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mechanical properties of the Ni50Mn30Ga20 (at%) ferromagnetic shape memory alloy was investigated.
The results show that the rare-earths exhibit negligible solubility in the Ni–Mn–Ga–Fe matrix phase
and formed grain boundary phase. The grain boundary precipitate enhances the compressive ductility
of the alloys. The martensite transformation temperature was found to be increased by the addition of
rare-earths, while, Fe increased the Curie temperature of the Ni–Mn–Ga alloy. However, with increase
in Fe content, an additional (Ni,Fe)3(MnGa) precipitate is formed, leading to decrease in martensite

ure an

artensite transformation
agnetic properties transformation temperat

. Introduction

Ferromagnetic shape memory (FMSM) alloys based on
i–Mn–Ga have been widely investigated as promising actuator
aterials due to their large magnetic field induced strains (MFIS)

nd high response frequency [1,2]. The large MFIS is associated
ith the coupling between the crystal structure and the mag-
etism to enable rearrangement of martensite twin variants by
n external magnetic field [3]. These martensite twin variants
re formed as a result of thermoelastic martensite transforma-
ion, which involves transformation of ordered cubic L21 austenite
hase to a low-symmetry non-modulated tetragonal or modulated
5M,7M) martensite phases depending on the alloy composition
4]. From application point of view, Ni–Mn–Ga alloys have some
imitations in terms of temperature dependence of MFIS, low

artensite transformation (TM), Curie (TC) temperatures and high
rittleness in polycrystalline state. In this context, it has been
ound that Fe substitution for Mn/Ni in ternary Ni–Mn–Ga alloys
mproves thermal stability of MFIS, ductility and magnetic prop-
rties of the alloy [5–10]. However, the martensite transformation
n general shifts to lower temperature along with increase in the
ysteresis of transformation [8,11–13]. On the other hand, it is

eported that minor addition of rare-earths in ternary Ni–Mn–Ga
lloys can adjust the martensite transformation to higher tempera-
ures [14–18]. Moreover, addition of rare-earth elements enhances
he mechanical properties of Ni–Mn–Ga alloys by forming grain
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boundary precipitate. Nevertheless, the Curie temperature either
remains unchanged or decreases with rare-earth additions [15,17].
Therefore, in the present study, we have carried out both Fe and
rare-earth additions in a polycrystalline Ni–Mn–Ga alloy; with
intend to beneficially modify its phase transformation temperature
and magnetic properties. Alloying was carried out by substitut-
ing fixed amount of rare-earths (1 at% Dy and 0.5 at% Tb) for Ga
atoms and variable amount of Fe for the Mn atoms in a reference
Ni50Mn30Ga20 (at%) alloy composition to study the effect of alloy-
ing on the structure and properties of the magnetic shape memory
alloy.

2. Experimental details

Three polycrystalline alloys, with nominal composition Ni50Mn30Ga20,
Ni50Mn25Fe5Ga18.5R1.5, and Ni50Mn20Fe10Ga18.5R1.5 (numbers indicate at% and R
stands for rare-earths 1 at% Dy and 0.5 at% Tb), designated hereafter as alloys
NMG, FE5 and FE10, were prepared by arc melting of high purity elements under
argon atmosphere. All the alloys were melted four times and turned in between
melts to obtain homogeneity. The as-cast alloys were sealed in quartz tubes under
high vacuum and annealed at 1273 K for 72 h and at 1073 K for 48 h, followed by
water-quenching in order to obtain high ordering. The electron probe microanal-
ysis (EPMA) technique was used to determine the chemical composition of the
constituent phases and microstructure. The room temperature crystal structure
was studied using Philips PW1320 diffractometer with Cu K� radiation. The phase

transformation temperatures were determined by differential scanning calorimeter
(DSC) model Q100 (make TA instruments, USA) under a constant heating/cooling
rates of 20 K/min. Vibrating sample magnetometer (EV9 model, ADE make, USA)
was used for magnetic characterization. The compression tests were performed on
a mechanical testing system (make BISS, India) at a crosshead displacement speed
of 0.05 mm/min and the size of the sample was (5 × 5 × 7)mm.
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Fig. 1. Backscattered electron images of (a) FE5 and (b) FE10 alloys.

. Results and discussions

.1. Microstructure and phase analysis

Fig. 1a and b shows the typical back scattered electron (BSE)
mages of FE5 and FE10 alloys, respectively. It is evident that
lloying addition markedly modifies the microstructure of the
ernary NMG alloy. The NMG alloy exhibits a single-phase structure,
hereas FE5 and FE10 alloys contain a second phase (white area)
hich is mainly distributed along the grain boundaries. A small vol-
me fraction of an additional third phase (dark grey area) could also
e identified in the BSE image of FE10 alloy. It can be seen in BSE

mage, that the second phase is mainly distributed along the grain
oundaries while, the third phase in the FE10 alloy is precipitated
oth on the grain boundaries and inside the matrix phase, similar
o the reported �-phase distribution in Ni–Mn–Ga–Fe alloys [19].

he chemical composition of the constituent phases in NMG, FE5
nd FE10 alloys analyzed by EPMA are summarized in Table 1. The
hemical analysis clearly reveals that the intended amount of Fe
oes into the matrix phase in both FE5 and FE10 alloys, whereas

able 1
ompositional analysis of the constituent phases in alloys studied.

Alloy Constituent phase Ni (at%) Mn (at%)

NMG Matrix 50.34 30.01

FE5 Matrix 48.55 28.85
Second 54.59 11.22

FE10 Matrix 49.52 24.02
Second 54.77 11.77
Third 43.85 18.47
Fig. 2. X-ray diffraction patterns of NMG, FE5 and FE10 alloys recorded at room
temperature.

rare-earths (Dy&Tb) shows negligible solubility in the matrix phase.
The similar composition of the rare-earth rich phase in FE5 and FE10
alloys indicate that insolvable rare-earths segregates at the grain
boundary and reacts with the matrix to form second phase. The
additional third phase found only in FE10 alloy, which is essentially
Fe-rich and free from rare-earths suggests that Fe has exceeded its
maximum solid solubility in Ni–Mn–Ga matrix phase and forms
precipitate with composition of the form (Ni,Fe)3(Mn,Ga).

X-ray powder diffraction (XRD) patterns of heat-treated alloys at
room temperature are shown in Fig. 2. The XRD pattern of reference
NMG alloy can be indexed to a single-phase tetragonal structure,
corresponding to the typical non-modulated martensite observed
in Ni–Mn–Ga alloys [4]. The XRD pattern for the FE5 can be indexed
as mixture of two phases, with the main reflections corresponds to
the tetragonal martensite phase of the Ni–Mn–Ga alloys and some
minor reflections marked by (*) in Fig. 2. These extra peaks could
correspond to the rare-earth rich phase present at the grain bound-
aries. For FE10 alloy, few more minor reflections marked as (@) in
Fig. 2 could be identified, in addition to the reflections present in FE5
alloy which suggests that it contains three distinct phases, in accor-
dance with the SEM results. However, the current XRD results are
not enough to ascertain the structure of minor phases as overlap-
ping of reflection does not permit indexing. Nonetheless, the XRD
results clearly indicate that the matrix phase, which is the major
phase in all the alloys, undergoes martensitic transformation.

3.2. Phase transformation and thermal analysis
In order to investigate the effect of alloying on the martensite
transformation behavior, DSC measurements were carried out. The
first order peaks corresponding to forward austenite to martensite

Ga (at%) Tb (at%) Dy (at%) Fe (at%)

19.65 – – –

17.47 – – 5.13
17.87 4.16 7.73 4.43

17.20 – – 9.26
17.67 3.01 6.03 6.77

7.57 0.0 0.0 30.11
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Fig. 3. DSC thermograms of NMG, FE5 and FE10 alloys.

ransformation on cooling as well as reverse martensite to austenite
ransformation on heating can be clearly seen in DSC thermo-
rams (Fig. 3). Table 2 list the critical transformation temperatures
long with the enthalpy changes (�H) and hysteresis of martensite
ransformation (ıT). The average value of heat exchanged during
he forward and reverse martensite transformation was taken as

H, while the thermal hysteresis between the forward and the
everse transformation was calculated as ıT = Af − Ms. The marten-
ite start temperature (Ms) exhibit non-monotonic dependence on
e content of the alloys (Fig. 3). As compared to NMG alloy, Ms

nitially increases for FE5 alloy and then decreases for FE10 alloy.
he variation in martensite transformation for FE5 and FE10 alloys
ould be related to the changes in the chemical composition of
he matrix phase caused by the precipitation of rare-earth rich
nd Fe-rich phases. According to the EPMA results (Table 1), the
are-earth rich phase contains small amount of Mn, which causes
ignificant enrichment of Mn in the matrix phase. This is in good
greement with the reported effect of rare-earth addition on the
atrix composition in Ni–Mn–Ga ternary alloys [14,17]. However,
ith increase in Fe substitution for Mn (FE10 alloy), the Fe con-

ent in matrix phase is increased and, as a result, Fe-rich phase
recipitate out and the martensite transformation temperature is
ecreased. From Table 2 it can be seen that the obtained �H values
ecreases with increase in Fe content of the matrix phase. This can
e attributed to the decrease in the volume fraction of matrix phase
hat undergoes martensite transformation. Comparing the ıT val-
es in Table 2, it can be clearly seen that there is only a minor change

n the hysteresis of transformation of the FE5 and FE10 alloys, sig-
ifying thermoelastic behavior of the martensite transformation.
his clearly implies the role of precipitates in strengthening the
ustenite and martensite phase, such that, it hampers the process
f generation of plastic strain during the phase transformation [20].
.3. Magnetic properties

The Curie temperature for the alloys was determined by mea-
uring magnetization as a function of temperature on heating

able 2
ransformation temperatures for the alloys studied.

Alloy Martensite start temp. Martensite finish temp. Austenite start temp.
Ms (K) Mf (K) As (K)

NMG 362 353 359
FE5 379 360 365
FE10 329 314 326
Fig. 4. Magnetization vs. temperature curves for the alloys studied.

(thermomagnetic curves) at a bias field of 500 Oe (Fig. 4). The high
temperature inflection point in the curves were estimated as TC and
are listed in Table 2. From Fig. 4, it can be clearly seen that the TC
of NMG alloy is significantly enhanced by alloying. The TC of NMG
alloy is merged with the structural transformation temperatures
(Table 2), whereas in FE5 and FE10 alloys the magnetic transition
occurs in the austenite phase. This rise in TC can be attributed to
the increase in the Fe content of the matrix phase as rare-earths
show negligible solid solubility in the matrix phase. The non-zero
magnetization values beyond TC in thermomagnetic curve of FE10
alloy (Fig. 4) indicates that the Fe-rich precipitate is ferromagnetic
and has the TC value higher than the matrix phase. The effect of
such ferromagnetic phase on the room temperature magnetization
curves of the alloys can be clearly seen in Fig. 5. The magnetiza-
tion value of NMG alloy is initially lowered by the addition of Fe
and rare-earths (FE5 alloy), however with increase in Fe content
the ferromagnetic Fe-rich phase precipitates which enhances the
net magnetization of the FE10 alloy. Magnetic measurements indi-
cate that rare-earth rich phase do not contribute in improving the
ferromagnetic function of the alloys as solubility of Fe and Mn in
rare-earth rich phase is very low (Table 1).

3.4. Mechanical properties

In order to understand the effect of rare-earth and Fe addition
on the mechanical properties of the NMG alloy, compressive tests
were carried out at room temperature. Fig. 6 shows the compres-
sive stress–strain curves of the alloys studied deformed to a total
strain of 3%. The initial elastic deformation of the ternary NMG alloy
terminates at a strain of about 1% and a stress of about 65 MPa,
which corresponds to the elastic strain and martensite reorienta-

tion stress, respectively. The slow rise in stress value beyond 1%
deformation is due to the reorientation of the martensite vari-
ants, although it does not exhibit a perfect stress plateau that
could be due to the polycrystalline state of the sample. The defor-

Austenite finish temp. Enthalpy change Thermal hysteresis Curie temp.
Af (K) �H (J/g) ıT (K) TC (K)

370 9.281 8 363
385 8.751 6 408
338 5.186 9 429
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ig. 5. Room temperature magnetization curves for NMG, FE5 and FE10 alloys.

ation behavior of FE5 and FE10 alloys are much complex. The
tress plateau corresponding to reorientation of martensite vari-
nts disappears completely indicating that deformation in FE5 and
E10 alloys is dominated by dislocation movement. This change in

eformation behavior could be due to the decrease in volume frac-
ion of the martensite phase and precipitation of relatively ductile
hases at grain boundaries in FE5 and FE10 alloys. Moreover, for
ame compressive stress value, FE5 and FE10 alloys exhibit larger
train values as compared to NMG alloy signifying that compressive

Fig. 6. The compressive stress–strain curves of NMG, FE5 and FE10 alloys.
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ductility is enhanced by the formation of grain boundary phases.
However, for FE10 alloy the Fe-rich phase is distributed inside the
matrix as well which in turn has the negative effect on the com-
pressive ductility.

4. Conclusion

The addition of rare-earths in Ni–Mn–Ga alloy was found to
enhance the martensite transformation temperature and addition
of Fe enhanced the Curie temperature of the Ni50Mn30Ga20 alloy.
The solubility limit of rare-earths in L21 matrix is very low and
it causes formation of rare-earth rich phase at the grain bound-
ary, while, Fe shows higher solid solubility in the L21 matrix. The
compressive ductility was found to be enhanced by the precipi-
tate distributed mainly at the grain boundaries. It was also found
that the large hysteresis of martensite transformation observed in
Ni–Mn–Ga–Fe alloys can be reduced by enhancing the strength of
austenite and martensite phase.
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