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Two types of epoxy resin matrix composites filled with Ni–Mn–Ga ferromagnetic shape memory alloy
powders, with and without magnetic field during curing, were prepared, aiming to create anisotropic and
isotropic alignments of the Ni–Mn–Ga particles. The bending properties of the composites are found to be
significantly influenced by the distribution of Ni–Mn–Ga particles in the epoxy matrix. The composites
without magnetic field during curing exhibit larger bending strength and fracture strain than the composites
with magnetic field during curing. The fractography reveals that the Ni–Mn–Ga particle chains formed in the
composites with magnetic field during curing facilitate the initiation and propagation of cracks, thus
weakening the bending properties.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Ni–Mn–Ga ferromagnetic shape memory alloy has been widely
investigated due to its large magnetic field induced strains and high
response frequency [1]. However, its practical applications are
seriously hindered by the inherent brittleness of the bulk alloy. To
overcome this problem, several forms based on the alloy have been
developed, including thin films [2,3], ribbons [4] and composites
consisting of Ni–Mn–Ga particles and polymer matrix [5–7]. Applica-
tion of thin films and ribbons is often limited due to their dimensional
restrictions. In comparison, composites prepared by mixing Ni–Mn–
Ga particles and polymer matrix show great advantages with good
formability and low cost of production.

To date, the fabrication [5], shape recovery property [5] and
damping property [6] of the Ni–Mn–Ga epoxy resin composites were
reported, yet the bending property of Ni–Mn–Ga-polymer smart
composites has not been investigated. In this work, the bending
properties of Ni–Mn–Ga-epoxy resin composites were systematically
investigated as a function of weight percentage and orientation of Ni–
Mn–Ga particles.
2. Experimental details

The Ni49.8Mn28.5Ga21.7 ferromagnetic shapememory alloy powders
were prepared by ball milling and post annealing at 1023 K for 2 h
[8,9]. The composites were fabricated by mixing the as-annealed
Ni49.8Mn28.5Ga21.7 powder and bisphenol-A epoxy resin (E-44, brand
in China). Triethylene-tetramine was used as the hardener for curing
the epoxy resin. The ultrasonic vibration was used to try to eliminate
ll rights reserved.
the entrapped air bubbles during mixing. The resulted slurry mixture
was poured into a mold of 60×7×4 mm3 and then allowed to cure at
room temperature for 24 h, either in the ambient or in amagnetic field
of ~1800 Oe along the width direction of the mold. Finally the casts
were subjected to a post curing heat treatment for 2 h at 373 K.
Composites containing 17 wt.%, 25 wt.%, 33 wt.% and 43 wt.% Ni–Mn–
Ga powders were prepared, with the pure epoxy resin as control
sample via the same procedure.

X-ray diffraction (XRD) was carried out at room temperature to
identify the orientation of Ni–Mn–Ga particles in the composite using
a Panalytical X-pert PRO diffractometer with Cu Kα radiation. The
fractured surface morphology of composites was observed using a FEI
Quanta200 scanning electron microscope (SEM). Temperature depen-
dence of low-field ac susceptibility was measured to determine the
martensitic transformation and magnetic transition. Three-point
bending tests were performed at room temperature using an Instron
universal testing machine (Model 3365). The loading direction was
along the thickness, the span length was 50 mm, and the cross-head
speed was 0.5 mm/min. The bending strength (σf) and fracture strain
(εf) were calculated using σ f = 1:5PL=WH2 and ef = 6SH = L2,
respectively. Here P is the peak bending load (N), L is the span length
(m), W is the width of the sample, H is the thickness of the sample,
and S is the peak bending deflection (m). The bending modulus (Ef)
was calculated by the slope of a linear line ascertained by two points at
ε=0.05% and ε=0.25% on the stress–strain curves.

3. Results and discussion

Fig. 1 shows the XRD patterns of the composites with 43 wt.% Ni–
Mn–Ga powders, without and with magnetic field during curing. The
surface of the composite perpendicular to the magnetic field during
the curing process is subjected to the X-ray diffraction. The present
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Fig. 1. X-ray diffraction patterns for the 43 wt.% Ni–Mn–Ga composite without magnetic
field during curing (a) and with magnetic field during curing (b).
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XRD results show that, both the intensity ratio of M(004)/M(400) and
M(224)/M(422) peaks of the composite with magnetic field during
curing exhibits a significant increase, compared with that of the
composite without magnetic field during curing. For the composites
containing 17 wt.%, 25 wt.% and 33 wt.% Ni–Mn–Ga powders, we have
similar results to Fig. 1. This proves that the Ni–Mn–Ga particles have
been oriented and the easy magnetization direction (c axis) is
adjusted to the direction of magnetic field in the composite with
magnetic field during curing.

Fig. 2(a) and (b) show the χ–T measurements of the composites
containing different weight percentages of the Ni–Mn–Ga powder,
without and with magnetic field during curing, respectively. All
composite samples have same martensitic transformation (TM),
austenitic transformation (TA) and magnetic transition (TC) tempera-
tures as the annealed powder [9]. It is also noted that themagnitude of
susceptibility changes between ferromagnetic martensite and ferro-
magnetic austenite, and between ferromagnetic austenite and para-
magnetic austenite increase with increasing Ni–Mn–Ga content in the
composites.

Fig. 3(a) and (b) show the bending stress–strain curves for the
composites, without and with magnetic field during curing, respec-
tively. The bending stress–strain curves exhibit typical brittle fracture
behavior. Similar fracture behavior was also observed in the epoxy
Fig. 2. Low-field χ–T curves of the composites consisting of different weight percentages of N
resin composites filledwith Ni–Ti shapememory alloy fiber or powder
[10].

Fig. 3(c), (d) and (e) show the evolution of Ef, σf and εf with
increasing Ni–Mn–Ga content for the two composites, as derived from
the corresponding bending stress–strain curves shown in Fig. 3(a) and
(b). As shown in Fig. 3(c), Ef of both composites increases with
increasing Ni–Mn–Ga content, which indicates that the Ni–Mn–Ga
particles are effective in reinforcing the polymer matrix, causing an
increase of bending modulus of the composites. It is seen in Fig. 3(d)
that, for the composites without magnetic field during curing, σf

increases initially with Ni–Mn–Ga content up to 17 wt.% and then
decreases gradually with further increasing Ni–Mn–Ga content to
43 wt.%. For the composites with magnetic field during curing, σf is
much reduced when the Ni–Mn–Ga content is increased from 0 to
17 wt.% and then slightly decreases with further increasing Ni–Mn–Ga
content. In Fig. 3(e), εf of the composites without magnetic field
during curing decreases gradually with increasing Ni–Mn–Ga content.
However, εf of the composites with magnetic field during curing
shows a different dependence on Ni–Mn–Ga content, it decreases
when Ni–Mn–Ga content is below 17 wt.%, and then remains nearly
constant with further increasing Ni–Mn–Ga content. σf and εf of the
composites with magnetic field during curing are much lower than
those of the composites without magnetic field during curing.

Fig. 4 shows SEM images of fractured surface of the two composites
in comparison with pure epoxy resin. Fig. 4(a) and (b) are of the pure
epoxy resin sample. The fractured surface is characterized by stream-
like fracture strips, indicating the brittle nature of fracture, consistent
with the bending stress–strain curve shown in Fig. 3. The polymer
matrix is fully dense, with very few pin-hole pores. Fig. 4(c) and (d)
show the fractured surface of the composite containing 43 wt.% Ni–
Mn–Ga powder without magnetic field during curing. This sample
exhibits a rougher fracture surface than the pure epoxy resin. Ni–Mn–
Ga particles are dispersed uniformly in the matrix. No apparent cracks
at particle–polymer interfaces are observed, indicating strong inter-
facial bonding between the particles and the epoxy matrix. Some
small pores of ~2 µm, much smaller than the Ni–Mn–Ga particles (5–
30 µm), exist in the sample. Fig. 4(e) and (f) show the fractured
surface of the composite containing 43 wt.% Ni–Mn–Ga powder with
magnetic field during curing. It is evident that the Ni–Mn–Ga particles
are aligned in concentrated strings along the direction of themagnetic
flux applied during curing. The strings are ~50 μm in width and
~60 μm in inter-string distance.
i–Mn–Ga powders cured without magnetic field (a) and cured with magnetic field (b).



Fig. 3. Bending stress–strain curves of the composites consisting of different weight percentages of Ni–Mn–Ga powders cured without magnetic field (a) and cured with magnetic
field (b). Effect of powder content on the bending modulus (Ef) (c), bending strength (σf) (d) and fracture strain (εf) (e) of the composites cured with and without magnetic field.

1731B. Tian et al. / Materials Letters 63 (2009) 1729–1732
The composites without magnetic field during curing show
increased strength compared to the pure epoxy resin. This is
apparently due to the reinforcing effect of Ni–Mn–Ga particles in
the matrix. The particles are distributed homogeneously in the matrix
Fig. 4. SEM micrographs of fractured surface for epoxy resin (a, b), 43 wt.% composites wi
with good interfacial bonding. The interfaces serve as deviators for
crack propagation, therefore enhancing the strength of thematrix. The
decrease of εf with increasing Ni–Mn–Ga content is attributed to that
the initiation and propagation of cracks become much easier at lower
thout magnetic field during curing (c, d) and with magnetic field during curing (e, f).
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strains due to the reinforcing effect of Ni–Mn–Ga particles. The slight
decrease of σf with increasing powder content to above 17 wt.%
results from the decreased εf and nearly constant Ef in the content
range.

Different from the composites without magnetic field during curing,
σf and εf of the composites with magnetic field during curing are
reduced with the addition of Ni–Mn–Ga powders. This is attributed to
the inhomogeneous dispersion of the Ni–Mn–Ga particles in the epoxy
resin matrix. There is no enough bonding among the Ni–Mn–Ga
particleswithin the aggregates and the bonding between theNi–Mn–Ga
particle aggregates and the epoxy resin matrix is weak. The Ni–Mn–Ga
particle chains favor the initiation and propagation of cracks, hence
deteriorating the mechanical properties of the composite.

4. Conclusions

The bending properties of the epoxy resin composites filledwithNi–
Mn–Ga powders are affected by the dispersion of Ni–Mn–Ga particles in
the matrix. The composites with homogeneously dispersed Ni–Mn–Ga
particles (without magnetic field during curing) show the better
bending properties than the composites with the aligned Ni–Mn–Ga
particle strings (withmagneticfield during curing), since theNi–Mn–Ga
particle chains formed in the composites with magnetic field during
curing facilitate the initiation and propagation of cracks.
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