions, which was detrimental to the phase transformation and mechanical
ductility of the composites. The investigation results in this article could provide a reference for the
design and preparation of the particles reinforced metal matrix functional composites.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The applications of conventional shape memory alloys (such as
Ni–Ti) and giant magnetostrictive materials (such as Terfenol-D)
are usually limited by the low response frequency
(temperature-controlled, several Hz) and small magnetic field
induced strain (�0.24%) [1], respectively. Ni–Mn–Ga ferromagnetic
shape memory alloys (FSMAs) have conquered the demerits of the
above two kinds of materials and present both high response fre-
quency (magnetic-controlled, several kHz) and large magnetic field
induced strain (up to 10%) [2]. Therefore, the Ni–Mn–Ga alloy has
been considered to be a potential smart material in the applica-
tions requiring high actuation efficiency and large strain.
However, Ni–Mn–Ga FSMA is an intermetallic compound and is
very brittle, which hinders its further applications. To overcome
the brittleness, an effective method is to form a composite with
the Ni–Mn–Ga particles and some ductile matrix [3–9], in which
the polymer is usually chosen to be the matrix. It was found that
the mechanical strength of the Ni–Mn–Ga/polymer composites is
not high due to the low strength of the polymer matrix. In order
to improve the mechanical strength of the composites, recently
the metal matrix Mg has been utilized to make Ni–Mn–Ga/Mg
composites by spark plasma sintering (SPS) method [10]. It has
been found that both the compressive strength and ductility of
the composites can be enhanced after the addition of Ni–Mn–Ga
particles due to the good interfacial bonding caused by interfacial
reaction between the particles and matrix (the ‘‘interfacial reac-
tion’’ for the present Ni–Mn–Ga/Mg composites means the reac-
tions happened between the Ni–Mn–Ga particles and Mg matrix
during the sintering process that results in the formation of a
new phase on the interface). Moreover, the phase transformation
of the Ni–Mn–Ga particles was almost not influenced by the inter-
facial reactions.

The Ni–Mn–Ga particle size should be critical for the interfacial
reactions in the composites, because the surface area per unit vol-
ume and energy per unit volume of the particles will increase and
the extent of interfacial reaction is expected to be enhanced with
the reduction of the particle size. Therefore, the reduction of
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Ni–Mn–Ga particle size may have a great influence on the interfa-
cial reactions and then affect the properties of the composites.
Based on this assumption, in this article, the Ni–Mn–Ga particles
size is further reduced by ball milling. Then the particles were
sintered with Mg powder to create Mg-composites with small size
Ni–Mn–Ga particles. Finally, the microstructure, phase transforma-
tion and mechanical property of the composites are systematically
investigated and compared with those of the composites with
larger Ni–Mn–Ga particles [10].
2. Experimental details

The Ni49.8Mn28.5Ga21.7 FSMA powders with smaller particle size
were prepared by ball milling for a long time (6 h) with the same
milling procedure, as compared to that of the Ni–Mn–Ga powders
in our previous work [10]. The milled powder particles were post
annealed at 1073 K for 2 h. Then the annealed Ni–Mn–Ga powders
were mixed with the commercial atomized Mg powder (provided
by Tangshan Weihao Magnesium Powder Co., Ltd, China) to make
the Ni–Mn–Ga particles/Mg composites with the particle content
of 40 wt%, 50 wt%, and 60 wt% by SPS technique in the same
fabrication procedure to those of the composites prepared in
[10]. For simplicity, the aftermentioned Mg composite with small
size Ni–Mn–Ga particles (obtained in this article) and with large
size Ni–Mn–Ga particles (obtained in Ref. [10]) are denoted as
S-composite and L-composite, respectively.

The compression tests of the samples were carried out at room
temperature using an Instron universal testing machine (Model
3365). Microstructure of the samples was observed using a FEI
Quanta200 scanning electron microscope (SEM) equipped with
an energy dispersive spectrometry (EDS) analyzer. Phase identifi-
cation was performed at room temperature using a Panalytical
X-pert PRO diffractometer with Cu Ka radiation. Martensitic trans-
formation and Curie transition of the samples were determined by
measuring temperature dependence of low-field ac magnetic
susceptibility.
3. Results and discussion

The micrographs of the commercial atomized Mg powder and
the Ni–Mn–Ga powder have been shown in Fig. 1(a) and (b),
respectively. The Mg powder particles exhibit sphere shape with
diameters of <60 lm [10]. The present Ni–Mn–Ga particles exhibit
flaky shape with a general size of <20 lm, which is smaller than
the size of Ni–Mn–Ga particles (<50 lm) in the L-composites. It
is found that the Ni–Mn–Ga particle size has been clearly reduced
and the particle morphology changed from polygon to flaky shape
after experiencing a higher milling energy (longer milling time). In
comparison with the large size particles with polygon shape, the
flaky shape particles with reduced size should provide a larger sur-
face area and energy per unit volume and they are expected to
have stronger interfacial reactions with the matrix.
Fig. 1(c), (e) and (g) shows the micrographs of the S-composites
with 40 wt%, 50 wt% and 60 wt% particles, respectively. The parti-
cles are uniformly distributed in the Mg matrix with particle aggre-
gations in some regions indicated by arrow, and the extent of
aggregation increases with the increase of particle content.
Fig. 1(d), (f) and (h) is the magnified SEM image for the 40 wt%,
50 wt% and 60 wt% composites, respectively. It is clearly seen that
the particles and matrix were separated by the interfacial reaction
layer with an intermediate color. In comparison with the interfa-
cial reaction layer in the L-composite, the present reaction layer
seems to occupy a much more volume fraction, indicating a stron-
ger interfacial reaction happened along the interfaces of the parti-
cles and matrix in the S-composites. For analyzing the composition
evolution across the interfacial reaction layer, the line scanning
EDS analysis was carried out on the 40 wt% composite, as shown
in Fig. 1(d). The scanning route is along the white line indicated
by the arrow and the composition curves for the Mg, Mn, Ni and
Ga derived from the EDS analysis results are shown in the figure.
It is seen that the Mg content is apparently increased and Mn, Ni
and Ga contents are properly decreased across the interfacial reac-
tion layers from particle to matrix, meaning the reaction product is
composed of the Mg, Mn, Ni and Ga elements, which is in agree-
ment with the results in the L-composites [10]. To further identify
the specific composition of the interfacial reaction layer, the EDS
test was performed on the interfacial reaction part in the 40 wt%
composite, and the EDS tests on the Ni–Mn–Ga particle and Mg
matrix are also done for comparison, as shown in Fig. 2. Fig. 2(a)
shows the EDS testing positions (red rectangle circled areas) in
the SEM image, and Fig. 2(b), (c) and (d) presents EDS results of
the Ni–Mn–Ga particle, interfacial layer and Mg matrix, respec-
tively. The specific compositions of the different parts derived from
the EDS are listed in Table 1. It can be seen that the Ni–Mn–Ga par-
ticles and Mg matrix almost preserved the same composition to
the original bulk alloy and the interfacial reaction layer is com-
posed of Mg, Ni, Mn and Ga with a high content of Mg (48.3 at%),
which is consistent with the above line scanning EDS analysis
results.

Fig. 3 shows the room temperature XRD patterns for the Mg
powder, Ni–Mn–Ga powder and composites. The Mg powder is
indexed to be a hexagonal structure. The Ni–Mn–Ga powder can
be indexed to be a mixture of austenite and martensite with
austenite as primary phase. For the composites, almost all the
diffraction peaks of the Ni–Mn–Ga powder and Mg powder can
be found. Additionally, some other diffraction peaks belonging to
the interfacial reaction products containing Mg, Mn, Ni and Ga ele-
ments were also found in the composites. This indicates that the
absence of the X-ray diffraction peaks of the interfacial reaction
product in the L-composites was caused by the low volume frac-
tion of the reaction product [10]. These diffraction peaks of the
interfacial reaction product can be indexed to be a fcc
(face-centered cubic) phase with a lattice constant of
a = 1.1579 nm (JCPDS 30-0436). As is known, for a cubic
Ni–Mn–Ga phase (austenite), the lattice constant is often at
a = 0.5–0.6 nm, therefore the lattice constant of the present reac-
tion product is much larger than that of the cubic Ni–Mn–Ga
phase. The atomic radius for Mg, Ni, Mn and Ga were reported to
be 0.160 nm, 0.125 nm, 0.112 nm, and 0.122 nm [11], respectively.
The atomic radius of Mg is larger than those of the Ni, Mn and Ga,
thus it is generally thought that the Mg element may have diffused
into the cubic Ni–Mn–Ga structure and expanded the structure,
resulting in a large lattice constant, or have reacted with the
Ni–Mn–Ga phase to form a new fcc structure with large lattice
constant, on which the deep investigation is still ongoing.

Fig. 4 reports the susceptibility–temperature curves of the Ni–
Mn–Ga powder and composites. The martensitic transformation
temperature (TM), reverse transformation temperature (TA) and
Curie transition temperature (TC) are indicated on the curve for
the Ni–Mn–Ga powder. For the composites, it is seen that the hys-
teresis of the martensitic transformation shown in the Ni–Mn–Ga
powder has almost disappeared and the susceptibility–tempera
ture curves exhibit a straight line with a slope on the martensitic
transformation range, meaning the weak martensitic transforma-
tion of the composites. The Curie transition (TC) of the composites
can still be found, but with a little increase of the transition tem-
perature, as compared to that of the Ni–Mn–Ga powder. The
martensitic transformation and Curie transition of the composites
are based on the property of the Ni–Mn–Ga particles. In contrast to
the pure Ni–Mn–Ga powder, the composites only contain a certain
amount (660 wt%) of Ni–Mn–Ga particles, which results in a



Fig. 1. SEM images of (a) Mg powder, (b) Ni–Mn–Ga powder, (c) 40 wt% composite, (d) 40 wt% composite with line scanning EDS result, (e) and (f) 50 wt% composite, and (g)
and (h) 60 wt% composite.
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relative weak phase transformation of the composites in compar-
ison with that of the Ni–Mn–Ga particles. In addition, it has been
confirmed from the above results (microstructure observation
and XRD) that the severe interfacial reactions between the parti-
cles and matrix have destructed partially Ni–Mn–Ga particles,
which will further lead to the reduction of volume fraction of the
Ni–Mn–Ga particles participating in the phase transformation.
Therefore the weakening of martensitic transformation of the com-
posites was related to the low volume fraction of the Ni–Mn–Ga
particles. In the L-composites, the interfacial reaction between



Fig. 2. (a) SEM image of 40 wt% composite, EDS results determined from the red rectangle circled area in (a) for (b) Ni–Mn–Ga particle, (c) interfacial layer and (d) Mg matrix.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Composition (at%) of Ni–Mn–Ga particle, interfacial layer and Mg matrix determined
from EDS for the 40 wt% composite.

Positions Ni Mn Ga Mg

Ni–Mn–Ga particle 49.2 29.1 21.7 –
Interfacial layer 27.0 12.2 12.5 48.3
Mg matrix – – – 100.0

Fig. 3. XRD patterns of Ni–Mn–Ga powder, Mg powder, 40 wt%, 50 wt%, and 60 wt%
composites.
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the particles and matrix does not apparently influence the phase
transformation of the composites [10], which should be attributed
to the weak interfacial reactions between the matrix and the
large size Ni–Mn–Ga particles. Therefore, for the design of the
Ni–Mn–Ga/Mg composites or analogous composites, the interfacial
reactions should be fully considered based on the properties (size,
surface area and energy, etc.) of the two components.

Fig. 5 shows the compressive stress–strain curves of the original
Ni–Mn–Ga alloy, pure Mg and composites. The signal ‘‘�’’ indicates
fracture point of the samples. The Ni–Mn–Ga alloy exhibits a low
compressive strength and ductility due to the susceptible inter-
granular fracture character. In comparison, the pure Mg has a rel-
ative high strength and ductility. The compressive strength of the



Fig. 4. Susceptibility–temperature curves of Ni–Mn–Ga powder, 40 wt%, 50 wt%, and 60 wt% composites.

Fig. 5. Compressive stress–strain curves of Ni–Mn–Ga alloy, Mg sample, 40 wt%,
50 wt%, and 60 wt% composites.
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Mg has been found to be enhanced by the Ni–Mn–Ga particles after
compositing. Whereas, the fracture strain of the composite is
increased by a little after adding 40 wt% particles and then
decreased apparently with increasing the particle content to
50 wt% and 60 wt%. This is different from the results in the
L-composites [10], in which both the compressive strength and
fracture strain have been enhanced progressively by the addition
of Ni–Mn–Ga particles and with the increase of the particle con-
tent. Irrespective of the Ni–Mn–Ga particle size, the mechanical
strength and ductility of the Ni–Mn–Ga alloy have been apparently
improved after compositing with Mg matrix as compared to that of
the original Ni–Mn–Ga alloy.

Fig. 6 presents the fractography of the pure Mg and compos-
ites. The fracture surface of the pure Mg sample exhibits a flat
fracture character with some cracks around the sintered Mg par-
ticles, as shown in Fig. 6(a) and (b). Fig. 6(c), (e) and (g) shows
the fracture surfaces of the 40 wt%, 50 wt% and 60 wt% compos-
ites, respectively. It can be seen that the fracture surface
becomes rougher after the addition of particles and with the
increase of particle content, which is due to the effect of the par-
ticles on the crack initiation and propagation [10].
Fig. 6(d), (f) and (h) shows the fracture surface under high mag-
nification for the 40 wt%, 50 wt% and 60 wt% composites, respec-
tively. It is noted that the cracks are mainly found in the particle
aggregation areas and the interfaces of particle/matrix, as indi-
cated in Fig. 6(d). This means that the interfacial reaction layer
should be a weak area and the cracks are initiated in these areas
first upon loading and propagated in the matrix. The scratch lines
caused by the mutual frictions between the particles and matrix
along the crack propagation direction can be clearly found in
Fig. 6(d). With the increase of particle content, the length of
scratch lines has been reduced due to the occurrence of more
particle aggregations that break the cracks propagation route,
which results in the formation of matrix steps separated by the
particles (indicated by dashed lines), as shown in
Fig. 6(f) and (h). Therefore, the increase of particle aggregations
and interfacial reactions results in the occurrence of more cracks
and the reduction of cracks propagation distance, which acceler-
ates the fracturing and leads to a reduced fracture strain with
increasing particle content.

4. Conclusions

The severe interfacial reactions between the particles and
matrix in the Mg-composites with small Ni–Mn–Ga particles have
been observed. The interfacial reaction product exhibits a fcc struc-
ture with a large lattice constant. The interfacial reactions have
decreased the volume fraction of Ni–Mn–Ga particles participating
in martensitic transformation and resulted in the weak martensitic
transformation of the composites. The compressive strength and



Fig. 6. Fracture surfaces of (a) and (b) Mg sample, (c) and (d) 40 wt%, (e) and (f) 50 wt%, and (g) and (h) 60 wt% composites.
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ductility of the Ni–Mn–Ga alloy have been improved after com-
positing with Mg matrix. The decreased plasticity of the compos-
ites with the Ni–Mn–Ga particle content larger than 40 wt% is
attributed to the increased number of cracks and the reduction of
crack propagation distance before fracturing.
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