
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/authorsrights

http://www.elsevier.com/authorsrights


Author's personal copy

Magnetic field induced strain and damping behavior of Ni–Mn–Ga
particles/epoxy resin composite

Bing Tian a,⇑, Feng Chen a, Yunxiang Tong a, Li Li a, Yufeng Zheng a,b

a Center for Biomedical Materials and Engineering, Harbin Engineering University, Harbin 150001, China
b Department of Materials Science and Engineering, College of Engineering, Peking University, Beijing 100871, China

a r t i c l e i n f o

Article history:
Received 28 December 2013
Received in revised form 15 March 2014
Accepted 17 March 2014
Available online 29 March 2014

Keywords:
Ni–Mn–Ga alloy
Composite materials
Phase transition
Magnetostriction
Damping property

a b s t r a c t

This study investigated the magnetic field induced strain (MFIS) and damping behavior of the disordered
and ordered Ni–Mn–Ga particles/epoxy composites. The apparent MFIS was detected in the ordered com-
posite with 50 wt% particle content. The composite exhibited a MFIS of �40 ppm (strain-c) for expansion
at martensite state which was much smaller than phase transformation strain (strain-c, �210 ppm). The
internal friction of the composites at glass transition temperature was enhanced with the addition of
Ni–Mn–Ga particles, which might be attributed to the introduction of interfacial friction between
particles and matrix. The ordered composite exhibited a lower damping ability than the disordered
composite, which was attributed to the different distribution of particles in the two composites.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

The Ni–Mn–Ga ferromagnetic shape memory alloys have been
widely investigated due to their large magnetic field induced strain
(MFIS) [1,2]. However, the intrinsic brittleness of these alloys, as a
main obstacle, has severely hindered the practical applications. In
order to overcome this problem, several forms based on the alloy
have been proposed and investigated, including thin films [3,4],
ribbons [5,6], foils [7], microwires [8,9] and composites containing
particles and polymer matrix [10–12]. The using of films, ribbons,
foils and wires is often restricted by their dimensions. In contrast,
the composites have good formability and are flexible to adapt to
various applications. Therefore, the composites consisting of
Ni–Mn–Ga particles and ductile polymer matrix exhibit a better
application perspective. It has been reported that the composite
was able to exhibit a large energy absorption under large cyclic
deformation by means of martensitic twin boundaries movement
of the alloy particles [10]. The twin boundary motion of martensite
in the Ni–Mn–Ga alloy particles after deforming the composite has
been verified by X-ray diffraction [10], neutron diffraction [13] and
magnetic measurements [11,14,15]. Therefore, the Ni–Mn–Ga par-
ticles/polymer composites present a great potential in application
as a damper under a large strain condition. Except for the energy
harvesting under large deformation, the damping ability of the

composite tested by DMA under low vibration amplitude has also
been investigated [16–18]. It was found that, besides the internal
friction of polymer matrix occurred at glass transition point, the
composite demonstrated an additional internal friction during
the martensite ? austenite transformation of the filled Ni–Mn–
Ga particles. The above results suggested that both the martensitic
twin boundary motion and martensitic transformation of the alloy
particles can contribute to the energy absorption of the composite
in different conditions.

Recently, in our group, the composite consisting of Ni–Mn–Ga
particles and epoxy resin matrix has been fabricated and the
bending property and phase transformation strain of the isotropic
(disordered) and aligned (ordered) composites were studied as a
function of Ni–Mn–Ga particle content [19,20]. It was found that
the bending property of the composites showed an apparent
dependence on the particle distribution (homogeneous or aligned)
and particle content [19]. The phase transformation strain was not
observed in the disordered composite and detected in the ordered
composite. Moreover, the transformation strain of the ordered
composite exhibited an orientation dependence [20]. To our
knowledge, up to now, little information is available on the effects
of particle distribution and particle content on damping character-
istic of Ni–Mn–Ga particles/polymer composites. In addition,
although the bulk Ni–Mn–Ga alloy can exhibit a high MFIS, the
study of MFIS of the Ni–Mn–Ga particle/polymer composite is still
rarely reported. On the basis of the previous studies in our group,
in this article, the MFIS property and damping behavior for the
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disordered and ordered Ni–Mn–Ga particles/epoxy composite with
the variation of Ni–Mn–Ga particle content are further investigated
and discussed.

2. Experimental procedures

The composites with particle content of 0–50 wt% were prepared by mixing
annealed Ni49.8Mn28.5Ga21.7 particles and bisphenol-A epoxy resin (E-44, brand in
China) with triethylene–tetramine as hardener. The detailed preparation procedure
has been introduced in our previous study [19], in which the disordered composite
and ordered composite were fabricated by curing the composite at room tempera-
ture for 24 h without and with a magnetic field of�1800 Oe, respectively. Finally all
the composites were post cured at 373 K for 2 h. The simple sketch map for prepa-
ration of the ordered composite was shown in Fig. 1, it can be seen that the particles
are oriented with the easy magnetization axis (c axis) inclined to the magnetic field
direction which has been verified by the magnetic measurement [20].

Phase transformation and magnetic transition were determined by measuring
the temperature dependence of low-field ac magnetic susceptibility. Glass transi-
tion of the Ni–Mn–Ga particles/epoxy resin composites (the glass transition of
composite means the glass transition of the epoxy matrix) was measured using
a Perkin–Elmer Diamond differential calorimeter (DSC), the heating rate was
20 K/min. The strain for the composites was recorded using a multi-parameter
magnetic measurement system manufactured by the Institute of Physics, Chinese
Academy of Sciences, in which the strain gauge was adhered to the sample to mea-
sure the strain. Samples with a dimension of 3 � 3 � 3 mm3 were cut for the mea-
surement of strains. The damping property was measured using a Netzsch 242
dynamic mechanical analyzer (DMA) under a three-point bending mode, in which
the vibration amplitude was 20 lm, the heating rate was 5 K/min, and the span
length was 30 mm. The sample size for the DMA test was �40 � 7 � 3 mm3. Based
on the equation for calculating the bending strain [19], the strain amplitude was
calculated to be 4 � 10�4.

3. Results and discussion

The phase transformation and Curie transition of Ni–Mn–Ga
particles are critical for realization of functionality of the compos-
ites. Therefore, the interaction between the polymer matrix and
particles after compositing should be fully considered. The suscep-
tibility measurement results of martensitic transformation
temperature and Curie temperature of the particles, disordered
composite and ordered composite have been reported in [20], for
comparison they are also given in this article, as shown in
Fig. 2(a). TM, TA and TC represent the martensitic transformation
temperature, austenitic transformation temperature and Curie
temperature, respectively. It is found that the phase transforma-
tion temperature and Curie temperature of Ni–Mn–Ga particles
are not influenced by the polymer matrix, which is favorable to
the initial design for the function of composites based on the
particles. On the other hand, the property of polymer matrix after
compositing is also important, especially the glass transition tem-
perature (Tg), which determines the application temperature range

of the composite. The Tg of the present composites with different
contents of Ni–Mn–Ga particles is measured by DSC to examine
the effect of particles on Tg of the polymer matrix, as shown in

Fig. 1. Schematic illustration for preparation of the ordered Ni–Mn–Ga particles/epoxy resin composite.

Fig. 2. (a) Susceptibility–temperature curves for the Ni–Mn–Ga particles, disor-
dered composite with 50 wt% particles and ordered composite with 50 wt%
particles, the field was 50 Oe. (b) DSC curves of the disordered composites
containing different contents of Ni–Mn–Ga particles.
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Fig. 2(b). For the pure epoxy resin, the bending step with an endo-
thermic effect on the DSC curve corresponds to the glass transition
of the epoxy resin. The Tg is calculated at the middle point of the
bending step indicated by arrow. It can be seen that Tg of the pure
epoxy resin is at �380 K. With increasing the Ni–Mn–Ga particle
content to 33 wt%, the Tg increases almost linearly to �390 K.
Whereas, continue increasing the particle content to 43 wt% and
50 wt%, the Tg was reduced to about at 383 K and 381 K, respec-
tively. The small change of Tg should be caused by the interaction
between the particles and polymer matrix. The particles affect
cross-linking of the polymer and then influence the Tg correspond-
ingly [16]. In general, the changing of Tg for the composites is little
and the Tg is apt to increase to some extent, which is favorable to
expand the temperature range and good for application.

It has been reported that the phase transformation strain cannot
be detected in the disordered composite [20], which was attributed
to the strain counteracting effect of different oriented particles. The
strain measurement at present study shows that the MFIS of the
disordered composite is also not apparent (the corresponding MFIS
curves are not shown in the article). This could be caused by the
random orientation of particles that results in a less number of par-
ticles generating MFIS in the applied magnetic field direction (only
the particles with easy magnetization axis perpendicular to the
applied magnetic field can generate large MFIS). In contrast, the

phase transformation strain and MFIS have been clearly observed
in the present ordered composite. Fig. 3(a) shows the strain-a (the
direction of strain-a is indicated in Fig. 1) curve with the variation
of temperature for the ordered composite containing 50 wt% parti-
cles. During the heating-cooling cycles of recording strain-a, the
MFIS was measured at different temperatures and the magnetic
field was applied up to 10,000 Oe. The sudden drop and rise of
the strain means the occurrence of MFIS. The strain drop and rise
stand for the expansion and shrinkage of the sample at the strain-
a direction when the external magnetic field is vertical and parallel
to the strain direction (indicated by arrows on the heating curve),
respectively. Fig. 3(b) summarizes the MFIS value of expansion at
different temperatures derived from the heating and cooling curves
in Fig. 3(a). It can be seen that the MFIS seems to be monotonously
decreased with increasing temperature on both heating and cooling
processes, and one point at 292.4 K on heating in the transforma-
tion part is not in the trend. The MFIS for the austenite (�50 ppm
at 315 K) is much smaller than that for the martensite (�75 ppm
at 280 K). It is also noted that the MFIS for contraction (H//strain-
a, for which the value is not shown in Fig. 3(b)) is apparently smaller
than that for expansion (H\strain-a).

Fig. 4(a) shows the strain-c (which is indicated in Fig. 1)
curve with the variation of temperature for the ordered 50 wt%
composite. It is similar to the result shown in Fig. 3(a). The strain

Fig. 3. (a) Strain-a–temperature curve for the ordered 50 wt% Ni–Mn–Ga particle/
epoxy resin composite. The MFIS is tested at different temperatures during cooling
and heating process, the maximum field is 10,000 Oe, (b) the MFIS value with the
variation of temperature derived from (a).

Fig. 4. (a) Strain-c–temperature curve for the ordered 50 wt% Ni–Mn–Ga particle/
epoxy composite. The MFIS is measured at different temperatures on heating, the
maximum field is 10,000 Oe, (b) the MFIS value with the variation of temperature
derived from (a).
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drop and rise associated with expansion and shrinkage of the com-
posite at strain-c direction when applying external magnetic field
perpendicularly and parallel to the strain direction occurred, as
pointed by the arrow on the heating curve. For the strain-c mea-
surement, the MFIS was only tested during heating process. The
MFIS value of expansion at different temperatures derived from
Fig. 4(a) is presented in Fig. 4(b). The MFIS at strain-c direction
for martensite is around 40 ppm and the MFIS at 283 K is
43 ppm. At the phase transformation part, the MFIS shows a little
increase. With increasing temperature to austenite, the MFIS
decreases to about 20 ppm and the MFIS at 325 K is 16.5 ppm. Sim-
ilar to the strain-a result shown in Fig. 3, the MFIS for contraction
(H//strain, for which the value is not summarized in Fig. 4(b)) is
smaller than that for expansion of the sample (H\strain).

Fig. 5(a) and (b) is schematic diagrams for illustrating the defor-
mation of the ordered composite after phase transformation of
martensite ? austenite upon heating and magnetic field induced
reorientation of twin variants at martensite phase (twin boundary
motion), respectively. The structure for martensite phase of the
present Ni–Mn–Ga particles at room temperature is a tetragonal
structure with lattice constants of cM < aM = bM (aM = bM =
0.5948 nm, cM = 0.5600 nm). The structure of corresponding aus-
tenite phase is a cubic structure with lattice constants of aA = bA =
cA (aA = 0.58388 nm) [21]. The relationship between these parame-
ters is cM < aA < aM. Therefore, the sample expands in the strain-c
direction and contracts in the strain-a direction during phase
transformation, as shown in Fig. 5(a). The strains of each particle
at strain-a and strain-c direction are calculated to be
aA�aM

aM

�
�
�

�
�
� = 1.8% and aA�cM

cM

�
�
�

�
�
� = 4.3% during transformation, respectively.

Fig. 5(b) shows that the magnetic field induced martensitic variant
reorientation results in that the sample expands in strain-c direc-
tion and shrinks in the strain-a direction. Correspondingly, the
strain values for each particle at strain-a and strain-c direction

should be cM�aM
aM

�
�
�

�
�
� = 5.8% and aM�cM

cM

�
�
�

�
�
� = 6.2%, respectively. Therefore,

according to the above calculation, the magnetic field induced
martensitic variant reorientation should generate a larger strain
than phase transformation at the same direction. Whereas, the
experimental result does not match the above speculation, the
MFIS for expansion at martensite phase (<50 ppm, strain-c, shown
in Fig. 4) is much smaller than the phase transformation strain
(strain-c is �210 ppm [20]). This should be caused the low output
stress associated with MFIS (several MPa [1,22]) that can not trans-
fer all the MFIS of the particles to the composite, whereas the
output stress generated by phase transformation is generally over
100 MPa and high enough to completely deform the polymer
matrix. This results in a relative lower strain in MFIS measurement
than in phase transformation measurement.

In addition, from the above calculation, it is found that the value

of aM�cM
cM

�
�
�

�
�
� = 6.2% is larger than that of cM�aM

aM

�
�
�

�
�
� = 5.8%, therefore a lar-

ger MFIS when H\strain than that when H//strain is observed in
the present study, as shown in Figs. 3(a) and 4(a). It is known that,
for the Ni–Mn–Ga alloy, the MFIS of martensite phase originating
from the magnetic field induced twin boundary motion is larger
than the MFIS generated at austenite being from the magnetic filed
induced rotation of magnetic domains, namely magnetostriction.
Therefore, the different strain mechanisms for the particles at
martensite state and austenite state result in the high MFIS at
martensite and relative low MFIS at austenite for the composite.

Fig. 6 reports the DMA testing curves for the disordered com-
posites with different contents of Ni–Mn–Ga particles. The pure
epoxy resin exhibits a damping peak at �388 K that corresponds
to the glass transition point and the tand of the peak is 0.26. It is
found that the Tg measured by DMA is 8 K higher than that mea-
sured by DSC (380 K, shown in Fig. 2). This difference may be
caused by the difference of sample size and heating rate in the
two measurements [16,23]. With the increase of particle content,
the damping peak associated with glass transition still exists at a
similar temperature, but the value of tand increases with increas-
ing particle content. The tand values for 25 wt% and 50 wt% sam-
ples are almost same and they are around 0.36, being 38%
increase compared with the pure epoxy resin. In addition, it is
noted that a small broad damping peak centered at 335 K appeared
in the samples with 25 wt% and 50 wt% particles, which should be
caused by the reverse martensitic transformation of the particles
on heating [16–18]. The small damping peak is not observed in
17 wt% composite that may be due to the low content of particles.

Fig. 5. The illustration of deformation of the composite caused by phase transfor-
mation strain (a) and magnetic field induced strain (b) of the Ni–Mn–Ga particles.

Fig. 6. DMA curves for the disordered composites with different contents of Ni–
Mn–Ga particles, inset is the curve of the 25 wt% ordered composite.
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The increase of tand with the increase of particle content at glass
transition point of the epoxy matrix may be caused by the intro-
duction of interfacial friction between Ni–Mn–Ga particles and
epoxy matrix that augments the energy harvesting, similar to the
damping enhancement mechanism in the carbon nanotube
reinforced polymer composite [24]. It has been reported that the
distribution of Ni–Mn–Ga particles in the ordered composite was
different from that in the disordered composite [19]. For the
disordered composite, the Ni–Mn–Ga particles were distributed
homogeneously in the epoxy matrix, which provides many parti-
cle–matrix interfaces to dissipate the vibration energy via frictions.
Whereas, for the ordered composite, the Ni–Mn–Ga particles
formed a chain microstructure along the magnetic field direction
applied during curing, in which the particles concentrated in a line
with a close distance and even contacted with each other. There-
fore, this reduces the amount of particle–matrix interfaces and cor-
respondingly decreases the energy harvesting caused by interfacial
frictions. The DMA curve of 25 wt% ordered composite has been
shown in the inset of Fig. 6. It can be seen that the internal friction
at glass transition point with tand of 0.28 is lower than that in the
25 wt% disordered composite (tand is 0.36). It can be expected
through the above analysis that the inhomogeneous chain particle
distribution results in a relatively lower damping property at glass
transition point in the ordered composite. It is noted that the addi-
tional energy damping peak caused by martensite ? austenite
transformation is also observed in the 25 wt% ordered composite,
as indicated by the arrow on the curve. In addition, a damping peak
centered at around 233 K has also been found at all the samples,
which could be related to the property of the epoxy matrix.
However, the actual mechanism for this damping peak is still
difficult to be confirmed according to the present experimental
results and will be investigated further in the future.

4. Conclusions

The MFIS and damping property of the disordered and ordered
Ni–Mn–Ga particles/epoxy composites are investigated. The
composites containing different contents of particles exhibit a
generally close glass transition temperature. The disordered com-
posites do not show apparent MFIS and phase transformation
strain due to the random orientation of the particles in the matrix.
The ordered composite exhibits a clear MFIS at both martensite
and austenite phases, which is much smaller than the strain caused
by martensite ? austenite phase transformation. From the
application point of view, the MFIS for the present composites is
too small and not conducive to the practical applications. The
disordered and ordered composites exhibit an enhanced damping
ability at glass transition point after the addition of Ni–Mn–Ga
particles due to the introduction of interfacial frictions between
the particles and epoxy matrix. The ordered composite demon-
strates a lower damping property at glass transition point than

the disordered composite. The additional energy damping peak
associated with martensite ? austenite transformation is observed
in the present disordered and ordered composites.
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