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a b s t r a c t

This study investigated the fracture behavior and structural transition of Ni46Mn33Ga17Cu4�xZrx (x¼0, 2,
4) alloys after undergoing quasi-static compression and ball milling. The introduction of Zr-rich second
phase enhanced the compressive strength without improving the mechanical ductility of the alloys. The
dispersed second phase formed weak interfacial bonding with the martensitic matrix, which resulted in
the low plasticity. After ball milling, the dual phase alloy particles were separated to the second phase
particles and the matrix phase particles. The average particle size was reduced with increasing Zr
content since the size of the second phase particles was much smaller than that of the matrix particles.
Moreover, the structure of the second phase was almost not changed by the ball milling. The martensitic
transformation disappears for all the alloys after ball milling because of the disordering of the
martensitic matrix. Post-annealing at 800 1C can restore the martensitic transformation of the Cu4
and Cu2Zr2 alloys but is not effective to restore that of the Zr4 alloy.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Ni–Mn–Ga alloys have received continuous attention and
investigation, since they have been found to exhibit a large
magnetic field-induced strain (MFIS) [1,2]. This strain is several
times larger than the strain achieved in the giant magnetostrictive
material Terfenol-D [3]. However, the brittleness of the alloy, as a
main obstacle, has hindered its further practical applications.
Recently, doping the fourth element in the Ni–Mn–Ga alloys has
been widely investigated, aiming to improve the ductility of the
alloys. Doping by rare earth [4,5], Fe [6–8], Co [9], Cu [10,11], and Ti
[12] in the Ni–Mn–Ga alloys had been reported. It was found that
the introduction of ductile second phase in the alloy is critical to
improve the strength and ductility of the alloys since the second
phase strengthened the grain boundary and hindered the propa-
gation of cracks during deformation.

Zr had been added in the Ti-based [13,14] and Cu-based [15–17]
shape memory alloys to adjust the martensitic transformation
temperatures and improve the mechanical property. However, the
addition of Zr in Ni–Mn–Ga based alloys is still rarely reported. We
recently substituted Cu with Zr in the Ni46Mn33Ga17Cu4 single phase
alloy and investigated the microstructure and phase transformation

[18]. It was found that the alloys changed from single martensite to a
dual phase containing martensitic matrix and Zr-rich second γ phase
after adding Zr. The existence of γ phase in the Zr-doped alloys is
expected to improve the mechanical property of the alloys. Thus, the
mechanical property and fracture mechanism of the Zr-doped alloys
are investigated in this article. In addition, in order to further
investigate the fracture behavior and phase transformation of the
dual phase alloys after undergoing severe plastic deformation, the
alloys are ball milled to particles and then the structural transition of
the particles is investigated and discussed.

2. Experimental procedures

The polycrystalline ingots of Ni46Mn33Ga17Cu4�xZrx (x¼0, 2, 4)
alloys were prepared by arc melting high purity elements of Ni, Mn,
Ga, Cu and Zr under an argon atmosphere. The ingots were annealed
at 1173 K for 12 h in vacuum quartz tubes, and then quenched in
water. For simplicity, referring to [18], the alloys for x¼0, 2, and 4
are denoted as Cu4, Cu2Zr2 and Zr4, respectively. The samples with
a size of �2.5�2.5�5 mm3 were cut from the bulk alloys for
compression tests. For ball milling, the bulk alloys were first
mechanically crushed to granules with a size of o3 mm and then
ball milled for 0.5 h in a QM-3A vibration ball mill (Nanjing
University Instrument Plant, China) with acetone as the milling
medium in a ball (steel ball)-to-powder weight ratio of 10: 1, and the
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milling speed was 1400 rpm. Finally, the as-milled particles were
annealed at 800 1C for 2 h in vacuum.

The compression tests were performed with a deformation
velocity of 0.5 mm/min at room temperature using an Instron
universal testing machine (Model 3365). Microstructure of the
samples (after carefully ground, polished and chemically etched in
3 vol% nitric acid alcohol solution) was observed using a FEI
Quanta200 scanning electron microscope (SEM) equipped with
an energy dispersive spectrometry (EDS) analyzer. X-ray diffrac-
tion (XRD) was carried out for phase identification at room
temperature using a Panalytical X-pert PRO diffractometer with
Cu Kα radiation. Phase transformation behavior was characterized
using a Perkin-Elmer Diamond differential scanning calorimeter
(DSC) with a heating/cooling rate of 20 1C/min. Temperature
dependence of low-field ac magnetic susceptibility was also
measured to determine the martensitic transformation and mag-
netic transition.

3. Results and discussion

Fig. 1(a) shows the compressive stress–strain curves for the
Cu4, Cu2Zr2 and Zr4 alloys. The sign “� ” in the figure indicates
the fracture point. It can be seen that elastic modulus and
compressive strength are enhanced with the increase of Zr con-
tent. The work by the present authors [18] indicated that the alloys
changed from single martensite to a dual phase consisting of

martensitic matrix and Zr-rich second phase after substituting Cu
with Zr, and the volume fraction of the second phase increased
with the increase of Zr content. The SEM images showing the
microstructure of experimental alloys at room temperature are
also given in Fig. 1(b). The second γ phase is homogeneously
dispersed in the matrix, which reinforced the matrix and resulted
in the increase of strength. Moreover, the compressive strength
increases with the increase of volume fraction of the second γ
phase. The ductility of the dual phase alloys is also expected to be
improved by the introduction of second γ phase, similar to the
other dual phase alloys [9,10]. However, it can be seen from Fig. 1
(a) that the ductility has no apparent change after the introduction
of the second γ phase. The Cu2Zr2 and Zr4 dual phase alloys,
similar to the Cu4 single phase alloy, show only a little plastic
deformation after elastic deformation, indicating a brittle fracture
nature.

Fig. 2 shows the fracture surface morphology of the Cu4,
Cu2Zr2 and Zr4 alloys after compression testing. The fracture
surface of Cu4 alloy exhibits a mixed character of intergranular
separation and transgranular fracture, as indicated in Fig. 2(a) and
(b). The martensite laths can be observed on the surface of some
grains separated along grain boundaries as pointed in the figure. In
general, the dominant fracture feature for Cu4 is intergranular
fracture. With the introduction of Zr, the fracture surface becomes
different due to the existence of second phase. For the Cu2Zr2
alloy, the fracture surface becomes rough compared with that
of the Cu4 alloy, as shown in Fig. 2(c). It was attributed to the

Fig. 1. (a) Compressive stress–strain curves for Cu4, Cu2Zr2 and Zr4 alloys, and (b) SEM images of Cu4, Cu2Zr2 and Zr4 alloys (their magnification is the same).
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introduction of stick and dot shaped Zr-rich γ phase that upsets
the matrix microstructure. The further magnified image (Fig. 2(d))
clearly shows that the surface contains two different fracture
features: martensitic matrix fracture surface with lath-shaped
morphology and second phase fracture surface with smooth plane
morphology. The matrix fracture surface exhibits primarily inter-
granular fracture with lath-shaped substructure and a small part
of river-like transgranular fracture surface. The smooth fracture
surface of the second phase also indicates an intergranular fracture
character. The cleavage between γ phase and matrix can be
observed. Therefore, the γ phase acts as a hard phase to enhance
the strength, while the weak interfacial bonding between the
matrix and the second phase does not improve the ductility. At
4 at% of Zr, the surface becomes much rougher due to the volume
fraction increase of the γ phase, as shown in Fig. 2(e). The further
magnified image in Fig. 2(f) shows similar features to those in
Fig. 2(d). The cleavage and cracks between the matrix and second
phase can be observed, as indicated by the arrow in the figure.

Similar to the analysis above for the Cu2Zr2 alloy, the volume
fraction increase of the second γ phase enhances the strength
without improving the ductility due to the weak bonding between
the matrix and the second phase. Therefore, it can be concluded
that the hard second phase can strengthen the alloys. When the
plastic deformation starts, the second phase cannot effectively
hinder the crack initiation and propagation due to the weak
interfacial bonding with the matrix, which results in the low
ductility.

Ball milling has been recognized to be effective in avoiding the
brittleness of the magnetic shape memory alloy by making use of
the powder form in composite or sintered form [19–21]. Therefore,
the fracture behavior and phase transition of the dual phase alloys
after ball milling are investigated. Fig. 3(a), (c) and (e) shows the
SEM images of Cu4, Cu2Zr2 and Zr4 alloy particles, respectively,
milled for 0.5 h. It can be seen that all the samples have been
crushed to fine particles. The particle size seems to be reduced
with increasing the amount of Zr, which should be related to the

Fig. 2. Fracture surfaces of (a) and (b) for Cu4 alloy, (c) and (d) for Cu2Zr2 alloy, and (e) and (f) for Zr4 alloy.
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volume fraction of Zr-rich second γ phase in the alloy. The γ phase
with a size of several microns is widely dispersed in the matrix
and broke the continuity of the matrix. During mechanical milling,
the fracture will happen along the interfaces between the matrix
and γ phase to form the relative large matrix particles and the
small γ phase particles. Thus, the volume fraction increase of γ
phase can decrease the general particle size of the alloy. Fig. 3(b),
(d) and (f) shows the EDS results for the Cu4, Cu2Zr2 and Zr4
particles, respectively. It is seen for the three samples that there
are no other elements (such as Fe and Cr [22]) contaminated
during ball milling. The O contamination in the particles should be
caused by slight oxidation of Mn on the particle surface [22,23].

Fig. 4(a), (b) and (c) reports the room temperature XRD
patterns of the Cu4, Cu2Zr2 and Zr4 alloys after ball milling and
post-annealing, respectively, and the results of initial alloys are
also given for comparison. The Cu4 alloy has been indexed to be

single martensite with an orthorhombic structure, and the Cu2Zr2
and Zr4 bulk alloys contain two phases (i.e. orthorhombic mar-
tensite and second γ phase) [18]. It can be seen from Fig. 4(a) that
the as-milled Cu4 particles have four diffraction peaks centered at
2θ¼42.51, 49.31, 72.91 and 87.81, respectively. These peaks can be
indexed to be a disordered face centered cubic (fcc) structure
phase caused by severe plastic deformation [22]. After annealing,
different diffraction peaks from those of the milled samples are
observed, and most of the peaks can be indexed to be a martensitic
structure similar to the initial bulk alloy. In addition to the
diffraction peaks of martensite phase, the other two diffraction
peaks can be indexed to be cubic austenite phase. This should be
caused by the grain refinement of the austenite phase, which
suppressed partial martensitic transformation of some fine parti-
cles [22,24]. Therefore, the annealed particles are a mixture of
martensite and austenite phases.

Fig. 3. SEM images of (a) Cu4, (c) Cu2Zr2 and (e) Zr4 powders after ball milling for 0.5 h. EDS results of (b) Cu4, (d) Cu2Zr2 and (f) Zr4 powders.
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The XRD result of the Cu2Zr2 particles is shown in Fig. 4(b). For
the milled sample, in addition to the diffraction peaks of the
disordered fcc structure, three sharp diffraction peaks belonging to
γ phase are also found. Therefore, the crystal structure of γ phase is
almost not changed by the ball milling, indicating a hard nature of
the phase, which is consistent with the analysis in the above

compression test results. After annealing, the diffraction peaks
belonging to the ordered martensite phase has been recovered,
and some austenite diffraction peaks can also be indexed (the
(220) diffraction peak of austenite overlaps with the (311) diffrac-
tion peak of γ phase). For the Zr4 alloy, the structural evolution of
the matrix phase and γ phase after ball milling and annealing is
similar to those for the Cu2Zr2 sample, as shown in Fig. 4(c).

The phase transformation behavior of the three alloys after ball
milling and post-annealing are also characterized by DSC and
susceptibility measurement. The martensitic transformation of the
bulk alloys measured by DSC has been reported in Ref. [18]. For
comparison, these results are also included in the figure. Fig. 5(a),
(c) and (e) represents the DSC curves of the Cu4, Cu2Zr2 and Zr4
alloys, respectively. Fig. 5(b), (d) and (f) shows the susceptibility–
temperature curves of the Cu4, Cu2Zr2 and Zr4 alloys, respectively,
measured in a field of 50 Oe. The DSC results of Cu4 alloy show
that the martensitic transformation peak disappears after ball
milling and then restored by post-annealing at 800 1C. Ball milling
destroyed the ordered martensite structure and led to the form of
disordered fcc phase and the disappearance of martensitic trans-
formation. After annealing, the highly ordered structure was
restored, which leads to recovery of the martensitic transforma-
tion. It is noted that the transformation enthalpy of the annealed
particles is remarkably decreased compared with the bulk alloy,
which should be attributed to the incomplete martensitic trans-
formation in some particles caused by grain refinement described
in the XRD result in Fig. 4.

Fig. 5(b) is the susceptibility measurement result of the Cu4
alloy. It is similar to the magnetization–temperature result of the
Ni46Mn33Ga17Cu4 alloy measured in a low filed (300 Oe) [25]. The
alloy experiences ferromagnetic martensite-weak-magnetic mar-
tensite-ferromagnetic austenite-paramagnetic austenite transi-
tion on heating. For the present Cu4 bulk alloy, the susceptibility
drop at �290 K on heating corresponds to the Curie transition of
martensite (TM

C ). The slight susceptibility increase at �351 K on
heating indicates the transformation from weak-magnetic mar-
tensite to strong-magnetic austenite, as shown in the inset of
the figure for magnification of this part. Ms, Mf, As and Af stand for
the martensitic transformation start temperature, martensitic
transformation finish temperature, austenitic transformation start
temperature, and austenitic transformation finish temperature,
respectively. Then continuing heating to 385 K, there is no appar-
ent change of the susceptibility, which means that the Curie
transition of the austenite [25] on heating is not detected. How-
ever, the abrupt increase of susceptibility at �350 K upon cooling
indicates that the Curie transition of austenite (TA

C) was observed.
Therefore, the magnetic transition for the austenite while cooling
and heating shows an irreversible character and the reason is still
not clear. The drop of susceptibility at �343 K on cooling means
that the magnetic austenite transforms to the weak-magnetic
martensite. The increase of susceptibility at �290 K on cooling
indicates the reverse Curie transition of martensite. After ball
milling, it can be seen that the susceptibility–temperature curve
becomes a straight line, which indicates the disappearance of
Curie transition and martensitic transformation. After annealing, it
is clear to see that the Curie transition and martensitic transfor-
mation have been recovered due to the recovery of atomic order of
the alloy, which is consistent with the DSC results. Moreover, the
susceptibility change for the martensitic transformation and Curie
transition of austenite becomes sharper and the Curie temperature
of martensite is increased for the annealed particles, as compared
with the initial bulk alloy.

For the Cu2Zr2 and Zr4 dual phase alloys, similar to the result
of Cu4 alloy, the martensitic transformation is not observed by DSC
after ball milling. Therefore, the DSC curves for the as-milled
Cu2Zr2 and Zr4 particles are not given in Fig. 5(c) and (e),

Fig. 4. Room temperature XRD patterns of bulk alloy, milled particles and 800 1C
annealed particles for (a) Cu4, (b) Cu2Zr2 and (c) Zr4.
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respectively. For the Cu2Zr2, it can be seen from the DSC curves
that the martensitic transformation of the particles is recovered
after annealing, and has a slightly increased transformation

temperature and reduced transformation enthalpy compared with
the bulk alloy. The increase of martensitic transformation tem-
perature of the particles could be related to the elimination of the

Fig. 5. DSC curves of bulk alloy, milled particles and 800 1C annealed particles for (a) Cu4, (c) Cu2Zr2 and (e) Zr4; susceptibility–temperature curves of bulk alloy, milled
particles and 800 1C annealed particles for (b) Cu4, (d) Cu2Zr2 and (f) Zr4.
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restriction of second phase on the martensitic matrix, because the
matrix has been separated from second phase after ball milling.
The decrease of transformation enthalpy should be related to the
incomplete martensitic transformation of the matrix particles.
Similar to that of the Cu4 alloy in Fig. 5(b), the Cu2Zr2 bulk alloy
also exhibits the Curie transition of austenite, martensitic trans-
formation from magnetic austenite to weak-magnetic martensite
and Curie transition of martensite on cooling, as shown in Fig. 5
(d). But the reverse martensitic transformation and Curie transi-
tion of austenite on heating are not clearly observed. In addition,
another abrupt increase of the susceptibility occurred at �267 K
after Curie transition of martensite on cooling. Moreover, this
transition still exists after ball milling, as pointed on the curve of
as-milled particles. The XRD result shows that the structure of the
second γ phase was almost unchanged after ball milling; thus it is
inferred that this transition should correspond to Curie transition
of the second γ phase (Tγ

C). After annealing, the martensitic
transformation and Curie transition of the martensite and auste-
nite can be restored, while the Curie transition of the second phase
disappears.

For the Zr4 alloy, it is seen on the DSC curve that the
martensitic transformation of the particles is not detected after
annealing. This could be due to the low martensitic transformation
volume in the particles caused by the low volume fraction of the
martensitic matrix in this alloy and grain refinement of the matrix
particles after ball milling. Fig. 5(f) presents the susceptibility
measurement results for the Zr4 alloy. Due to the limitation of
testing temperature for the susceptibility measurement instru-
ment, the martensitic transformation behavior shown in the DSC
curve cannot be tested in the susceptibility measurement. How-
ever, at the low temperature test, similar to the Cu2Zr2 alloy, the
Curie transition of the second γ phase can be detected at �270 K.
After annealing, it can be found that the Curie temperature of the
second phase has been increased to be a higher temperature
(�314 K), which might be related to the composition change of
the second phase after annealing, as referred to the effect of aging
on the phase transformation temperature of the bulk alloy [18].

4. Conclusions

The mechanical property, fracture behavior and phase trans-
formation of the Ni46Mn33Ga17Cu4�xZrx (x¼0, 2, 4) alloys are
investigated. The compressive strength increased with increasing
Zr content due to the reinforcement of the Zr-rich second phase.
However, the second phase cannot enhance the ductility. The dual
phase Cu2Zr2 and Zr4 alloys are fractured to matrix particles and
second phase particles by ball milling. Post-annealing at 800 1C is
effective to restore martensitic transformation of the Cu4 and
Cu2Zr2 particles and cannot restore martensitic transformation of
the Zr4 particles. The change of martensitic transformation

temperature and transformation enthalpy of the dual phase alloy
particles, as compared with those of the bulk alloys, was related to
the effect of the second phase and grain refinement of the matrix
particles.
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