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a b s t r a c t

The influence of melt spinning and heat treatment on the structure, phase transformation and magnetic
field induced strain (MFIS) properties have been investigated for Ni55Mn22Ga22Al1 (at%) alloy.
The microstructure showed distinct improvement in morphology of as spun ribbon as compared to
ingot. Annealing further enhanced martensite state and displayed systematic arrangement of disloca-
tions. It contributed to increase MFIS to 482 ppm in annealed ribbon as compared to 190 ppm and
28 ppm for as-spun ribbon and ingot, respectively.

& 2013 Published by Elsevier B.V.
1. Introduction

The research on the NiMnGa Ferromagnetic Shape Memory
Alloys (FSMAs) since past few years is focused on understanding
the influence of thermo-kinetics on the structural, magnetic and
transformation properties of the alloy [1–3]. The parameters like
quenching temperature, cooling rate and annealing have strong
influence on magnetic shape memory behavior of the alloy [1,3].
The quenching temperature affects the atomic ordering and
stability of phases at room temperature [1]. The ordering will be
high if the alloy is quenched from its ordering temperature
(L21↔B2) [2] and less when quenched from a temperature higher
than ordering temperature [1–3]. Thus structural and magnetic
transformations are influenced by quenching conditions [3]. High
cooling rate not only reduces grain size [4], generates new phases
[6] but also modifies crystal periodicity [7]. Recent investigations
on rapid quenching from the liquid state using melt spinning
technique reveal interesting properties of Ferromagnetic Shape
Memory Alloys (FSMAs) [5–13]. The ribbons prepared by melt
spinning technique exhibit reduced martensite transformation
temperature as well as enthalpy of transformation [5]. Both these
thermodynamic parameters which depend on wheel speed
(quenching rate) of the melt spinning technique reduce with the
increase in wheel speed [8]. The reported Curie temperature is also
lsevier B.V.

: +91 657 2345213.
less in as-spun ribbons as compared to the bulk alloys of similar
composition [9,10]. These effects can be correlated to the
quenched-in structure of the ribbons [4,10,11]. The ribbons are
polycrystalline alloys of small grained cellular structures with
dendrite morphology [5,12]. The rapid quenching through melt
spinning has been reported to change layer periodicity in ribbons
from a non-modulated structure to 7 M and/or 10 M layered one
[7]. As-spun ribbons have also found to exhibit textured micro-
structure with large magneto-crystalline anisotropy favoring mag-
netic field induced strain (MFIS) [5,13]. The present investigations
is an attempt to address the effects of melt spinning and annealing
on the structural, magnetic, thermal and MFIS behavior of a
Ni55Mn22Ga22Al1(at%) ferromagnetic shape memory alloy.
2. Experimental

Pure elements with purity greater than 99.5% has been used for
preparing Ni55Mn22Ga22Al1 (at%) alloy. An ingot of the alloy was
prepared using argon arc melting followed by induction melting in
argon atmosphere for ensuring compositional homogeneity. The
ingot was induction melted and as-spun to ribbons. To enhance
ordering the as-spun ribbon and ingot were annealed in argon
ambient at 800 1C for 30 h. The samples of annealed ingot, as-spun
ribbon and annealed ribbon are designated as SI, SR, SRAN respec-
tively. All these samples were simultaneously characterized for
comparing their properties. The Bruker AXS D8 x-ray diffract-
ometer with Cu-Kα target was used for structural investigations.
Transmission Electron Microscopy (Philips CM200: TEM) was
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carried out for understanding microscopic features. The thermal
kinetics and martensite transformation temperatures were
observed using Differential scanning calorimeter (Pyris: Diamond
DSC) at a scan rate of 15 K/min. Thermo-magnetic measurements
and room temperature magnetization were carried out using
vibrating sample magnetometer (LakeShore VSM-7404) at a tem-
perature scan rate of 2 K/min. The MFIS measurement was carried
out using a device based on two terminal capacitor system
developed in laboratory.
3. Results and discussion

The x-ray diffraction studies carried out at room temperature
(Fig. 1) showed existence of martensite phase in ingot and
annealed ribbon. However the as-spun ribbon revealed an addi-
tional austenite phase along with martensite phase. Reference
peak reflections support martensite to have I4/mmm space group
symmetric tetragonal phase. The lattice parameters for the mar-
tensite phase calculated from the peaks are shown in Table 1. The
tetragonality ratio ‘c/a’ for the martensite phase is lower in case of
as-spun ribbon as compared to ingot. On annealing the c/a ratio of
annealed ribbons become greater than that of the ingot. However
the high cell volume of ribbon reduced on annealing and was
lower than that of the ingot. The additional austenite phase in as-
spun ribbons is cubic with lattice constant a¼5.758 Å and the
space group symmetry Fm3m. The presence of this phase has been
observed in our earlier investigations [6]. It is suggested that the
austenite phase is the influence of rapid quenching. Kressel et al.
have predicted about its presence in the alloys rapidly quenching
from the B2 domain of T–C diagram [3]. However, this phase could
not be observed in some reports [1,3,15]. It may be due to
insufficient quenching rate during their experiments. In the pre-
sent case the process of melt spinning with high quenching rate of
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Fig. 1. The x-ray diffractograms indicating martensite phase (M) in ingot and
annealed ribbon and a combination of martensite (M) and austenite (A) phases in
as-spun ribbon. A small A220 peak (inset) is an indication of retained austenite
phase in annealed ribbon.

Table 1
The lattice parameter, cell volume and lattice strain of ingot, as-spun ribbon and
annealed ribbon.

Sample ‘a’ (Å) ‘c’ (Å) c/a Cell volume (Å3) Lattice strain (ppm)

SI 3.834 6.611 1.724 97.18 5500
SR 3.837 6.606 1.721 97.32 3800
SRAN 3.827 6.617 1.729 96.945 3600
10−5 K/s as compared to water quenching (10−2 K/s) leads to frozen
in austenite phase. Annealing the ribbons at 800 1C for 30 h has
reduced the austenite phase. Only a small fraction of austenite
phase is displayed by small (A220) peak (inset, Fig. 1). Peak broad-
ening analysis through ‘Strokes and Wilson formula’ carried out to
understand effect of high cooling rate on the lattice strain is given
in Table 1. The results reveal largest lattice strain of 5500 ppm in
ingot, whereas the strain is smaller in as spun ribbon and annealed
ribbon. Usually rapid quenching increases strain in the material
[3]. However the reverse effects are expected to occur because of
micro-structural changes during melt spinning.

The difference in quenching rates of air cooled ingot and as-
spun ribbon as well as annealed ribbon exhibited interesting
effects on the microstructures (Fig. 2). Although both the ingot
and as-spun ribbon exhibited twinned microstructure, as-spun
ribbons revealed more systematic arrangement of twins. In the
case of ingot the twins are oriented in different directions inter-
secting each other (Fig. 2a). This morphology showed not only
high dislocation density but also closed proximal variants. A
selected martensite phase with single untwined zone is shown
in Fig. 2b. This untwined region is revealed in the SAD pattern
(inset, Fig. 2b). The large lattice strain (5400 ppm) obtained from
x-ray peak broadening analysis is expected to be originated from
randomly arranged high dislocation density in ingot (Table 1). In
contrast to the ingot, martensite twins within as-spun ribbons
display extended morphology and dislocations are more system-
atically arranged (Fig. 2c). As a result the lattice strain in as-spun
ribbon showed small value of 3800 ppm. Annealing the ribbons at
800 1C for 30 h further enhanced the micro-structure. The mar-
tensite twins of annealed ribbons become broader and extended
(Fig. 2d) and dislocations piled up closed to the grain boundaries
or arranged much more systematically. Annealing also reduced the
residual strain produced during rapid quenching of ribbon, there-
fore reducing the calculated lattice strain in annealed ribbons to an
even lower value of 3600 ppm as compared to the as-spun ribbon.

The Differential Scanning Calorimeter revealed the interesting
thermo-kinetic and transformation distinctions between ingot, as-
spun ribbon and annealed ribbons (Fig. 3). The transformation in
as spun ribbons is distinctly a single step transformation as
compared to multi-steps indicated in transformation profiles of
ingot. The martensite transformation temperature (MS), its reverse
(AS) and transformation enthalpies of the as-spun ribbons are
lower than those of ingot (Table 2). The existence of parent
austenite phase in as-spun ribbon along with martensite is
supposed to lower its transformation temperature (MS, AS). It also
lowers the span of transformation (ΔM¼MS−MS) and its reverse
(ΔA¼AF−AS) in as-spun ribbon compared to ingot (Table 2). On the
other hand, ingot with predominantly martensite phase revealed
much lesser span of transformation. Interestingly the annealed
ribbon exhibited transformation span in between as-spun ribbon
and ingot because of very small fraction of austenite phase. The
austenite phase existing at room temperature does not undergo
martensite transformation; thus the transformation enthalpy of
as-spun ribbons is lower than that of ingot. In annealed ribbons
this phase is nearly absent (inset, Fig. 1); therefore the observed
transformation enthalpy is higher than as-spun ribbons but less
than fully martensitic ingot.

Thermal and structural properties of the alloy correlatively
influenced the magnetic behavior. The thermo-magnetic M[T]
investigations (Fig. 4) revealed lower magnetic ordering tempera-
ture (TC) of 348 K in as-spun ribbons as compared to 363 K in the
ingot. The presence of low fraction of austenite having reduced
ferromagnetic ordering temperature lowered the TC of as-spun
ribbon compared to ingot [16]. In the annealed state as the volume
fraction of austenite phase is reduced leading to elevation in the
magnetic ordering temperature TC¼354 K. This observation is in



Fig. 2. The TEM images of (a) and (b) ingot (c) as-spun ribbon and (d) annealed ribbon. The SAD patterns are given in inset.
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Fig. 3. The DSC studies revealed martensite transformation behavior for ingot,
as-spun ribbon and annealed ribbon.

Table 2
The structural transformation temperatures and enthalpies of ingot, as-spun
ribbon, and annealed ribbon.

Sample AS

(K)
AF

(K)
ΔA¼AF−AS MS

(K)
MF

(K)
ΔM¼MS–

MS

ΔH(H) (J/
g)

ΔH(C)
(J/g)

SI 484 553 69 530 471 59 8.6 7.4
SR 457 491 34 468 443 35 5.1 4.3
SRAN 460 517 57 499 441 58 7.7 6.7
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Fig. 4. The thermo-magnetic curves indicating magnetic ordering temperature for
ingot, 363 K; as-spun ribbon, 349 K; and annealed ribbon, 354 K.
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agreement with the reported investigation [10,14]. The saturation
magnetization value of as-spun ribbon and annealed ribbon is
almost similar ∼46 emu/g, indicating that small fraction of
austenite with martensite does not manifest distinct magnetiza-
tion levels. Interestingly, the saturation magnetization of ingot is
lower with a value of 40 emu/g. Its high value of lattice strain
∼5500 ppm and dislocation density in martensitic variants limit
domain saturation [17]. From the magnetization plots, the coer-
civity (inset, Fig. 5) values of 5.8 mT and 4.4 mT for ingot and
annealed ribbon respectively are lower compared to 14.7 mT
obtained for as-spun ribbon. Martensite accommodation [11] and
chemical ordering [13] during heat treatment is attributed to
low coercivity values of annealed ingot and ribbon compared to
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Fig. 5. The magnetization versus field curves indicating increased saturation
magnetization in as-spun ribbons and further enhancement with annealing.
The inset indicates respective variation in coercivity.
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Fig. 6. The MFIS versus field curves for ingot, as-spun and annealed ribbon samples
showing improvement in MFIS value after melt spinning and further enhancement
with annealing.
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as-spun ribbon. In contrast to annealed ribbon, the ingot even in
its annealed state has high dislocation density which contributed
to its magnetic hardening. This high density of dislocations acting
as pinning centers toward domain wall propagation is responsible
for higher coervicity of ingot.

The Magnetic field Induced strain (MFIS) for ingot, as-spun ribbon
and annealed ribbon samples has been measured. The variation in
the MFIS values with applied magnetizing field is shown in Fig. 6. A
reversible MFIS of 28 ppm is observed in ingot at a magnetic field of
12 K G. It is far lower than a value of 190 ppm obtained for as spun
ribbon. The effect has been correlated with a totally different
microstructure of as-spun ribbons as compared to ingot (Fig. 2).
The extended and wide martensite twins free from defects favor the
magnetic field induced twin boundary motion (MFITBM) in as-spun
ribbon. However in ingot the highly strained (5600 ppm) micro-
structure is responsible for its small MFIS of 28 ppm. The presence of
small fraction of austenite in as-spun ribbon facilitated the field
induced twinning and detwinning of martensite plates [18], resulting
into its higher MFIS value than that of ingot. However, annealing
provides highly ordered and accommodated martensite structure in
terms of broader martensite twin plates along with systematic
arrangement of dislocations (Fig. 2d). In this structure, the twin
boundary movement is facilitated [19] and thus, led to a potential
enhancement of MFIS from 190 ppm of as-spun ribbon to 482 ppm
in annealed ribbon. The twinning–detwinning of martensite plates
and existing internal fraction [20] showed some hysteresis in the
as-spun and annealed ribbon compared to the ingot.
4. Conclusions

The rapid solidification through melt-spinning technique mod-
ified the phase transformation, structural and magnetic properties
of Ni55Mn22Ga22Al1 (at%) alloy. The ribbon displayed martensite
morphology with small fraction of the austenite phase. Annealing
the ribbon improved martensite morphology with systematic
arrangement of dislocations. As a result the annealed ribbon was
magnetically softer than as-spun ribbon and ingot. All these
factors contributed toward high MFIS in as spun ribbons as
compared to ingot and toward further enhancement in annealed
ribbons.
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