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The magnetism and the microstructure of Ni;MnGa alloys, processed for the first time by twin roller
melt spinning at tangential wheel speeds of 10 m/s (V10), 15m/s (V15) and 20 m/s (V20) are
investigated. At room temperature, the major phase in the as-cast alloys is the cubic L2; Ni,MnGa
ordered austenitic phase, with a lattice parameter only ~0.1% larger than the tabulated value. The
order domain size in the austenitic phase decreases from (40 + 1) nm in samples V10 to (19 + 1) nm in
V20. Mn(S,Se) small precipitates are also found uniformly embedded in the ribbons with mean size of
(26 +2) nm (V10) and (7 + 2) nm (V20), exhibiting a definite orientation relation with the austenitic
matrix, <100>p// <100 > ,. The as-cast alloys transform to an intermediate cubic phase I at about
220-230 K depending on the quenching rate and to a martensitic phase at about 130 K. The high
temperature austenitic phase and the low temperature martensitic phase are ferromagnetic; in both
cases the saturation polarization is lower in samples quenched at higher rates. The demagnetization
curves measured from saturation in the martensitic state show two marked steps: a first one for
positive fields in V15 and V10 (~46 mT) and a larger second one for relatively large inverse fields
(~130-250 mT) in all the samples. These steps are likely to arise from a demagnetization mechanism
involving a field induced twin boundary motion in the few martensite variants selected by the

crystallographic texture and the quenched stresses in the ribbons.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Ferromagnetic shape memory alloys are active materials
which may undergo relatively large strains by the motion of twin
boundaries in a magnetic martensitic phase. In Ni,MnGa alloys,
this phenomenon leading to large magnetic field-induced strains
(MFIS) was first reported by Ullakko et al. in 1996 [1]. More
recently, strains of about 9.5% were induced by a magnetic field
below 1T in unstressed single crystals of the NiMnGa orthor-
hombic seven-layered martensitic phase [2].

Upon cooling from the melt, the Ni;MnGa alloy undergoes
multiple phase transformations: an ordering transition (B2 to
L2,), a ferromagnetic phase transformation and also a structural
martensitic transformation [3]. In this alloy, the martensitic
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transition temperature is lower than the Curie point and any
composition change makes these characteristic temperatures
approach each other.

These magnetic shape memory materials have a high potential
in the design of fast actuating devices and sensors [4,5] and they
have been largely investigated both, theoretically and experimen-
tally [6-11]. The magnetic-field-induced strain is due to twin
boundaries moving under the influence of an internal stress
produced by the magnetic anisotropy energy: in general, this
strain is not recovered upon field removal [12,13] as observed
with the true plastic strain produced by twin boundary motion
induced by an externally applied stress in nonmagnetic shape-
memory alloys.

In polycrystalline magnetic shape memory alloys, these mag-
netoplastic strains solely produced by magnetic forces at constant
temperature, with no mechanical bias stress, are negligibly small
as compared to those found in single crystals. In other words, when
the field is removed, the variants do not reorient themselves back
in their original orientation but a compressive bias stress must be
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applied perpendicular to the field direction to reorient the field-
induced variants back and hence achieve reversible MFIS.

For applications in miniature actuators and to minimize the ac
eddy-current losses, some attempts have been made to process the
alloy as thin films [14-16], particles [17,18] and ribbons [19-23]. In
this sense, melt spinning is an effective way to produce textured
polycrystalline ribbons of FSMAs [19,21,22,24,25]. Compared to the
as-cast master alloy, the as-quenched ribbons exhibit a lower
martensitic transformation temperature Ty, and Curie temperature
Tc, and a reduced saturation magnetization Ms; these characteristic
parameters further decrease in samples processed at higher spinning
rates [26]. The melt spun polycrystalline Ni-Mn-Ga ribbons exhibit in
the as-cast condition, and even after annealing at temperatures below
773 K, a marked step in the M(H) hysteresis loops [25], which has
been attributed to magnetic field induced twin boundary motion
(MFITBM)), in the particular scenario of quenched-in internal stresses,
built up during solidification onto the rotating copper wheel.

This article reports on the magnetism and the microstructure
of Ni;MnGa alloys, processed for the first time in a twin roller
melt spinning device: this technique is known to impose a
symmetric heat extraction during solidification, leading to high
quenched-in stresses and an enhanced crystalline texture, as
compared to conventional (single wheel) melt spinning. Different
tangential wheel speeds were applied to obtain ribbons cooled at
different rates.

2. Experimental procedures

A master alloy of nominal composition Ni,MnGa was prepared
by arc melting 99.9% Ni (Strem Chemicals), 99.95% Mn (Alfa
Aesar) and 99.99% Ga (Strem Chemicals); the small ingots so
obtained (about 5 g) were further re-melted four times to pro-
mote an homogeneous distribution of the components. All these
procedures were conducted under a Zr gettered Ar atmosphere.
The weight loss in the different ingots during arc melting was
found to be less than 0.3%. The alloy was further processed in a
twin roller melt spinning device at three different tangential
wheel speeds: 10m/s, 15m/s and 20 m/s to obtain samples
V10, V15 and V20, respectively. The springs forcing the contact
between the two rolling wheels were set to 24 N. The alloy was
obtained as ribbons of about 1.1-1.9 mm wide and 44-45 pm
thick, as shown in Table 1. Ribbons morphology was examined in
a Leica DMRM optical microscope. No differences between the
ribbon faces could be observed - see Fig. 1 - indicating symmetric
solidification conditions.

The resulting microstructures were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). X-ray diffraction profiles were
recorded in a Philips PW 1710/01 diffractometer in the 20 range
from 20° to 100° in Bragg-Brentano configuration, using Cu Ko
radiation (1=1.5418 A) and a graphite monochromator. Samples

Table 1

Mean thickness t and width w of the ribbons V10, V15 and V20. Lattice constant ag,
mean lattice strain e and intensity ratios (I400/l220) of the high temperature
austenitic phase, obtained from XRD data, are also listed. Card ICSD #103803

indicates ay=5.825 A at room temperature and (I4pp/l220)= 0.15.

Sample V10 V15 V20

w [mm] 1.9+04 1.4+0.2 1.1+0.2

t [um] 45+3 4442 4442

o [A] 5.832 +0.001 5.832 + 0.001 5.834 + 0.001
e(x107) 0.22 +0.01 0.30 + 0.01 0.35 +0.01
(Laoo/1220) 0.25 0.34 0.52

a

Fig. 1. Optical micrographs showing a typical ribbon quenched at 15 m/s (a), and
two faces of a ribbon quenched at 10 m/s with quite similar morphologies (b), (c),
indicating that they both solidified in contact with the mobile substrate.

observed by TEM were thin foils prepared by twinjet electropolish-
ing with a 20% HNOs (nitric acid)/80% pro-analysis methanol
electrolyte, at 12V and 256 K. Transmission electron microscopy
observations and selected area diffraction patterns were performed
in a Philips CM 200 UT microscope, operating at 200 kV and
equipped with energy-dispersive X-ray spectroscopy (EDS) facility.
A FEI Nova NanoSEM 230 was used to image the ribbon fracture
surfaces.

Magnetic measurements were performed in 6 mm long as-cast
ribbons with the applied field parallel to the sample length. The
demagnetizing factors N, calculated with the formalism proposed
by [27] and using the software provided by [28], resulted in
0.016 4+ 0.002 (V10), 0.013 + 0.002 (V15) and 0.012 + 0.002 (V20),
respectively, leading to internal fields quite similar to the applied
field. To calculate the magnetic polarization, a mean density of
8.134 g/cm® [29] was considered. Room temperature magnetic
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hysteresis loops were measured in a vibrating sample magnet-
ometer (VSM) Lakeshore 7300, with a maximum field up to 1.5 T.
The magnetic polarization as a function of field and temperature
was measured in a Quantum Design SQUID magnetometer, under
an applied field of 2 mT (20 Oe) in the temperature range of
5-300 K. Curie temperatures were estimated from magnetization
vs. temperature curves measured in a Faraday balance, in the
300-400 K temperature range.

Additionally, electrical transport was measured with the con-
ventional four-probe geometry between room temperature and
20 K.

3. Results and discussion
3.1. X-ray diffraction analysis

The room temperature XRD patterns of the as-cast alloys, solidi-
fied at different rates, are shown in Fig. 2. The major phase is the
cubic L2; Ni;MnGa ordered austenitic phase in all the samples, as
structure and order reflections are clearly identified [30]. In samples
V15 two unidentified small peaks are also observed, indicated by “?”
in Fig. 2b, which disappear after the sample is thinned a few microns,
suggesting that they arise from a minor superficial phase. The mean

L2, (220)
L2, (400)
2 | v20 ] L2,422) |5 (aa0)
c ) f
=}
g
L,
2| vis
wn
[z I L ] R
9
=
V10
JL 1 h b
20 40 60 80 100
0 [degrees]
b
=57 2 g q g
=2 < A = =z
_|vao = 3
gl T | 8 |¢
5 M-‘l 4-—-—JL.........§' J = 0
E' V15
2 T 5
£ 4 &
€ | V10
T

20 40 60 80 100
20 [degrees]

Fig. 2. (a) Room temperature X-ray diffraction patterns of the as-cast ribbons
solidified at different wheels speeds. The relative intensities of the structural
reflections from the ordered L2, cubic austenite structure can be observed. (b) Low
intensity detail of a) showing fundamental and superlattice diffraction lines from
L2; austenitic phase. Peaks indicated by “?” in sample V15 correspond to an
unknown superficial phase while letter “T” denotes the diffraction peak of the
double-coated tape used to paste the ribbons to the XRD specimen holder.

crystallite size of this unknown phase is estimated using the Scherrer
formulae [31,32] to be about 25 nm. The letter “T” in Fig. 2b denotes
the diffraction peak of the double-coated tape used to paste the
ribbons to the XRD specimen holder.

XRD patterns in Fig. 2a also indicate that the as-spun ribbons
have some preferential orientation of the [4 0 0] direction per-
pendicular to the ribbon plane, which becomes more marked as
the quenching rate increases, since the relative intensity (I400/
I520), with a value of 0.15 in the reference powder pattern (card
ICSD #103803), reaches values of 0.25, 0.34 and 0.52 in samples

h__r_-.—.#_‘r

_10 ﬂ,J,]m

Fig. 3. SEM photographs imaged on the fractured cross section of ribbons (a) V10,
(b) V15 and (c) V20.
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Fig. 4. Electron diffraction zone axis patterns from the austenite of sample V10 at
room temperature corresponding to the L2, structure, (a) [100] and (b) [110].

V10, V15 and V20, respectively. This fact was already observed by
Albertini and collaborators [21] in annealed single-roller melt-
spun ribbons. In that case a change in the material texture during
the heat treatment was observed: the (2 2 0) and (4 0 0) diffrac-
tion peaks roughly inverted their relative intensities on increasing
the thermal treatment time.

The lattice constant a, of the austenitic crystals was calculated by
fitting to the structural reflections 220, 400, 422 and 440 a Pearson
VII profile; corrected values of 26 were used by considering the zero
shift effect as described in [33]. The resulting values - listed in
Table 1 - are indistinguishable within experimental errors; they
coincide with the lattice parameter obtained by Ma et al. [34] and
are only ~0.1% larger than the value a,=5.825 A reported by
Webster et al. [35] and tabulated in card ICSD #103803.

Approximate values for the mean lattice strain e were deter-
mined using the Stokes and Wilson relation [31,32]: e=f3/(4tan0),
from measurements of the integral breath f of the structure
reflection lines after correcting for instrumental broadening.
As can be observed in Table 1, the mean lattice strain of the
austenitic phase increases with the quenching speed.

3.2. Scanning electron microscopy

Fig. 3 shows SEM images of the fractured cross sections of the
ribbons. Equiaxed grains of about 4 um are observed on both
surfaces (both solidified in contact with the wheels), while
columnar grains appear in the middle region of the ribbons.
These columnar grains are about 2-6 pm wide and 10-20 pm
long, depending on the wheel speed. For sample V10, wider and
longer columnar grains are encountered.

3.3. Transmission electron microscopy

Composition analysis on the melt-spun ribbons using energy-
dispersive X-ray spectroscopy (EDS) revealed similar compositions

Fig. 5. TEM bright field micrographs showing (a) the general granular microstructure of the ribbons (V10), (b) the presence of precipitates and dislocations inside the
grains (V10) and (c), (d) particular helical dislocation configurations around precipitates (V15 and V20 respectively).
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in the three samples 50 at% Ni — 25 at% Mn - 25 at% Ga, with a
quite narrow dispersion (less than 1 at%) around the nominal
composition.

Conventional selected area electron diffraction (SAED) pat-
terns confirmed the L2; crystalline structure of the austenite.
Fig. 4 shows two zone axis diffraction patterns of the austenitic
phase for sample V10 at room temperature. The [1 0 O] orienta-
tion (Fig. 4a) was mainly observed in accordance with XRD
results. In the [1 1 0] orientation (Fig. 4b) the 111 and 113-type
Heusler superlattice diffraction spots reveal the L2; atomic order
in the ribbons. Similar results are obtained for the other samples,
V15 and V20.

TEM bright field images reveal the polycrystalline morphology
of the austenitic matrix, as shown in Fig. 5a, with mean grain sizes
of about 2-5 pm in good agreement with previous SEM results.
Additionally, dislocations and small precipitates are observed
(Fig. 5b). Preferential etching around precipitates results in lighter
circular regions or even holes which indicate that a precipitate
was there. A detailed study about precipitates is presented in the
following section. Particular dislocation configurations with
helical shape were encountered around some precipitates, as
can be seen in Fig. 5c, d. These dislocation configurations are
similar to those already reported in quenched f-CuZnAINi shape
memory alloys with the same L2; structure [37] which were
proposed to be the main vacancy sinks.

Dark field (DF) imaging using the 111 L2, superlattice reflec-
tion was performed to search for antiphase boundaries (APB) in
very thin regions of the samples. Fig. 6a shows a typical dark field
111 image of the austenitic phase in sample V15, obtained from
the [1 1 2] zone axis SAED pattern in Fig. 6b. This zone axis is 35°
away from a <100 > -type direction and thus it was hardly
achievable due to texture. The winding dark regions represent
the APBs. The size of the order domains strongly depends on the
quenching conditions; Fig. 6c-e shows the domain size histo-
grams for the different samples and the corresponding fittings
with a log-normal function, from which the mean domain
diameter < Dapg> and the distribution width, g, were obtained.
As can be seen, sample V20 presents the smallest antiphase
domains and the narrowest size distribution.

3.4. Precipitates

As was already mentioned, small precipitates of a second
phase were clearly observed by TEM. Fig. 7a shows a bright field
image of the precipitates and its corresponding electron diffrac-
tion pattern close to a [1 1 2] zone axis as in Fig. 6b. An additional
reflection (P) from the precipitates close to the 222 diffraction
spot can be observed. The dark field image with the reflection P
can be observed in Fig. 7b. Comparing the bright and dark field
images, it is evident that all the precipitates are diffracting
indicating a definite orientation relationship with the matrix.
The size of the precipitates was measured from the DF images.
Fig. 7c, e summarizes the particle size histograms for the different
samples and the corresponding log-normal distribution fittings,
from which the mean precipitate diameter <D,> and the
distribution width ¢, were obtained. Precipitate size is influenced
by the quenching conditions; bigger precipitates are encountered
for slowly cooled samples. Samples V20 present the smallest
precipitates and the narrowest particle size distribution.

Fig. 8a shows a TEM bright field micrograph of a 70 nm
diameter precipitate exhibiting Moiré fringes. In the upper side
of the image, the corresponding electron diffraction pattern, again
presents extra spots (P) corresponding to the precipitates. The
nearness between the precipitate (P) and 022 austenitic matrix
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Fig. 6. (a) Typical view of the L2; antiphase boundaries in sample V15. (b) [1 1 2]
zone-axis electron diffraction pattern showing the 111 superlattice spot used for
dark field imaging in (a). Antiphase boundary size histogram and its log-normal
fitting for samples V10 (c), V15 (d) and V20 (e).

reflection produces the observed Moiré fringes in the precipitate
(the ratio between the interplanar distances from precipitate and
the matrix dp/da022 equals 0.910).
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Fig. 7. (a) BF image from V15 sample showing precipitates close to the [1 1 2] orientation. In the corresponding SAED pattern, shown in the inset, an additional reflection
(P) corresponding to the precipitates is observed. (b) DF image with the reflection P reveals all the precipitates. Precipitate size histograms measured from the DF images of
samples V10 (c), V15 (d) and V20 (e) together with its corresponding log-normal distribution fittings.

Fig. 8b presents a 110 nm diameter precipitate placed on the
edge of a hole in the sample. Fine probe EDS microanalysis
performed at each side of the precipitate/matrix interface evi-
dence clear changes in composition: the precipitates are richer in
Mn and poorer in Ga, and additionally contain Se and S. Selenium
and sulfur are among two of the major impurities of the 99.95%
Mn (Alfa Aesar) used in this work. Searching for possible compo-
sitions of the precipitates, we found that o-MnSe and a-MnS are
stable compounds with NaCl-type structure with 5.440 A and
5.224 A lattice parameters respectively (slightly smaller than the
lattice parameter of the austenite, Table 1).

A selected area electron diffraction pattern from a zone axis of
the precipitate could be obtained (Fig. 8c) by tilting the sample.
This pattern can be compared with the [1 1 1] zone axis pattern

corresponding to o-MnSe (Fig. 8d). Since both patterns are
similar, the experimental zone axis pattern obtained from the
precipitates can be indexed as [11 1] of a Na-Cl-type structure
with lattice parameter 5.309 A. Considering this structure for the
precipitates, the results in Figs. 7a and 8a can be expressed as
(222)p/] (222), and (022)p// (022),. Therefore, the following
orientation relation between the austenitic matrix and precipi-
tates can be established: <100 > p// <100 > ..

3.5. Magnetic properties
The Curie temperatures of the samples were about

Tc=(370+5) K, relatively close to those reported for Ni,MnGa
bulk samples [35,36].
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Room temperature magnetic hysteresis curves were measured
up to 1.5T, at a field rate of 0.75 T/min. The samples are all
ferromagnetic and the hysteresis J vs. poH; curves of the austenitic
phase are presented in Fig. 9; the corresponding values of the
saturation (Js) and remanent (Jz) polarizations, and the coercive
field uo jHic, defined as the internal field at which J=0, are listed in
Table 2. The coercivity and polarization values measured in V10
and V15 are relatively close to those reported in arc melt
polycrystalline Ni;MnGa austenitic alloys [38]; on the other hand,
the saturation polarization of V20 is somewhat smaller, in
agreement with results indicating that high quenching rates
promote local disorder which lowers the spontaneous polariza-
tion values in the austenitic phase [38]. In fact, the Mn atoms at
Ga sites (the nearest neighbors of Mn in the ordered state) couple
antiferromagnetically to the dominant moment leading to a lower
polarization.

The room temperature major loops are well fitted by a soft
ferromagnetic contribution and a small linear contribution, prob-
ably arising from the small Mn(S,Se) precipitates; it is known that
MnS and MnSe phases transform from paramagnetic to antiferro-
magnetic at Ty~ 150 K [39].

The magnetic polarization versus temperature is investigated
in the range 4-300 K, where the martensitic transformation is
expected to take place; measurements are performed in all the
samples in both, the zero field cooled (ZFC) and the field cooled

Table 2
Room temperature hysteresis parameters for the austenitic phase: saturation
polarization Js remanent polarization Jr and coercive field uo H;c at which J=0.

Sample V10 V15 V20
Js[T] 0.6618 0.6550 0.4793
Jr [T] 0.0661 0.034 0.0235
o jHic [mT] 52 4.5 3.6

(FC) magnetic states. Each sample was first cooled from room
temperature to 4 K, without any applied field, and the polariza-
tion was recorded during heating under an applied field of 2 mT
(ZFC). Then the polarization was measured during the subsequent
cooling and heating (FC curve), keeping the applied field constant.
The resulting curves are shown in Fig. 10 a-c. Curve a’ corre-
sponds to a thermal cycle performed in sample V10 but with an
applied field of 0.5 T.

During cooling from 300 K the magnetic polarization of all the
samples undergoes a sharp decrease; during the subsequent
heating the polarization practically recovers at a higher tempera-
ture leading to a relatively large hysteresis. The total polarization
changes associated with the transformation under a small applied
field of 2 mT are about 16 mT (V10), 1.3 mT (V15) and 1.1 mT
(V20). For sample V10 transforming in a larger magnetic field of

0.6 1 V15|

-0.01 0.00 0.01

-1 0 1
uH, [T]

Fig. 9. Room temperature hysteresis loops corresponding to the samples in
austenitic phase. These loops are well fitted by a soft ferromagnetic contribution
and a paramagnetic one, probably arising from the Mn(S,Se) precipitates.

Fig. 8. (a) Precipitate (70 nm diameter) in sample V10 exhibiting Moiré fringes. The upper side of the image presents the corresponding electron diffraction pattern
showing austenite and precipitate (P) spots. Non indexed reflections correspond to double diffraction. (b) Precipitate (110 nm) located at the edge of a hole in sample V15.
(c) Selected area electron diffraction pattern of the precipitate in (b). (d) Simulation of the [1 1 1] zone axis pattern corresponding to MnSe (Na-Cl-type structure). This
pattern matches the experimental one suggesting a similar structure for the precipitates.
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the martensitic transformation.

0.5T this change is about 58.5 mT. The para- to antiferro-
magnetic transformation of the Mn(Se,S) precipitates at Ty=
150K cannot explain this hysteretic behavior. On contrary, the
phase transformation reported in this alloy from the high tem-
perature austenitic phase (A) to a martensitic phase (M) during
cooling (Ty;) and the re-transformation M— A (T,) during heating
would explain both, the polarization changes and hysteresis. The
martensitic transformation temperature is not affected by the
magnitude of the applied field during measuring, as illustrated in
Figs. 10a and a’.

The low anisotropy energy of the austenitic cubic phase makes
it magnetically soft, with low coercivity and remanence, and also
little hysteresis. On the other hand, martensite exhibits a rela-
tively large uniaxial anisotropy. These facts allow the martensitic
transformation to be observed by field cooling the material
through the transition temperature. A significant drop in the
magnetic moment is observed as the transformation proceeds as a
consequence of an increased magnetic anisotropy and a reduction
in the number of easy magnetization axes aligned close to the
applied field direction [6,35].

The transformation temperatures T,; and T, estimated as
those where the curves (dJ/dT) exhibit a local maximum, are
listed in Table 3 together with the transformation temperatures
corresponding to the onset of the martensitic Ty;z and austenitic
Tar transformations determined by the resistance vs. temperature
measurements shown in Fig. 11. A good agreement is found

Table 3

Temperatures corresponding to the martensitic Ty, and the austenitic T4 transfor-
mations in samples Ni,MnGa, solidified by twin roller melt spinning at tangential
wheel speeds of 10 m/s (V10), 15 m/s (V15) and 20 m/s (V20). The transformation
onset temperatures Tyg Tag and T, observed in the electrical resistance vs.
temperature curves shown in Fig. 11 are also included. uo H, is the constant field
applied during the magnetization vs. temperature measurements.

Sample T [K] T4 [K] Tur [K] Tar [K] T; [K]
V10 149 170 126 163 228
148? 1682
V15 119 150 123 146 231
V20 118 150 129 144 217
2 jig Ha= 0.5T.
1.0
08 F
o
%‘r‘l
[ V20
B
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V10
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Fig. 11. Electrical resistance vs. temperature curves showing the intermediate
transformation temperature T; and the martensitic transformation temperatures
for the samples investigated.

between these values but they are lower than those measured
in bulk Ni,MnGa alloys (Ty;=202 K) [35]. The decrease observed
in the martensitic transformation temperature can be correlated
to grain size. Melt-spun ribbons with grain refinement have a
larger amount of grain boundaries, in which the short-range
atomic chemical disorder is increased. This disorder enhances
the resistance to the transformation and lowers the martensitic
transformation temperature [40].

A new transition is detected by resistivity measurements,
around 230 K, which is identified as that leading to an inter-
mediate, premartensitic phase. During cooling Ni,MnGa single
crystals, the reported transformation sequence is [41-44]: A— [—
10M, where A is the austenitic phase, I an intermediate (pre-
martensitic) phase and 10 M a martensitic phase. In fact,
NioMnGa alloys exhibit, during cooling, a soft-mode-condensed
premartensitic transition to a cubic I phase and then another
transition to a tetragonal 10 M modulated martensite [45]. On the
other hand, in polycrystalline Nis;Mn,g 5sGasg s ribbons processed
by single-roller melt spinning, a transition from a high tempera-
ture cubic austenitic phase to a 7M or 14 M orthorhombic
martensite is reported during cooling [25,46]. It is often found
that austenite transforms to a mixture of layered structures, with
overlapping stability ranges and/or they show a different
sequence on cooling and heating; also, internal stresses may
promote different inter-martensitic transformations [47] leading
to different final low temperature products. These facts make the
identification of the low temperature martensitic phase difficult;
unfortunately, we could not access to low temperature X ray or
neutron diffraction nor to TEM facilities to characterize the
martensitic phase.
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Fig. 12. Upper branch of the hysteresis loops measured at 100 K and 250 K for
samples V10 (a), V15 (b) and V20 (c). The loops corresponding to the samples in
the martensitic phase show two steps, as illustrated by the y curves in the insets.

The upper branch of the isothermal hysteresis loops measured at
different temperatures and the differential susceptibility y curves
for two temperatures - one in the range of the austenitic high
temperature phase and another one at low temperature, where
the transformation is complete - are shown in Fig. 12 for the
three microstructures investigated. It is worth to note that two
distinct peaks are detected during demagnetization of the mar-
tensitic phase from saturation; the first maximum in the y(H) plot
(first step in the demagnetization curve) of samples V15 and V20
appears at a positive (first quadrant) internal field (about 46 mT)
while in sample V10 it is located at a small inverse field
(—25 mT). For increasing demagnetizing inverse fields, another

step is observed at about —128 mT (V10) and —235 mT (V15 and
V20). These features of the hysteresis loop are completely
reproduced during subsequent field cycles. The larger step has
already been observed in Nis;MnygsGazgs polycrystalline
ribbons, processed by single roller melt spinning [25,46], and
they were attributed to magnetic field induced twin boundary
motion (MFITBM) in the martensitic phase. The authors explain
the phenomenon on the basis of the ribbon crystallographic
texture and the internal stresses built up during quenching
[25,46] which induce the cubic austenite to transform into
orthorhombic martensite during cooling. This quenched tensile
stresses promote those twin variants with hard magnetization
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Fig. 13. Coercive field (a), saturation polarization (b) and remanent polarization
(c) as functions of temperature for the alloys investigated. In (a), the coercive field
o Hic at which J=0, is denoted with full symbols, while the critical fields
associated to the steps observed in the demagnetization curves of the martensitic
phase (Fig. 12, insets) are indicated with open symbols.
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direction - a axis - parallel to the stress direction (ribbon plane)
and the shortest c (easy) axis of the orthorhombic lattice normally
aligned with the stress. The abrupt slope change in the martensite
J(H) curves would correspond to the onset of MFITBM in the
preferentially oriented martensite. The restoring ‘force’ leading to
reversible twin boundary motion is proposed to be the grain-to-
grain elastic energy stored in the polycrystalline ribbon. Even
when similar texture and quenched-in stresses are also present in
our samples, it is not possible to confirm that the same mechan-
isms are responsible for the large peak in the y(H) curves at po
+Hicc because the nature of the martensitic phase remains
unknown. The same arguments apply to the small peak in y(H)
at 1o 4Hic;, not reported for single roller melt spun samples.

Fig. 13 summarizes the temperature dependence of the hys-
teresis parameters for samples V10, V15 and V20. The coercive
field uo ;Hic is plotted together with the two critical fields defined
as the internal fields at which the curve ¥(T) reaches local
maxima, io ,Hic; and o ,Hic, Tespectively.

4. Summary

Stoichiometric NiMnGa thin ribbons (40 um thick) were
produced by twin roller melt spinning at three different cooling
rates to explore the effects of this symmetric, ultra fast quenching
condition on the alloy microstructure and magnetic properties.

Samples are polycrystalline, with small (4 pm) equiaxed grains
near the surfaces and columnar grains 2-6 pm in diameter and
10-20 um length, developed along the main heat extraction
direction. These columnar grains are longer and thicker in
samples cooled at lower rates. The samples exhibit a large
crystallographic texture with the [400] direction perpendicular
to the ribbon plane, which becomes more marked in samples
quenched at higher rates.

The equilibrium major phase at room temperature is the cubic
L2, Ni,MnGa ordered austenitic phase in all the samples, with a
lattice parameter only ~0.1% larger than the tabulated value. The
mean size of the order domains changes from 40 nm to about
19 nm when the substrate speed changes from 10 m/s to 20 m/s.
Mn (S,Se) precipitates are also observed embedded in the matrix,
with mean particle size and density increasing as the quenching
rate decreases; these precipitates keep a definite orientation
relation with the matrix, <100 >p// <100 > ,. The austenitic
matrix is ferromagnetic and the precipitates are paramagnetic
above 150 K. Together with the antiphase boundaries between
order domains, these precipitates are expected to hinder domain
wall motion in the matrix; however, all samples in the austenitic
phase exhibit very low coercivities, near 3-6 mT.

Magnetic polarization and electrical resistance vs. temperature
measurements performed in samples in the as-cast condition
indicate that the alloys transform to an intermediate cubic phase |
at about 220-230 K depending on the quenching rate and to a
martensitic phase at about 130 K. This martensite is also ferro-
magnetic and the J(H) loops exhibit larger coercivity and rema-
nence values than those measured in the austenitic phase. The
low temperature hysteresis loops, corresponding to the marten-
sitic phase, show similar features as those reported by other
authors in melt spun Ni-Mn-Ga ribbons. The demagnetization
curves measured from saturation in the martensitic state show
two marked steps: a first one for positive fields in V15 and V10
(~46 mT) and a larger second one for relatively large inverse
fields (~130-250 mT) in all the samples. These steps are likely to
arise from a demagnetization mechanism involving field induced
twin boundary motion in the few martensite variants selected by
the crystallographic texture and the stresses built up in the
ribbons during quenching.
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