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Compositional instability and phase formation in Ni-Fe-Ga Heusler alloys are investigated. The
alloys are synthesized into two-phase microstructure. Their structures are identified as fcc and
L21, respectively. The c-phase formation could be suppressed with higher Ga-content in the
alloy as Ga stabilizes austenite phase, but Ga lowers the martensite transformation temperature.
The increase of Fe content improves the magnetization value and the increase of Ni from 52 to
55 at. pct raises the martensite transformation temperature from 216 K to 357 K (�57 �C to
84 �C). Magnetic properties and martensitic transformation behavior in Ni-Fe-Ga Heusler
alloys follow opposite trends, while Ni replaces either Fe or Ga, whereas they follow similar
trends, while Fe replaces Ga. Modulated martensite structure has low twinning stress and high
magneto crystalline anisotropic properties. Thus, the observation of 10- and 14 M-modulated
martensite structures in the studied Ni-Fe-Ga Heusler alloys is beneficial for shape memory
applications. The interdependency of alloy composition, phase formation, magnetic properties,
and martensite transformation are discussed.
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I. INTRODUCTION

FERROMAGNETIC Heusler alloys are a new class
of materials which exhibit large magnetoelastic strain
and magnetocaloric effect due to the structural transi-
tion. Ni-Mn-Ga Heusler alloys show large magnetic
field-induced strain. However, the fragile nature of
Ni-Mn-Ga alloy creates scope for the development of
other Heusler systems with improved mechanical prop-
erties. Several other Ni-based Heusler alloys such as
Ni-Mn-In, Ni-Mn-Sn, Ni-Mn-Sb also show magne-
tostructural transition.[1–3] Ni-Fe-Ga Heusler alloy
seems to have potential ability to replace Ni-Mn-Ga.
The ductility Ni-Fe-Ga Heusler alloy is improved by the
induction of c-phase in the microstructure along with
the presence of austenite phase.[4,5] Ni-Fe-Ga Heusler
alloys also exhibit 10, 14 M martensite microstructures
and is a strong contender for magnetic shape memory
applications.[5–10] Martensite transformation in Heusler
alloys proceeds dynamically and more often associated
with structural modulation in martensite phase.[11]

Atoms vibrate and deviate from their static equilibrium
lattice positions in such a way that the modulated wave
propagates through the lattice with certain periodicity.
10 and 14 M represents the corresponding periodicity of
the lattice modulation of the martensite phase. For 10 or
14 M, the vibration has the periodicity of 10 or 14
atomic positions, respectively. In such cases, the tetrag-
onal symmetry of martensite phase no longer exists and

has orthorhombic or monoclinic symmetry due to
crystal modulation. The detailed crystal modulations
of martensite phase in Heusler alloys are described
elsewhere.[6,7] Thorough investigation on phase-forma-
tion behavior in Ni-Fe-Ga Heusler alloy and their
compositional dependency would definitely improve the
understanding of the interaction of structural and
magnetic states leading to magnetostructural transition.
In the earlier work, it was concluded that c-phase and

austenite form competitively and phase separation takes
place because of their variation in Fe/Ga content.[12] In
this paper we discuss the dynamics of phase formation
in Ni-Fe-Ga Heusler alloys, their structural properties,
the effect of alloy composition on magnetic properties,
and martensite transformation behavior. Phase evolu-
tion in Ni-Fe-Ga Heusler alloys is relatively complex
and not well studied. Studies on phase and microstruc-
tural evolution in Ni-Fe-Ga Heusler alloys, their struc-
tural and magnetic properties, phase transitions, and
related phenomena are important to bring this alloy
toward the intended shape memory applications.

II. MATERIALS AND METHODS

Nine different ternary Ni-Fe-Ga Heusler alloys were
prepared by varying the alloy composition around
Heusler stoichiometry X2YZ (Ni50Fe25Ga25). They form
three different series of alloys, namely Ni52+x-

Fe22�xGa26, Ni52+yFe20Ga28�y and Ni52Fe19+zGa29�z

(x y z = 0 1 2 3) (Figure 1). As the total number of
alloys are divided into three groups, few of them are
common such as alloy x = 0 is same as alloy z = 3,
alloy x = 2 is same as alloy y = 2 and alloy y = 0 is
same as alloy z = 1. The different series of alloys, and
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their magnetic and martensitic transformation proper-
ties are listed in Table I. Alloys were prepared by arc
melting process in argon atmosphere in order to prevent
oxidation of the alloys during the synthesis. Once the
alloy buttons are prepared, they were annealed at
1273 K (1000 �C) for 1 hour each separately by sealing
inside an evacuated quartz tube (10�5 mbar). They were
quenched in water along with the quartz tube. This
heat-treatment process enables the homogenization of
the alloy composition and improves the structural
ordering.

X-ray diffraction was used as the primary technique
for structural characterization by X’Pert PANalytical
using Cu-Ka radiation. The Heusler alloy samples were
scanned in the 2h ranging from 20 to 120 deg with 0.02
step size. Alloy compositions were analyzed using
energy dispersive X-ray spectroscopic technique (EDX)
attached with SEM without etching the samples to avoid
any compositional loss from the surface. The nominal
compositions are given in Table I. Some of the alloys
are good to capture SEM images in backscattered
electron imaging mode as they are having two-phase
microstructures with the compositional differences
across the phase boundary. However, the single-phase
polycrystalline samples need to be etched in order to get
the image in SEM. It is also difficult to observe the
martensitic morphologies without etching the sample
having martensitic structure. The etchant used for this
purpose in Ni-Fe-Ga Heusler alloys is 10 pct nital for
duration ranging from 60 to 300 seconds by swabbing
technique. Sample preparation for TEM analysis is vital
to get the desired or expected microstructural properties.
Therefore, utmost care has been taken to prepare the
TEM samples using Gatan ion miller (Model 691). Both
the jets of the ion guns were kept at higher angle of 8 deg
initially, and slowly the angle was brought down up to 4
deg as the sample gets thinned down by observing
constantly. Structural phase transition was studied using
differential scanning calorimetry (DSC) at heating/cool-
ing rate of 10 K/min (10 �C/min) in the temperature

range from 148 K to 373 K (�125 �C to +100 �C).
Room-temperature magnetic properties of all the
Ni-Fe-Ga Heusler alloys were studied using variable
sample magnetometer (VSM, Lakeshore 2000). Initially
degaussing procedure was followed, and VSM was
calibrated with Ni-standard sample for magnetic
moment measurement.

III. RESULTS

A. Microstructural Characterization

The crystal structures of different phases present in all
the Ni-Fe-Ga alloys are analyzed using X-ray diffraction
and presented in Figures 2(a) through (c). The two--
phase microstructures of alloys x = 0, 1, 2 correspond
to c-phase and austenite, with their structures being fcc
and L21, respectively (Figure 2). Modulated martensite
structure is indentified in alloy x = 3 along with the
presence of c-phase. The appearance of four extra peaks
around the main diffracted intense peak (220) at 2h of
approximately 44 deg is due to the 10 M structural
modulation. In alloy x = 3, the presence of martensite
phase in the microstructure along with c-phase could be
attributed to higher Ni-content (55 at. pct). The
Increase in Ni-content in the alloy raises the structural
transition temperature so that austenite transforms to
martensite above room temperature.
In the case of alloys y = 1, 2, the two-phase

microstructures of c-phase and austenite are observed.
Alloy y = 3 has martensite structure which is identified
to be 14 M-modulated structure as observed from XRD
patterns and confirmed in TEM studies. Similar type of
splitting of XRD peak was reported by Li et al.[13] as
14 M crystal modulation in martensite being observed in
Ni-Fe-Ga Heusler alloys.
Alloys z = 0, 1 form single-phase austenite micro-

structure having L21-ordered structure (Figure 2(c)).
This can be attributed to higher Ga content in both
the alloys more than 27 at. pct. Higher amount of Ga
content replacing Fe in the alloy tends to stabilize more
of austenite than c-phase. It has been reported elsewhere
that single-phase austenitic microstructure forms in
off-stoichiometric Ni-Fe-Ga Heusler alloys with Ga
replacing Fe by more than 27 at. pct.[14] Lattice param-
eter of L21 structure of austenite phase in alloy z = 0
(0.5757 nm) is greater than that of in alloy z = 1
(0.5745 nm). The increase in lattice size could be
attributed to higher amount of Ga content in alloy
z = 0. While Ga replaces Fe in the alloy composition, it
expands the lattice (as the atomic size of Ga is larger
than Fe). For alloys z = 2 and 3, both c-phase and
austenite are observed in the microstructure as Ni is 52
at. pct in the alloy composition.
The parallel lath-like morphologies of martensite in

alloy x = 3 are shown in Figure 3. The other phase in
the microstructure is c-phase, having dendritic mor-
phology. The c-phase happens to be the primary phase,
nucleates, and grows first during solidification. Marten-
site twin bands are very much localized inside the
martensite strips spread across the microstructure. That

Fig. 1—A schematic of Ni-Fe-Ga system showing the alloys studied
(alloy series x, y, z) in this article; phase identification is given in
Table I.
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can be the mixture of lath- and plate-like morphologies.
The FEG-SEM images in Figure 3 show enlarged views
of various morphologies of martensite present in the
microstructure. Twinned parallel plates of martensite
along with twin bands and martensite laths are shown in
Figures 3(a), (b), and (d). Another zig–zag butterfly-like
morphology could be seen from Figure 3(c). Different
martensite morphologies including the butterfly-like
morphology are discussed by Umemoto et al.[15] The
formation of different types of morphologies in the alloy
presents a composite microstructure and has strong
influence on its mechanical and functional properties.

The presence of c-phase once again improves the
composite nature of microstructure and adds up to the
derived properties.

B. Electron Diffraction and Imaging

TEM images of single-phase austenite microstructure
of alloys z = 0 and 1 are shown in Figures 4(a) and (b),
respectively. The presence of (�12�1) (marked in
arrows in Figure 4(a), inset) supper lattice reflections
in the diffraction pattern of alloy z = 0 confirms the L21

ordering of austenite. The striations appear in the

Table I. Phases Present Along with the Compositions, Magnetic Properties, and Martensitic Transformation Temperatures of the

Ni-Fe-Ga Heusler Alloys Studied

Composition Phases Present Tm [K (�C)] M e/a ratio

Ni52+xFe22�xGa26 Heusler alloys
Ni52Fe22Ga26 aus and c-phase 259 (�14) 36.36 7.74
Ni53Fe21Ga26 aus and c-phase 271 (�2) 22.71 7.76
Ni54Fe20Ga26 aus and c-phase 283 (10) 20.87 7.78
Ni55Fe19Ga26 mart and c-phase 345 (72) 16.79 7.80

Ni52+yFe20Ga28�y Heusler alloys
Ni52Fe20Ga28 austenite 242 (�31) 28.0 7.64
Ni53Fe20Ga27 aus and c-phase 254 (�19) 25.71 7.71
Ni54Fe20Ga26 aus and c-phase 283 (10) 20.87 7.78
Ni55Fe20Ga25 mart and c-phase 357 (84) 11.43 7.85

Ni52Fe19+zGa29�z Heusler alloys
Ni52Fe19Ga29 austenite 216 (�57) 15.07 7.59
Ni52Fe20Ga28 austenite 242 (�31) 28.0 7.64
Ni52Fe21Ga27 aus and c-phase 250 (�23) 34.98 7.69
Ni52Fe22Ga26 aus and c-phase 259 (�14) 36.36 7.74

All the elemental compositions are given in at. pct taken from SEM-EDX analysis. aus = austenite and mart = martensite, martensite trans-
formation temperature (Tm) in Kelvin (K) and in degree Celsius (�C), room-temperature magnetization (M) is in emu/g, e/a ratio represents the ratio
of valence electrons to the number of atoms in the stoichiometry of the corresponding Heusler alloy.

Fig. 2—X-ray diffraction patterns of (a) Ni52+xFe22�xGa26, (b) Ni52+yFe20Ga28�y, (c) Ni52Fe19+zGa29�z Heusler alloys showing the presence of
c-phase, austenite, and martensite in alloys marked accordingly.
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diffraction pattern (Figures 4(b), inset) is due the
presence of tweed contrast in the microstructure of
alloy z = 1 (Figure 4(b)). TEM images of alloy x = 1
exhibiting the presence of c-phase and tweed contrast in
austenite phase are shown in Figure 4(c) along with the
phase interface. The indexed diffraction pattern of
c-phase is shown in the inset. The enlarged view of
tweed contrast in alloy x = 1 is shown in Figure 4(d).
The diffraction pattern and tweed contrast in alloy
x = 2 are shown in Figures 4(e) and (f), respectively.
The TEM diffraction patterns studied for all two-phase
alloys confirm the structures as fcc and L21-ordered
structure, respectively, in line with the XRD studies.

Martensite twins are observed in alloy x = 3 along
with the presence of c-phase (Figure 5(a)). The triple
junction of c-phase and martensite is shown in
Figure 5(a) which accommodates different martensite
morphologies. The triple-junction phase interface could
act as the nucleating agent for martensite phase to
nucleate and grow by providing the high energy defect
density, are termed as the potent nucleation sites.[16] The
martensitic nucleation is a heterogeneous process and
arises due to the interactions between lattice defects such
as dislocations, stacking faults in the parent phase with
the strain fields in the microstructure. The interactions
at grain boundaries and phase interfaces also act as
catalytic reagent for the nucleation of martensite. The
corresponding diffraction pattern of martensite shows
the structural modulation with the appearance of the

weak and periodic spots with regular interval around the
main diffraction spot. The structural modulation is
analyzed to be 10 M-modulated structure (Figure 5(b))
with the observation of 5+5 periodic lattice planes on
either side of the Bragg diffracted spots. The appearance
of periodic spots represents the sinusoidal modulation of
lattice distortion due to the cooperative movement of
atoms, and the lattice continuity is maintained. Similar
modulated structures in Ni2FeGa Heusler alloys are
observed in TEM and discussed elsewhere.[6,7]

14 M-modulated martensite structure is also observed
in alloy y = 3 shown in Figure 5(d) and the brightfield
images of martensite plates are shown in Figure 5(c).
The appearance of six periodic spots between two Bragg
reflections is due to 14 M-modulated martensite
structure.

C. Magnetic Properties and Martensite Transformation

The magnetic properties of Ni-Fe-Ga alloys are
measured at room temperature and shown in Figure 6.
The magnetic properties of Heusler alloys are affected
by their super lattice structures. More commonly,
Heusler phase is generalized to the stoichiometry of
X2YZ and they form L21-ordered structure. X-atoms
form two sublattices by occupying the tetrahedral
positions at 8c (1/4,1/4,1/4). Y and Z atoms form two
different sublattices by occupying the octahedral voids
at 4a(0,0,0) and 4b (1/2,1/2,1/2), respectively. The

Fig. 3—Different morphologies of martensite such as twins, plates, butterfly are shown in (a through d) FEG-SEM images of alloy x = 3.
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interactions between the four interpenetrating fcc sub-
lattices occupied by respective X, Y and Z atoms give
rise to the net magnetic moment. The detail sublattice
models and the magnetic interaction in Heusler alloys
can be found elsewhere.[17–19] Importantly, X-atoms
decide the lattice constant and Z-atoms mediate the
Y–Y covalent interaction by providing p-d hybrid
orbitals. In this article, the studied Ni2FeGa Heusler
alloys are all ferromagnetic in nature. In Ni-Fe-Ga
Heusler alloys, mostly Fe-atoms contribute to the
magnetic properties.[19,20] Magnetic properties are
improved with Fe content in x and z alloy series. In
the case of alloy series ‘‘y’’ with constant Fe content,
magnetization value decreases as Ni replaces Ga.
Phase-transformation behavior was studied using DSC
(Figure 7). Alloy y = 3 has highest martensite trans-
formation temperature with lowest Ga content
(25 at. pct) and alloy z = 0 has lowest martensite
transformation temperature with highest Ga content
(29 at. pct).

In the case of alloys of x and y series, martensite
transformation temperature increases, and magnetiza-
tion decreases with the increasing x and y (Ni increases),
whether Ni replaces Fe or Ga. For alloys of z-series with
constant Ni content of 52 at. pct, as z increases (Fe
increases), both the magnetization and the martensite
transformation temperatures increase. Comparing the
alloys of x and z series, in both cases, magnetization
increases with increasing Fe content. Martensite trans-
formation temperature increases with Ni-content at
constant Ga (x-series) and as Ga content decreases
(z-series) (Figure 8). That may be attributed to the role
of Ga which stabilizes austenite phase in alloys of
z-series and lowers the transformation temperature. For
alloys of y-series with constant Fe content as Ni
substitutes for Ga, martensite transformation tempera-
ture increases (as Ga content decreases) and lowers the
magnetization value. In y and z alloy series, martensite
transformation temperature increases due to the lower
content of austenite stabilizing element Ga. In the case

Fig. 4—(a) TEM bf-image of Ni-Fe-Ga Heusler alloy z = 0 and the corresponding diffraction pattern with diffuse spots and super lattice reflec-
tions of L21-ordered structure (inset, a), (b) TEM bf-image of tweeds in alloy z = 1 and diffraction pattern of the corresponding tweed contrast
(inset, b) shows the streaks emanating from Bragg diffracted spots, (c) TEM bf-images of alloy x = 1 show tweeds, and c-phase are separated
by phase interface, (inset, c) diffraction pattern of c-phase, (d) tweed pattern zoomed from image (c), (e) Diffuse spots and super lattice reflec-
tions taken from (f) the tweed pattern of alloy x = 2.
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of x-series alloys, with constant Ga content as Ni
replaces Fe, by lowering the magnetic contribution,
martensite phase gets stabilized. As the alloy composi-
tion changes, e/a ratio of the alloy also changes which
influences both magnetic properties and martensite
transformation behavior by modifying the free electron
concentration.[21] e/a ratio represents the ratio of valence
electrons to the number of atoms in the stoichiometry of
the corresponding Heusler alloy. In the case of alloy
series x and y, as e/a ratio increases, magnetization value
decreases, and martensite transformation temperature
increases (Figure 8). However, in z series alloy, as e/a
ratio increases both magnetization and martensite
transformation temperature increases. Mostly it dictates

the role of Ni and Fe in the alloy composition as they
provide large number of free electrons.

IV. DISCUSSION

The observation of different morphologies and mod-
ulated structures of martensite in Ni-Fe-Ga alloys is a
step ahead toward possible shape memory applications
of this kind of alloys. Due to low symmetry structure of
martensite, it is possible to form different variants of
martensites together in order to accommodate the
transformation strain which results in various mor-
phologies of martensite. During growth process, these

Fig. 5—TEM bf-images of Ni-Fe-Ga Heusler alloy x = 3 show (a) martensite twins and triple-phase boundary, (b) SAED pattern of
10 M-modulated martensite structure, (c) TEM bf-images of alloy y = 3 show stacking of martensite plates, (d) SAED pattern of 14 M-modu-
lated martensite structure.

Fig. 6—Room-temperature [at 300 K (27 �C)] isothermal magnetic properties of (a) Ni52+xFe22�xGa26, (b) Ni52+yFe20Ga28�y, (c)
Ni52Fe19+zGa29�z Heusler alloys.
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variants interact with each other and present a compos-
ite microstructure. Martensite transformation occurs by
typical first-order phase transition which is accom-
plished by nucleation and growth process by forming a
new interface at the phase boundary and propagation of
the interface. Once martensite nucleates at the c-phase
interface, it maintains the orientation relationship with
the parent phase to minimize the strain energy. The
structure and surface energy of the interface and the
transformational strain energy affect the morphology
and kinetics of the newly formed phase.[22] These types
of martensite morphologies are formed by the accom-
modation process during the propagation of interface.
The interface moves so as to consume the transforma-
tion strain in compatible with the other phase which also
affects the structural modulation of newly formed
martensite.

Modulated crystallography of martensite plays an
important role to form different twin variants and
enhances the accommodation process resulting in
reduced stress requirement to move the twin boundaries.
Again it is supported by the magnetic nature of Heusler
alloys. Magnetocrystalline anisotropic property pro-
vides the required magnetostress for the movement of
twin boundaries. The stress requirement for the twin
boundary reorientation in magnetic field reduces dras-
tically from nonmodulated martensite to modulated
martensite.[23] Thus, the observation of 10- and
14 M-modulated martensite structures in Ni-Fe-Ga
Heusler alloy x = 3 and alloy y = 3 supports the
existing literatures and presents a good material for
further shape memory studies.

The martensite phase in Heusler alloys gets stabilized
by including the magnetic contribution to the total free
energy change during martensite transformation. The

magnetic saturation values and magnetic anisotropic
properties of modulated martensite phase are higher
than that of austenite phase in Heusler alloys.[24,25]

The critical stress required for the twin boundary
movement in modulated martensite structure is quite
low and easily provided by the magnetic stress
generated in the martensite phase due to high magneto
crystalline anisotropic properties. Thus, the combina-
tion of modulated martesnite structure with high
magnetic properties enables the material to experience
large amount of recoverable magnetic strain in an
external magnetic field which is highly desirable in
magnetic shape memory applications. Structural phase
transition in Heusler alloys is driven by strong
electron–phonon coupling which modifies the density
of states at Fermi level and creates instability toward
phase transformation as temperature lowers. Thus,
alloy composition plays an important role in this
transition as it provides the number of free electrons,
restructures the density of states and also modifies the
magnetic properties. The effects of alloy composition
on magnetic properties and phase-transformation
behavior in Ni-Fe-Ga Heusler alloy have been dis-
cussed in this article. The presence of Fe improves the
magnetic properties and stabilizes the c-phase. Ga
stabilizes the austenite phase in the microstructure.
Hence, the role of Ga is to lower the transformation
temperature and Ni raises the transition temperature.
Fe plays a dual role. When Fe replaces Ga, both
magnetic properties and martensite transformation
temperature increases. However, when Fe replaces
Ni, though it improves magnetization, martensite
transformation temperature decreases. Hence, this
investigation would be useful in designing the alloy
for specific application.

Fig. 7—Thermal analysis DSC curves of martensite transformation in (a) Ni52+xFe22�xGa26, (b) Ni52+yFe20Ga28�y, (c) Ni52Fe19+zGa29�z Heus-
ler alloys.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 46A, NOVEMBER 2015—4953



V. CONCLUSIONS

The martensite phase transformation and magnetic
properties in Ni-Fe-Ga Heusler alloys are discussed with
nine different alloy compositions. Alloy composition,
phases present in the microstructure, magnetic proper-
ties, and martensite transformation are interconnected
with each other in Ni-Fe-Ga Heusler alloys. This aspect
of interdependency has been investigated by choosing
alloy compositions around Heusler stoichiometry. The
c-phase formation could be suppressed with higher
Ga-content in the alloy as it stabilizes austenite phase,
but lowers the martensite transformation temperature.
As Fe replaces Ga with constant Ni content, magnetic
properties improve, and martensite transformation tem-
perature also increases. This was attributed to the
important role of Fe and Ga contents in the design of
alloy composition. In the case of alloys where Ni
substitutes either Fe or Ga, martensite transformation
temperature increases, and magnetization value
decreases.
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