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Abstract. This work reports the effect of the rapid solidification technique and
thermal treatment on the martensitic transformation (MT), magnetic and magnetostrictive
properties on the off-stoichiometric Ni49Mn31Ga20 and Ni51Mn28Ga21 ferromagnetic
shape memory ribbons. The samples were investigated by X-ray diffraction, differential
scanning calorimetry, scanning electron microscopy, magnetic and magnetostrictive
measurements. The temperature dependence of the X-ray phases analysis shows the
presence of martensite structures, both tetragonal and monoclinic, at room temperature
and allowed to study their evolution through MT. The thermal treatment induces
changes in the microstructure with implications in MT and Curie temperatures evolution.
The competition between the magnetization orientation and twin boundary motion
within martensitic variants under magnetic field evidenced in the magnetic-strain
curves was discussed and correlated with the magnetic data.
Key words: ferromagnetic shape memory alloys, martensitic transformation,
magnetostriction.

1. INTRODUCTION

The martensitic transformation (MT), which is a thermo-elastic and reversible
phase transition between high symmetry (austenite) and low symmetry (martensite)
structures, is specific for the shape memory alloys (SMA). Ferromagnetic SMAs
(FSMA) are materials with MT temperatures lower than their ferromagnetic transition
temperature (TC-Curie temperature). The stoichiometric Ni2MnGa Heusler alloy has
the ferromagnetic transition at 376 K and thermo-elastic MT at 202 K [1]. For the
off-stoichiometric Ni–Mn–Ga alloys, the MT temperatures were modified stronger
than TC (~370 K) by the composition variation [2–3]. On cooling, the MT takes place
between austenite (with disordered B2 or ordered L21 structure) and martensite
(with seven-layer-7M, five-layer-5M modulated, or a non-modulated-NM-tetragonal
structure) with different structures depending on the composition, thermal history and
valence electron concentration (e/a) of the alloy [1, 4]. The non-modulated martensite
is the most stable but has higher twinning stress [5–6], while the modulated one has
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lower twinning stress appearing as an adaptive phase consisting of nano twins with
better response under magnetic field [7]. The rearrangement of the martensitic
microstructure under magnetic fields generates magnetic field induced strains (MFIS).
A large MFIS of about 0.2% was reported first for Ni–Mn–Ga single crystals [8]
and later up to 6% and 10% for 5M [9] and 7M martensite phase [10], respectively.
Recently, the textured Ni–Mn–Ga ribbons with MFIS of 0.025% were obtained
using the melt-spinning technique enables one to obtain an almost-ready shaped
material for engineering application [11–13]. The melt-spun ribbons exhibited lower
MT and TC temperatures than bulk alloy, and these can be tuned by changing the melt
spinning speed or e/a ratio [14–17]. The higher spinning rates promote the decrease
of the temperatures values [18–19]. The heat treatments induce the microstructure
changes followed by the magnetic properties modification and the increase of the
MT temperatures [20–21].
In our work was studied the influence of the microstructure evolution on the
magnetic and magnetostrictive properties for the Ni49Mn31Ga20 and Ni51Mn28Ga21
as-prepared and thermally treated ribbons in the perspective of using these materials
for applications.
2. EXPERIMENTAL

The ingots of Ni49Mn31Ga20 and Ni51Mn28Ga21 alloys were prepared by
arc-melting technique (under Ar protective atmosphere) by using the high purity
elements. The as-prepared ribbons result by using the melt-spinning technique
(v = 20 m/s) were denoted Ga20-AP and Ga21-AP. Subsequent, the ribbons
(10–20 mm × 3 mm × 25–30 µm) were treated in vacuum quartz ampoules at 400°C
for 1 h and quenched in ice water. The thermally treated samples were denoted
Ga20-TT and Ga21-TT.
The MT temperatures were determined by using a differential scanning
calorimeter (DSC) model 204 F1 Phoenix (Netzsch), with a rate of 20 K/min. The
structural investigations were done by X-ray diffraction (XRD) on the handmade
powder from ribbons using a Rigaku-SmartLab X-ray diffractometer (Rigaku
Corporation, Tokyo, Japan) with Cu radiation, in Bragg-Brentano geometry. The
XRD measurements above room temperature (RT) were performed by using a DHS
1100 temperature chamber (Anton Paar GmbH, Graz, Austria) at different temperatures
(25–90°C). For the Rietveld analysis (performed with FulProf suite of programs)
was used the tetragonal structure with the spatial group I 4/mmm (no. 139), ICDD
04-014-0314, the monoclinic with the spatial group I 2/m (no. 12), ICDD 04-015-6226,
and the cubic one with space group F m-3m (no. 225), ICDD 04-012-6508. The
surface morphology and chemical composition of samples were examined by Scanning
Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS)
employing a Zeiss Evo 50 XVP microscope equipped with a Bruker EDS detector at RT.
The magnetic measurements were performed by MPMS-SQUID-QD magnetometer in
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RSO mode, with the magnetic field along the ribbon length. The magnetostrictive
measurements have carried out by using the strain gauges method. In-plane strains
with applied fields parallel to the ribbon length have recorded.
3. RESULTS AND DISCUSSIONS

In the DSC scans, the exotherm and endotherm peaks appear on the cooling
and heating curves, respectively, which confirm the MT above RT for all samples
(Fig. 1). Besides, a slight step at a temperature higher than the MT ones indicates
the TC temperature. The martensite start (Ms) and finish (Mf), austenite start (As)
and finish (Af) temperatures are determined by using the tangential-line method
(Fig. 1a shows for Ga20-AP sample).

Fig. 1 – DSC scans achieved for as-prepared and thermally treated Ga20 (a) and Ga21 (b)
ribbons on the cooling/heating cycle.

Table 1 shows the characteristic temperatures determined above, the
transformation enthalpy H (associated with the DSC peak area), and the
thermodynamic equilibrium temperature T0 (T0 = (Ms + Af) / 2) for all samples.
The last one is the temperature, where the chemical-free energies are equal in the
martensite and austenite phases. The MT was influenced not only by the ribbons
composition but also by the thermal treatment. First, it can be observed that T0
increases linearly with e/a for as-prepared samples (~ 4K), with closer values of
those reported for Ni-Mn-Ga ribbons [21–22]. Secondly, the thermal treatment
induces an increase of the transformation enthalpy and T0 (~ 7K).
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Table 1
The characteristic temperatures – martensite start (Ms) and finish (Mf), austenite start (As) and
finish (Af) – the thermodynamic equilibrium temperature (T0), transformation enthalpy (H),
calculated as the average between the forward and reverse transformation enthalpy –
the Curie temperature (TC) for as-prepared and thermal treated samples
Sample
Ga20-AP
Ga20-TT
Ga21-AP
Ga21-TT

Ms // Mf
[K]
329//320
337//328
339//327
339//333

As // Af
[K]
330//343
338//350
333//344
334//353

T0
[K]
331.5
339
335.5
343

H
[J/g]
4.13
5.17
3.8
5.9

TC
[K]
359
361
350
355

e/a
7.67
7.69

The Curie temperature is sensitive to e/a, with a slight decrease (~ 9K) for
as-prepared samples. A higher TC value (350K) for the Ga21-AP sample was obtained
than for ribbons with the same composition reported [21–22], probably due to the
melt-spinning technique parameter differences. Also, the heat treatment induces the
TC increases after atomic ordering in ribbons [23].
The powder XRD patterns were registered on a heating sequence starting
from RT up to 90°C, a temperature higher than Af in austenite (Fig. 2 and Fig. 3).
By Rietveld refinement analysis at RT, the identified phases were the non-modulated
tetragonal structure (NM with c/a > 1) and modulated monoclinic structure (7M with
c/a < 1). Additional, the L21 cubic structure of austenite was obtained for Ga21-AP.
The lattice parameters of all phases and their volume fraction at RT are listed in
Table 2. The as-prepared samples have a different fraction of monoclinic structure
(7M) depending on their composition (9,92% in Ga20-AP and 18,12% in Ga21-AP)
and the atomic disorder induced by the melt-spinning technique [3, 21–22].
Table 2
The lattice parameters derived from Rietveld analysis and phases volume fractions
for all samples at RT
Sample
Ga20-AP
Ga20-TT
Ga21-AP

Ga21-TT

Phases [volume fraction %], lattice parameters [Å] and c/a
tetragonal
(90.08%)
a = b = 3.901, c = 6.582
c/a = 1.687
(99.8%)
a = b = 3.897, c = 6.602
c/a = 1.680
(68.48%)
a = b = 3.905, c = 6.563
c/a = 1.680
(67.81%)
a = b = 3.894, c = 6.536
c/a = 1.678

monoclinic
(9.92%)
a = 4.275, b = 5.534, c = 4.235, β = 3.35°
c/a = 0.99
(0.2%)
a = 4.271, b = 5.525, c = 4.231, β = 93.06°
c/a = 0.99
(18.12%)
a = 4.289, b = 5.529, c = 4.224, β = 93.51°
c/a = 0.984
(32.19%)
a = 4.233, b = 5.525, c = 4.213, β = 93.11°
c/a = 0.995

cubic
–
–
(13.40%)
a = 5.801
–
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The heat treatment promotes evolution in the crystalline structure of the studied
samples at RT. First, a decrease of the monoclinic phase volume (up to 0.2%) is
observed after the inter-martensitic transformation (7M-NM) induced by annealing
for the Ga20-TT sample. Second, the 7M volume fraction rises, and the L21 cubic
one of austenite disappears and promotes an increase in the MT temperatures for
the Ga21-TT sample. Panda et al. [24] claim that a high degree of tetragonality
generated the high c/a ratio observed for our NM structures (Table 2). Figure 2
shows the XRD data analysis for the Ga20-AP sample at 60oC (on heating), and it
can be seen the overlap of all three phases. In a detailed inset, the overlap of the
Bragg reflections associated with each crystalline phase is highlighted.
The X-ray diffraction profiles prove the competition between martensite (7M
and NM) and austenite with increasing the temperature through MT (Fig. 3a–d).
The temperature dependences of the phases volume fraction (Insets Fig. 3) indicate
that a small fraction of the martensite phases still exists in samples after Af
temperature. The coexistence of the austenite (L21), NM and 7M phases on a broad
temperature range were reported in thin films and bulk samples [25–26]. The
adaptive martensite with modulated 7M monoclinic structure is unstable and very
sensitive to the chemical composition and the thermic treatment.

Fig. 2 – The Rietveld refinement analysis on the X-ray diffraction profiles recorded at 60°C
for the Ga20-AP powder sample. Inset: detailed between 40–50 degrees.

This phase has a significant volume fraction in martensite, even after the Af
temperature for the Ga21-AP sample, compared to Ga20-AP (Fig. 3a–c). The heat
treatment that induces an atomic order reduces to almost zero the 7M phase in
Ga20-TT (Fig. 3b) than in Ga21-TT (Fig. 3d), where it is found below Af temperatures
with a higher volume fraction at RT.
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Fig. 3 – X-ray diffraction profiles recorded at different temperatures for Ga20-AP (a), Ga20TT (b), Ga21-AP (c), Ga21-TT (d). Insets: The temperature dependence of the crystalline structures
volume fraction for each sample.

The contact surface (with copper wheel) and cross-section ribbons morphology
(Fig. 4) have been analyzed by scanning electron microscopy (SEM) at RT. On the
as-prepared ribbons, the large coarse grains (4–15 μm) with visible twin microstructure
dominates the surface for Ga20-AP (Fig. 4a). An additional small cellular grain
(indicated with black arrows) with no signs of MT twins exists on the Ga21-AP
surface (Fig. 4b) Satapathy et al. [27] claim that the retained austenite is higher in
the samples where the grain size is smaller. The small volume fraction of the
austenitic cubic structure evidenced by XRD patterns at RT for Ga21-AP sustains
this assumption. The thermally treated samples have an increased grain size with
an evident twin microstructure (not shown). The cross-section images indicate the
misoriented columnar grains for Ga20-AP (Inset Fig. 4a) and the columnar ones,
which span the entire thickness for the Ga21-AP ribbons (Inset Fig. 4b). The
presence of the columnar grains is a microstructure signature of the fast nucleation
and growth process along the cross-section during the rapid cooling of the melt due
to the temperature gradient typical for the melt-spinning technique [28]. The EDX
microanalysis indicates that the chemical compositions are nominal ones (within
the limits of the method accuracy), with no significant changes found through
testing on different positions for the same sample.
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Fig. 4 – The SEM images Ga20-AP (a), Ga21-AP (b) samples with their cross-section image in Insets
(CS – contact surface, FS – free contact).

The thermo-magnetic measurements performed on the cooling/heating
sequences (390K–200K) in the low field (0.02T) (Fig. 5) indicate the magnetization
drop/rise, specific for MT. These steps are very close to TC but still below for all
samples.

Fig. 5 – Thermo-magnetic curves on cooling/heating sequence at low field (0.02 T) (Inset: the
magnetic hysteresis loops for all samples at 300 K): a) and higher field (0.5 T) (Inset: the enlarged
MT range for Ga20-TT ribbons); b) for Ga20 and Ga21 as-prepared and thermally treated samples.

It is obvious the Hopkinson peak appearances below TC and an increased
magnetization for Ga20-TT. The Hopkinson peak is the result of a sudden decrease
of the crystal anisotropy constant and the magnetostriction values below TC [29].
Can be observed the different peak intensities, higher for the samples with applied
field closer to their's coercive field (Inset Fig. 5a). For magnetic fields of about 0.5 T,
this effect practically disappears (Fig. 5b), and the thermo-magnetic curves allow
the evaluation for MT (shown in Inset Fig. 5b for Ga20-TT) and TC (from the
differential dM/dT = 0) temperatures, which are in agreement with the calorimetric
data (Table1).
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Figure 6a shows the magnetic isotherms at 300 K (martensitic state) measured
up to 3T, and it can be observed a different behaviour for the studied samples.
First, the M(H) curves for the as-prepared ribbons have specific changes in the
slope due to the magnetic-field-induced twin boundary motion, characteristics of
all Ni-Mn-Ga ribbons [8, 21–22, 30]. Moreover, the H* and Hf fields, which are
the start and finish values of the magnetic field necessary to induce the movement
of the twin boundaries and return to the magnetic moments' movement mechanism,
have closer values (Fig. 6b). Second, it is observed after heat treatment similar shape
of the M(H) curve for the Ga21-TT sample, and it seems to disappear for Ga20-TT.
On closer inspection, can be identified H* (0.043 T) and Hf (0.125 T) with increasing
values at 5K (H* = 0.105 T and Hf = 0.290 T) for Ga-20-TT, as well as for the other
samples (Inset Fig.6a).
In Fig. 6b is observed the linear dependence of H* and Hf fields with the
monoclinic volume fraction of all samples. It is well known that the magnetic field
easier moves the twin boundaries of the 7M martensite than those belonging to the
non-modulated tetragonal phase [31]. The magnetic moments' orientation under a
magnetic field dominates in the last one. The lowest values of H* and Hf correspond
to the low monoclinic volume fraction of the Ga20-AP (~9.92%) and Ga20-TT
(~0.2%) ribbons, at RT.

Fig. 6 – Magnetic isotherms in martensite at 300K for all ribbons. Inset: the enlarged magnetic
isotherms in the low-field range at 5K for Ga20 samples (a) the dependence of H* and Hf fields from
the monoclinic volume fraction (b) the magnetostriction isotherms in martensite (300 K) for all
samples. Inset: the enlarged isotherms in the low-field range (c).

The magnetostrictive measurements (Fig. 6c) show the strains obtained for
the magnetic field (up to 3T) applied along with the ribbons at RT. The smaller and
negative values are obtained (18–27 ppm) for all samples. The different proportion
of the martensite phases which coexist could impose the two behaviours observed,
similar to the aforementioned magnetic measurements. Especially at low magnetic
fields, a rapid increase of strains for the Ga20-TT and a slow evolution connected
with H* and Hf fields values are obtained for the other samples. Pagounis et al.
[32] report that a mixture of 7M and NM phases effectively block the magnetic

9

Microstructure, magnetic and magnetostrictive

Article no. 503

fields induced strains for Ni-Mn-Ga single crystals. So, in the small plateau
between H* and Hf (Inset Fig. 6c), the twin boundaries move to accommodate the
magnetostrictive strains. At higher magnetic fields, the magnetic moments' rotation
mechanism is present in all ribbons, and the difference between the magnetization
of each sample gives the strain values.
4. CONCLUSIONS

In the Ni49Mn31Ga20 and Ni51Mn28Ga21 ferromagnetic shape memory ribbons,
the rapid solidification technique promotes the existence of the non-modulated
tetragonal and adaptive modulated 7M monoclinic structures of the martensite in
different volume fractions. The last one has a significant volume fraction in
martensite for the Ni51Mn28Ga21 as-prepared ribbons, and the stable non-modulated
tetragonal structure is the dominant one in the Ni49Mn31Ga20 as-prepared ribbons.
The increase of the martensite transformation and TC temperatures alongside the
monoclinic structure decrease is induced after the thermal treatment in all samples.
The monoclinic volume fraction linear dependence of the critic magnetic field
responsible for the twin boundaries motion start mechanism was determined. The
martensite structure variation induces an unsaturated magnetization (up to 3T) with
small values, except the highest magnetization saturated up to 1T for Ni49Mn31Ga20
thermally treated ribbons. The magnetostriction with small values unsaturated up to
3T is dominated by the magnetic moments' rotation mechanism, promoted by the
mixture of martensite structure which blocks the magnetic fields induced strains
from twin boundary motion.
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