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Stoichiometric Ni,MnGa alloys are processed by two rapid solidification techniques - single-roller (SR) and twin-
roller (TR) melt spinning — and the resulting microstructures and magnetic properties determined. Samples proc-
essed at tangential wheel speeds of 10 m/s (V10) and 15 m/s (V15) are studied in the as-cast condition to analyze
the influence of the production methods on the microstructure. Important aspects like the resulting phases, their
crystallographic texture, magnetic properties, martensitic transformation temperatures and Curie temperatures
are compared. In addition, the magnetization mechanism involving twin boundary motion is explored. Our re-

Keywords: L X . . . .
Shape-memory alloys sults indicate that the TR method provides lower cooling rates, thicker samples, higher internal stresses and larg-
Magnetic properties er MnS precipitates. However, the quenching rate is mainly determined by the tangential wheel velocity. TR

samples also exhibit [100] texture normal to the ribbon plane but in a lesser extent than SR ribbons. Martensitic
transformation temperatures are higher in samples V15 (~150 K) than in V10 (~100 K), with no clear difference
between the SR and TR modes. This behavior is explained by considering distinct degrees of disorder in the L2,
austenite phase resulting from quenching. The hysteresis of the transformation, defined as the difference Ay —
Ms, takes similar values in the four samples analyzed. Pre-martensitic transformation temperatures are also
slightly higher in samples V15, (230 + 3) K, than in samples V10, (222 4+ 3) K, as the magnitude of the Hopkinson
effect, in good agreement with a higher residual stress level in TR ribbons. In the martensitic state, all ribbons ex-
hibit hysteresis loops characteristic of a magnetization mechanism involving twin boundary motion. The
switching magnetic fields for the onset of Type I twin boundary motion result between 220 mT and 365 mT,
values equivalent to twinning stresses of about 1 MPa. It is concluded that both procedures, SR and TR melt spin-
ning, provide microstructures favoring magnetic field induced twin variant reorientation.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction the magnetic field-induced rearrangement (MIR) of martensitic variants

via twin boundary motion, without any phase transition [1,13,14].

During recent decades Ni-Mn-Ga Heusler-type alloys have emerged as
a promising new class of smart materials due to the multifunctional prop-
erties they exhibit: magnetic shape memory effects [1-3], superelasticity
[4], magnetoresistance [5,6] and magnetocaloric effects [7-11]. These al-
loys, with great potential for applications in magnetic sensing, actuation
and magnetic refrigeration, combine the properties of ferromagnetism
with those of a thermoelastic martensitic transformation. In this sense,
the giant deformation observed under an external applied field, with
the associated magnetic-shape-memory effect, is attributed to either the
reversible field-induced austenite to martensite transformation [12], or
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The phase transformation sequence in Ni-Mn-Ga alloys is actually
quite complex; depending on the alloy chemical composition and ther-
mal history, different transformations may proceed. On cooling from the
melt, the Ni;MnGa stoichiometric compound is formed as a partially or-
dered (with respect to the nickel sublattice) B2 phase. The subsequent
ordering of Mn and Ga atoms occurs below 1071 K with the formation
of the Heusler phase (austenite) with cubic L2, structure [15,16]. In
this austenitic phase, Ni ions occupy the corner sites of a body-cen-
tered-cubic structure, while Mn and Ga ions occupy alternate body-cen-
ter sites [17]. In some near-stoichiometric alloys, prior to the martensitic
transformation at low temperatures, a weak first order transformation
occurs from the austenitic phase into a micro-modulated pre-martens-
itic phase, as a result of a soft 1/3[110]TA, phonon mode condensation
[18,19]. The martensitic transformation in Ni-Mn-Ga alloys may result
in several martensites: five-layered (5 M) [2,20] or seven-layered
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(7 M) [3,20] modulated monoclinic martensitic structure, or a non-
modulated (NM) tetragonal martensite structure [20,21]. In addition,
inter-martensitic transformations also exist in alloys with martensitic
transformation temperatures near or higher than room temperature.
These are first-order phase transitions between different martensitic
structures; typical transformation paths of inter-martensitic transfor-
mations on cooling were reported as 5 M-7 M-NM or 7 M-NM [22-
25], being the final NM martensite the most stable. Recent studies also
demonstrate that in many cases austenite can transform into coexisting
multiple martensites with different structures [26]. At Tc = 376 K [16]
the Ni;MnGa alloy exhibits a para-to-ferro-magnetic transition; since
the martensitic transition temperature is lower than the Curie point,
martensitic transformation occurs between ferromagnetic phases. In
contrast to the martensitic transformation temperatures, the Curie tem-
peratures of off-stoichiometric Ni-Mn-Ga alloys are less sensitive to the
chemical composition, having a value of around 370 K for a wide com-
position range [27].

So far, magnetic-field-induced strains of approximately 6% and
10% have been reported in Ni-Mn-Ga single crystals of 5 M [2,13]
and 7 M [3] martensites, respectively, but only negligible MFIS has
been observed in NM martensite (not larger than ~0.1% [28]). Due
to the high fabrication cost of single-crystals and in order to mini-
mize actuators size and ac eddy-current losses, research was also di-
rected towards polycrystalline materials. Although the observed
MEFIS in polycrystalline samples is almost zero [29], attempts have
been made to improve the magnetic field induced strain producing
the alloys as thin films, ribbons, particles and foams [30]. As already
mentioned, microstructures and phase transition sequences in Ni-
Mn-Ga alloys strongly depend on their chemical composition. In ad-
dition, other structural and magnetic properties such as crystal type,
transition temperatures, and/or internal stresses can be further
tuned by the whole preparation route [31].

In recent years, the melt-spinning technique has been successfully
adopted as an effective single-step process to produce nearly homoge-
neous single-phase textured ribbons [30,32-36]. The high internal
stresses induced in the ribbons result in preferentially oriented textures
that favor large transition-induced strain and MFIS. Melt-spun polycrys-
talline Ni-Mn-Ga ribbons exhibit in the as-cast condition, and even after
annealing at temperatures below 773 K, a marked step in the martensite
M(H) hysteresis loops [30], which has been attributed to magnetic-
field-induced twin boundary motion (MFITBM) [14] in the particular
scenario of quenched-in internal stresses, built up during the rapid so-
lidification process.

Polycrystalline melt-spun samples have been processed by single
[30] and double [36] melt-spinning techniques; in both cases the
resulting ribbons exhibit relatively large contributions to the total
polarization associated to a mechanism of field-induced twin bound-
ary motion. In both processing methods, the main variables are the
melt flow rate, largely controlled by the nozzle diameter and the
ejection argon overpressure, the melt temperature and the rolling
wheel tangential speed. In the case of twin-roller melt spinning, a
second wheel is in contact with the melt, providing a symmetric
heat extraction pattern, and a new variable becomes important:
the resistance to separate the rolling wheels, known as the separat-
ing force [37]. This resistance is provided by calibrated springs forc-
ing the wheels together. This variable becomes crucial to determine
the ribbon thickness, the heat extraction rate and the actual cooling
speed, and also the residual internal stress level. These internal
stresses also increase the critical field required for MIR.

Optimal microstructure to observe ‘recoverable’ MIR effect in melt-
spun ribbons, requires columnar grains of the L2; ordered austenitic
phase, developing along the ribbon thickness, with the [100] crystalline
direction perpendicular to the ribbon plane. An effective long-range in-
ternal tensile stress directed along the ribbon length is also necessary to
promote a single (or few) variant/s in the martensitic phase after
cooling, and a back-stress acting as a restoring force. Defects like

compositional inhomogeneities, localized chemical disorder, small pre-
cipitates, dislocations and other randomly distributed local defects are
pinning points for twin boundaries and hinder their motion, so they
must all be minimized.

It is then of interest to investigate in what extent the single and dou-
ble roll procedures provide the optimal conditions for MIR.

Considering the high sensitivity of the actual solidification condi-
tions to a large number of variables, any comparison of performances
between the single and twin roller procedures must be made in as sim-
ilar as possible devices. In this sense, the melt spinning facility in our
laboratory works in the two modes, single and double roller, shearing
all other dispositive as oven, crucible, ejecting system and cooling
cylinders.

This article reports on the microstructure, transformation tempera-
tures, magnetism and ferroelastic behavior of Ni;MnGa alloys, proc-
essed by two rapid solidification techniques: single-roller and twin-
roller melt spinning. For each one of these conditions two different tan-
gential wheel speeds are considered. Samples are studied in the as-cast
condition to analyze the influence of the production methods on the mi-
crostructure; aspects like phases, crystallographic texture, magnetic
properties, martensitic transformation temperatures and Curie temper-
atures of the alloys are compared. In addition, the magnetization mech-
anism involving MIR in each structure, which is at the origin of magnetic
field induced strain, is explored. All the properties are also compared
with the ones reported in literature for Ni,MnGa bulk alloys, produced
by traditional methods.

2. Materials and Methods

A master alloy of nominal composition Ni;MnGa was prepared by
arc melting 99.9% pure Ni (Strem Chemicals), 99.995% pure Mn (John-
son Matthey) and 99.99% pure Ga (Strem Chemicals). The small ingots
so obtained (about 5 g) were re-melted four times to promote a homo-
geneous distribution of the components. All these procedures were con-
ducted under a Zr gettered Ar atmosphere, with a weight loss during arc
melting less than 0.6%. Ingots were melted under argon atmosphere in a
quartz crucible with a circular 1 mm diameter nozzle by induction
heating. The molten alloy (~1573 K) was evacuated by a positive
argon pressure onto one (single-roller melt-spinning technique:
SR) or two (twin-roller melt-spinning technique: TR) 5 cm diameter
copper wheel/s, coated with a thick chromium layer. Casting was
performed at two different tangential wheel speeds: 10 m/s and
15 m/s (samples V10 and V15, respectively); as-quenched ribbons
were flakes of about 1.7-2.5 mm wide and 50-80 um thick, as
shown in Table 1. As expected, ribbons are thinner in SR samples
than in the TR ones and thickness tends to reduce as the tangential
wheel speed increases.

Ribbon morphology was examined in a Leica DMRM optical micro-
scope. Fig. 1 shows the typical morphology of the surfaces solidified in
contact with the wheel (CS: contact surface, SR or TR) and solidified at
air (FS: free surface, SR). For samples produced by the twin-roller
melt-spinning technique, no differences were observed between the
ribbon faces, indicating symmetric solidification conditions.

The resulting microstructures were characterized by X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). Room temperature X-ray diffraction profiles
were recorded in a Philips PW 3830 diffractometer in the 260 range
from 20° to 100°, in Bragg-Brentano configuration, using Cu Ko

Table 1

Mean thickness t and average width w of the ribbons V10 SR, V10 TR, V15 SR and V15 TR.
Sample V10 SR V10 TR V15 SR V15 TR
t [um] 60 +£5 80+5 50+ 5 70 £5
w [mm)] 22+04 25+ 05 1.8+ 05 1.7 £ 05
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Free surface

Fig. 1. Optical micrographs of a ribbon showing the typical morphology of the surfaces (a)
solidified in contact with the wheel (CS: contact surface) and (b) solidified at air (FS: free
surface). Both images correspond to a V15 SR ribbon and the rolling direction is evident in
the contact surface.

radiation (A = 1.5418 A). A Philips 515 scanning electron microscope
was used to image the ribbons fracture surfaces. Samples observed by
TEM were thin foils prepared by twin-jet electropolishing with a 20%
HNO;3 (nitric acid)/80% pro-analysis methanol electrolyte, at 12 V and
258 K. Transmission electron microscopy observations and selected
area diffraction patterns were performed in a Philips CM200UT micro-
scope, operating at 200 kV and equipped with energy-dispersive X-ray
spectroscopy (EDS) facility.

Magnetic measurements were performed in a Quantum Design
SQUID magnetometer, in 6 mm long as-cast ribbons with the applied
field parallel to the sample length. Magnetization as a function of tem-
perature curves M(T) were measured in the temperature range 5-
300 K, under an applied field of 2 mT. Magnetization isotherms M(H)
curves were recorded at selected temperatures within that range, up
to a maximum field of 1.5 T. Curie temperatures were estimated from
magnetization vs. temperature curves measured in a Faraday balance,
in the 290 K - 400 K temperature range, at a rate of 0.7 K/min.

Additionally, electrical transport was measured with the conven-
tional four-probe geometry between room temperature and 10 K.

3. Results and Discussion
3.1. Scanning Electron Microscopy

Fig. 2 shows typical SEM images of the ribbons' cross sections. In
samples produced by single-roller melt-spinning (SR), small equiaxed
grains are found near the surface in contact with the wheel, as well as
long columnar grains (2-8 um wide) grown-up through the whole rib-
bon thickness. On the other hand, small equiaxed grains are observed on
both surfaces of TR melt-spun samples (both solidified in contact with a
wheel) but columnar grains in the central zone are coarser, with widely
distributed orientations as compared to SR ribbons. These features indi-
cate that, higher rates of heat removal during the process of rapid solid-
ification enhance directional grain growth [38].

3.2. X-ray Diffraction Analysis

Room temperature XRD patterns of the as-cast alloys, solidified at
different rates, are shown in Fig. 3. For SR samples, both surfaces of
the ribbons (CS and FS) were exposed to the incident radiation.
Diffractograms were indexed according to a L2; crystal structure [16,
39]. As can be seen, only the (200) superlattice reflection, indicative of
the nearest-neighbor B2 ordering, is visible in all samples. The (111)
superlattice reflection, corresponding to the next-nearest-neighbor
L2, ordering, is only observed in sample V15TR. Secondary phases
were not detected; the diffraction peak denoted with letter “T” corre-
sponds to the double-coated tape used to paste the ribbons to the
XRD specimen holder.

The lattice constant a of the L2, austenitic phase was calculated by
fitting to the structural reflections 220, 400, 422 and 440 a Pearson VII
profile; corrected values of 260 were used by considering the zero shift
effect as described in [40]. The resulting values - listed in Table 2 - are
indistinguishable within experimental errors and coincide pretty well
with the value ag = 5.825 A reported by Webster et al. [16] and tabulat-
ed in card ICSD #103803.

As already reported in [30,35,36] melt-spun ribbons exhibit texture,
with the [100] crystalline direction almost perpendicular to the ribbon
plane. In fact, [100] preferred texture about 5° tilted from the ribbon
normal has been reported in SR samples [35]. This anisotropy is more

e
b

Fig. 2. SEM images of the cross sections of V10 (a and b) and V15 (c and d) ribbons produced by twin-roller (a and c) and single-roller (b and d) melt-spinning techniques.
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Fig. 3. (a) Room temperature X-ray diffraction patterns of the as-cast ribbons. Relative intensities of structural reflections from the ordered L2; cubic austenite structure can be observed.
(b) Low angle detail of (a) showing (111) and (200) superlattice diffraction lines from L2; austenite phase. Letter “T” denotes the diffraction peak of the double-coated tape used to paste

the ribbons to the XRD specimen holder.

notorious in SR samples (particularly near the free surface, FS). Diffrac-
tion peak intensity ratios I4q0/l20 for all the samples studied are listed in
Table 2; the reference relative intensity value corresponding to
NiMnGa (card ICSD #103803) is 0.15. This confirms that this texture
is also present in our TR samples.

XRD and SEM results indicate that SR samples exhibit longer
columnar grains, with the growing [100] direction highly oriented per-
pendicular to the ribbon plane, which is a necessary condition to obtain
only few variants in the martensitic phase after cooling. The other one is
to obtain a convenient long range stress distribution [11,35] which is
known to exist in SR ribbons but not “a priori” expected in TR ones. As
discussed by Wang et al. [30], the crystallographic texture in the austen-
ite phase, [100] direction perpendicular to the ribbon plane, and the
quenched-in stress (tensile along ribbon length) promote variant selec-
tion on the martensitic transformation. For a tensile stress (0 > 0), the
negative magnetoelastic coupling in the martensite makes the magnetic
moment vectors to align normally to the stress. Then, under such tensile
stress only those variants whose hard magnetization direction (a axis)
is parallel to the stress direction (ribbon plane) are selected.

3.3. Transmission Electron Microscopy

Energy-dispersive X-ray spectroscopy (EDS) analysis on the melt-
spun ribbons confirmed the stoichiometric composition Ni,MnGa in
all samples, with a quite narrow dispersion (<1 at.%) around the nomi-
nal composition.

Conventional selected area electron-diffraction patterns (SAEDP)
ratified the L2; austenite crystalline structure in all the samples; Fig. 4
shows the electron diffraction [112] zone axis pattern for sample V10
SR, in which 111-type Heusler superlattice diffraction spots reveal the
L2, atomic order in the ribbons. The [100] orientation was mainly ob-
served in accordance with XRD results.

TEM bright field images of samples in the austenitic phase are
displayed in Fig. 5. Small pores and thinner circular regions are

Table 2

Lattice constant a and intensity ratio l400/I220 of the high temperature austenitic phase, ob-
tained from XRD data. Card ICSD #103803 indicates ao = 5.825 A at room temperature
and I400/1220 = 0.15. The mean precipitate size dp, obtained from TEM images, is also listed.

& V10 TR & V15TR
Sample FS CS FS (&
a + 0.002 [A] 5.823 5.824 5.825 5.825 5.827 5.828
Lago/1220 0.88 0.48 0.73 2.25 0.43 0.72
dp [nm] 15+ 10 60 + 20 30+ 10 30+ 15

observable, due to preferential etching around former precipitates. Dis-
locations with helical configuration are found around some precipitates
in all the samples (see Fig. 5.b, sample V10 TR). These dislocations were
already observed by us in twin-roller melt-spun Ni;MnGa ribbons [36]
and by Serrano et al. [41] in quenched (3-CuZnAINi shape memory alloys
with the same L2, structure. These latter authors propose that they form
by vacancy condensation.

Precipitate diameter, dp, is in the range between 10 nm and 100 nm.
As their volume density is relatively small, no statistically significant
histograms could be built. Instead, the arithmetic means over 100 parti-
cles, with the corresponding standard deviation, are considered. These
mean values are listed in Table 2.

A number of studies have demonstrated that precipitates can have a
strong effect on twin boundary motion [42] by acting as obstacles, char-
acterized by their energy and spatial distributions. The precipitates in
our samples have different mean sizes, being larger in TR samples
(30-60 nm), than in SR ones (15-30 nm), however, no rigorous correla-
tion between their mean size and the critical field for twin boundaries
motion could be well established as will be shown below.

Fine probe EDS microanalysis (Fig. 6.a) indicated that these precipi-
tates contain Mn and S (sulphur is the main impurity in the Mn precur-
sor used) in their composition. Fig. 6.b shows a 200 dark field
micrograph of a ~40 nm diameter precipitate exhibiting Moiré fringes
(sample V10 SR). In the upper side of the image, the corresponding elec-
tron diffraction pattern evidences extra spots belonging to the precipi-
tate. The nearness between the precipitate P and 200 austenitic matrix
reflections produces the observed Moiré fringes. The ratio between

Fig. 4. Electron diffraction [112] zone axis pattern (sample V10 SR) corresponding to the
L2, structure.
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Fig. 5. TEM bright field (BF) micrographs showing MnS precipitates (some of them indicated with arrows) and dislocations inside the grains. Helical dislocations shown in V10 TR are

vacancy sinks [41].

the interplanar distances in the precipitate and in the austenite matrix
dp / dgz00 equals 0.90. In this sense, taking into account composition re-
sults and assuming a cubic crystal structure for the second phase, a lat-
tice parameter ap of about 5.2 A was calculated for the precipitates,
considering the interplanar distances ratios measured by TEM and the
austenite lattice parameters obtained by XRD studies. This value is
very close to the lattice parameter ay,s = 5.224 A tabulated for the stoi-
chiometric a-MnS phase (PDF # 00-006-0518), the only stable com-
pound in the Mn—S system, with NaCl-type structure [43]. Fig. 6.c
displays a bright field image of a group of precipitates and Fig. 6.d the
dark field image corresponding to the precipitates reflection g = 200.
Comparing the bright and dark field images, it is evident that all the pre-
cipitates are diffracting indicating a definite orientation relationship
with the matrix, as was previously observed [36]. Even more, under
two-beam condition, the precipitates show the typical butterfly diffrac-
tion contrast (Ashby-Brown contrast [44]) of coherent precipitates due
to lattice mismatch with the matrix. This fact is exemplified in Fig. 6.e,
which shows a bright field micrograph taken under two beam condition
with the austenite g = 200. With these results, a NaCl-type structure
with orientation relationship <100>p // <100>, is assumed for the pre-
cipitates, and the corresponding reflection P in Fig. 6.b is indexed as 200.

3.4. Martensitic Transformation Temperatures

Magnetization versus temperature curves were measured in the
range between 4 K and 300 K, where the martensitic transformation is
expected to take place. Samples were first zero-field-cooled to 4 K
(without measurement), then field-heated (ZFC) to room temperature
and field cooled (FC) back to 4 K under a constant applied field of 2
mT. The resulting thermomagnetic curves for the four samples investi-
gated are shown in Fig. 7. On cooling from room temperature, the
abrupt change in the magnetization value indicates the transformation
starts from the high temperature Heusler austenitic phase (A) to the
martensitic phase (M). During heating, the phase transformation re-
verses showing temperature hysteresis. Martensite start and finish tem-
peratures (Ms, My) and austenite start and finish temperatures (As, Ay)
are also indicated in Fig. 7, together with a graphic illustrating the

procedure to determine them. A summary of these characteristic tem-
peratures is presented in Table 3.

Austenitic and martensitic phases show distinct magnetic character-
istics. The cubic austenite is magnetically soft, with low anisotropy ener-
gy, and exhibits low hysteresis, coercivity and remanence values. On the
other hand, martensite presents a relatively large uniaxial anisotropy.
These differences allow detecting the martensitic transformation during
field cooling the material through its transition temperature. A signifi-
cant drop in the magnetic moment is observed as the transformation
progresses indicating that the magnetic anisotropy increases and the
number of easy axes closely aligned with the applied field direction
[16,45] reduces.

Transformation temperatures and the respective hysteresis can also
be detected studying the temperature dependence of electrical resis-
tance. Fig. 8 shows a typical (room temperature normalized) resistance
vs. temperature curve, measured in sample V15 TR. The corresponding
martensite and austenite start and finish temperatures are also listed
in Table 3. A relatively good agreement is found between these values
and the ones obtained from magnetization vs. temperature measure-
ments, but they are lower than those registered for bulk Ni,MnGa alloys
(Ms = 202 K [16]). Lower transformation temperatures, as compared to
that of bulk samples with the same composition, were already mea-
sured in other Ni-Mn-Ga melt-spun ribbons [34,36,46-48]. The ob-
served reduction in the martensitic transformation temperatures can
be related to internal stresses and disorder, built up in the rapid solidi-
fication process, and to smaller 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 en-
hances the resistance to the transformation and depresses the martens-
itic transformation temperature [32].

Martensite and austenite start temperatures are higher for the rib-
bons quenched at 15 m/s (SR and TR); for a given wheel speed, no sig-
nificant differences are observed between the characteristic
temperatures of the SR and TR melt-spun samples. The hysteresis of
the transformation, defined as the difference Af — Ms, takes similar
values for the four samples analyzed, resulting in an average value of
34 + 3 K. The hysteresis value can be related to the nature of the mar-
tensitic transformation and to the sample microstructure [49].
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Fig. 6. () EDS from a precipitate (black line) compared to the Ni-Mn-Ga matrix (full red). In the precipitate, the S Kot peak is evident and a small increment in the Mn Ko peak is observed
(sample V15 SR). (b) 200 dark field micrograph of a ~40 nm diameter precipitate, exhibiting Moiré fringes (sample V10 SR). In the upper side of the image, the corresponding electron
diffraction pattern, presents extra spots belonging to the precipitates (P). Non indexed reflections correspond to double diffraction. (c) Bright field micrograph of V10 SR sample and
(d) the corresponding dark field image with reflection g = 200. (e) Coherent precipitates with butterfly diffraction contrast can be observed in this bright field image obtained close to
the two beam condition with g = 200. The direction of g is indicated in the figure (sample V15 TR).

The increase of Ms with the tangential wheel velocity may be ratio-
nalized by considering that the value of M strongly depends on the de-
gree of order in the parent phase. When NiMnGa alloys solidify, the
atomic structure follows the sequence: liquid — disordered B2
phase — ordered L2, phase. For Ni;MnGa the transition temperatures
are Ty = 1383 Kand T, = 1071 K, respectively [50]. The order-disorder
transformation cannot be avoided; however, depending on the cooling
and quenching conditions [51], different grades of order may exist in
the resulting L2, phase. In addition, there is a significant difference if a
NiMnGa alloy is quenched from temperatures above or below T. If the
sample is quenched from temperatures below T, (from the ordered
L2; phase field), increasing the quenching rate also increases the
retained disorder in the austenitic phase, causing the temperature Ms
to decrease, as found in our previous work [36]. Now, if the sample is
quenched from a higher temperature, above T, the increment in the va-
cancy concentration helps the ordering process during the quench [52],
leading to an increased retained order and the consequent increase in
Ms. Solidification is a continuous cooling method; in particular, in a
rapid solidification event, the diffusion time is similar to that of the
quenching process. We do not know at what temperature the micro-
structure actually freezes but in the present work, Ms for the V10 condi-
tion is below that obtained for V10 in [36]. Besides, the difference
between the X-ray diffraction patterns in the previous and the present

work points out a higher disorder in the new samples because the
order diffraction lines are not detected as they were in the former
case. Both results are an indication that the cooling rate is now higher
than in [36], so it is likely that the frozen microstructure in V15 corre-
sponds to a temperature higher than T, causing the Ms to increase and
not to decrease as before.

Another parameter characterizing the transformation is the so-
called equilibrium temperature Ty. Kaufman and Cohen [53] first intro-
duced the concept of Ty as the temperature at which the chemical Gibbs
free energy of the parent and martensitic phases are equal. Thus, at Ty
they are thermodynamically in (metastable) equilibrium, whereas at
lower temperatures, the martensitic phase is stable. For several
thermoelastic transformations, it may be assumed that it is half way be-
tween Ms and Ay temperatures leading to:

~ Ms+Af

To 3

The resulting values for Ty, estimated from magnetization and resis-
tance measurements, are included in Table 3; the equilibrium tempera-
ture is higher in samples cooled at higher wheel speeds and it is no
sensitive to the particular (SR or TR) cooling mode.
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Fig. 7. Normalized magnetization vs. temperature curves measured under a constant field of 2mT: (a) sample V10 SR, (b) sample V10 TR, (c¢) sample V15 SR and (d) sample V15 TR.

Martensitic and austenitic transformation temperatures are shown.

In addition to the martensitic transformation, an extra feature is ob-
served in the electrical resistance curve at temperatures above the mar-
tensitic transition, which is associated with the formation of an
intermediate or pre-martensitic (PM) phase. This pre-martensitic trans-
formation has been detected in Ni, . x + yMn; — xGa; _ y alloys with
relatively small deviations from stoichiometry and martensitic transfor-
mation temperatures lower than 270 K [18]. It is a weak first order
transformation [54] which, for the stoichiometric composition Ni;MnGa
with martensitic transformation temperatures around 200-220 K, oc-
curs near 260 K [15,17,55]. Pre-martensitic transformation tempera-
tures (Tpy) obtained in this work are a bit lower (~225 K) than this
latter value, but are comparable to the one obtained by Chernenko et
al. [18] for a polycrystalline alloy with the same electron concentration
(electron to atom ratio e/a = 7.5): Ms = 113 K, Tpyy = 224 K. Gonzalez-
Comas et al. [56] found a similar value of about 230 K in a single crystal
with composition very close to the stoichiometric one, and Sanchez-
Alarcos et al. [57] measured a Tpy; = 213 K, in a near stoichiometric
Ni;MnGa polycrystalline sample with low transition temperatures
(Ms ~ 100 K).

Table 3

Martensitic and austenitic transformation temperatures in melt-spun samples Ni,MnGa
determined from magnetization vs. temperature curves (J) and electrical resistance mea-
surements (R).

Sample V10 SR V10 TR V15 SR V15 TR
Ms [K] 93+3 100 + 3 141 43 138 +£3
«Ms [K] 95+ 3 91+3 143 + 3 124 +3
My (K] 71+3 84 + 3 123 43 124 +3
<M [K] 74+ 3 65+ 3 118 43 102 + 3
A [K] 111 +3 12143 161 + 3 158 + 3
rAs [K] 118 + 3 114+3 149 + 3 152+ 3
ArIK] 125 4+ 3 13343 171+3 167 +3
A K] 130 + 3 12143 176 + 3 164 + 3
To [K] 109 + 6 116 £ 6 156 + 6 153+ 6
*To [K] 113+ 6 103+ 6 159 + 6 146 £ 6
&Tem [K] 22243 22143 230 £ 3 228 + 3

3.5. Magnetic Properties

The magnetization versus temperature curves measured during
heating in the range 290 K-400 K, under two external fields, are
shown in Fig. 9, for the four alloys investigated. Curie temperatures
were taken as those where the dM/dT warming curves reach a mini-
mum. The resulting values, quoted in Table 4, are indistinguishable
within experimental errors, for the two low external magnetic fields
employed, and relatively close to those reported for Ni;MnGa bulk sam-
ples [15,16]. As can be seen, Curie temperatures do not depend on the
sample microstructure as long as the alloy composition remains
unchanged.

A Hopkinson peak [58] is clearly observed in all the M(T) curves: as
temperature rises magnetization first increases, goes through a

/7

R(TYR,,,

100 150 200 250
T [K]

Fig. 8. Typical normalized resistance R(T)/R(296 K) vs. temperature curve showing a pre-
martensitic (PM) and the martensitic transformation temperatures. The graphical
procedure used to determine the transformation temperatures is illustrated. Ms:
martensite start temperature, My martensite finish temperature, As: austenite start
temperature, Az austenite finish temperature and Tpy: pre-martensitic transformation
temperature.
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Fig. 9. Thermomagnetic heating curves, measured at 5 mT and 50 mT between 290 K and 400 K for samples V10 SR (a), V10 TR (b), V15 SR (¢) and V15 TR (d). A Hopkinson maximum is

observed in all the M(T) curves.

maximum just below the Curie point, to abruptly decrease at Tc. The
Hopkinson effect is related to the fact that the crystal anisotropy and
magnetostriction both vanish below T, before the sample becomes
paramagnetic. Then, in a given temperature interval the spins easily ro-
tate to the applied field direction, leading to the magnetization incre-
ment observed. In this condition the effectiveness of quenched-in
residual microstresses and easy axis distributions vanish. Under an ap-
plied field of 5 mT, the magnitude of the Hopkinson effect is larger in
twin-roller melt-spun samples (see Fig. 10) in good agreement with
the higher residual stress level expected in these ribbons, as compared
to SR ones.

Fig. 11 illustrates typical hysteresis loops corresponding to the aus-
tenitic (Fig. 11.a) and martensitic (Fig. 11.b) phases in samples V10SR,
where critical fields are indicated. The upper branches of the isothermal
hysteresis loops were measured at two different temperatures: one in
the range of the high temperature austenitic phase and another one at
low temperature, where the martensitic transformation is complete
(Fig. 12). The corresponding differential susceptibility x curves are
shown in the insets of Fig. 12 for the four microstructures investigated.
Abrupt slope changes appear on the J(H) curves in the martensite phase,
a behavior already observed in other Ni-Mn-Ga melt-spun ribbons |35,
59]. It is worth to note that two distinct peaks are detected in the y(H)
plot during demagnetization of the martensitic phase from saturation;
the first maximum (first step in the demagnetization curve) appears
at a positive (first quadrant) internal field pip,Hc, while for increasing
demagnetizing inverse fields, another step is observed at iy, Hc, of
about —300 mT. These hysteresis loop features are completely
reproduced during subsequent field cycles. The larger step has already

Table 4

Curie temperatures Tc estimated from the dM/dT derivative of the M(T) warming curve.
Tc K] V10 SR V10 TR V15 SR V15 TR
Hgp = 5mT 360 + 3 365+3 370 £ 3 371 +3
Hgp = 50 mT 35943 365+ 3 368+ 3 371+3

been observed in Nis;Mnyg 5Gazg s polycrystalline ribbons, processed
by single-roller melt-spinning [30,35] and was attributed to a magneti-
zation mechanism involving twin boundary motion in the martensitic
phase. These authors explain the phenomenon on the basis of the rib-
bon crystallographic texture and the internal stresses built up during
quenching, which induce the cubic austenite to transform into a few
variants of orthorhombic martensite during cooling. These quenched
tensile stresses promote those twin variants with hard magnetization
direction - a axis - parallel to the stress direction (ribbon plane) and
the shortest ¢ (easy) axis of the orthorhombic lattice normally aligned
with the stress. In that way, the slope change in the martensite J(H)
curves would correspond to the onset of magnetic induced twin bound-
aries motion (MFITBM) in the preferentially oriented martensite. The
restoring “force” leading to ‘recoverable’ twin boundary motion is pro-
posed to be the grain-to-grain elastic energy stored in the polycrystal-
line ribbon.

6
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Fig. 10. Low field thermomagnetic curves measured during heating for the four samples
investigated.
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Fig. 11. Typical hysteresis loops corresponding to (a) the austenitic and (b) martensitic phases where critical fields are indicated.

Even when the nature of the martensitic phase is not unambiguously
determined (no low temperature X-ray or neutron diffraction data is
available) texture and quenched-in stresses present in our samples
are similar to those found for modulate martensite. One necessary con-
dition for MFITBM is a highly mobile twin boundary or interface be-
tween two differently oriented martensite variants (ferroelastic
domains). In 10 M modulated martensite, two types of mobile twin
boundaries (Type I and Type II) are observed with complex layered mi-
crostructures consisting of a hierarchy of twinning systems [60-63].
Then, the large peak in the x(H) curve at ty,Hc, is likely to be related
to the onset of Type I twin boundary motion, under the action of the ap-
plied magnetic field. The resulting values, between 220 mT and 365 mT,
are consistent with reported switching fields of tiyHs,, = 0.3 T [14] and
HoHsw =~ 240 mT [64], for the onset of Type I boundaries motion. This
last field strength is equivalent to a twinning stress oy, of about
1 MPa. Unfortunately, the (i ,He values obtained could not be clearly
correlated with the internal stress level, precipitate size or density or
with the dislocation density in the samples.

On the other hand, it is not clear at present if the small peaking effect
in y(H) at o ,Hey, originates in demagnetizing effects alone and/or in
any complex ferroelastic relaxation as the magnetic applied field re-
duces. The critical fields i ,Hc associated to the steps in the hysteresis
loops of the martensitic phase are listed in Table 5.

14 v1o SR
—e-30K
~o- 300 K

a uH[T]
14 V15 SR
—e— 30K
—o— 300K
= o
=14 - )
-1 0 1
c w,H [T]

4. Conclusions

Ni;MnGa alloys are rapidly solidified by single-roller and twin-roller
melt spinning at two different tangential wheel speeds. At room tem-
perature and in the as-cast condition all ribbons are polycrystals of the
austenitic phase with cubic L2 crystal structure. The influence of the
production route on the microstructure and magnetic properties, espe-
cially the MFITBM,, is evaluated.

Samples solidified in the single roller device (SR) are thinner and
show more defined columnar grain structures and a more marked tex-
ture, with [100] direction perpendicular to the ribbon plane, indicating
higher cooling rates and highly directional heat extraction.

Coherent precipitates, associated to sulphur traces in the manganese
precursor, are found in all the samples. They are identified as the -MnS
stable compound in the Mn—S system with NaCl-type structure. Their
diameters, dp, are in the range between 10 nm and 100 nm and they ex-
hibit orientation relationship <100>p // <100>, with the matrix and a
lattice parameter ap of about 5.2 A. These coherent precipitates are larg-
er in TR samples (30-60 nm) than in SR ones (15-30 nm) and no rigor-
ous correlation between their mean size and the critical field for twin
boundaries motion could be well established.

Transformation temperatures are lower than in bulk samples
with the same composition due to internal stresses, built up during

14 V10 TR
30K
~o- 300K

d uH [T]

Fig. 12. Upper branch of the hysteresis loops measured at 30 K and 300 K. The loops corresponding to the samples in the martensitic phase show two steps, as illustrated by the x curves in

the insets.
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Table 5

Critical fields pio ,Hc associated to the steps observed in the demagnetization curves of the
martensitic phase at 30 K. The apparent coercive field (applied field corresponding to
J(uosHe) = 0) of samples at 30 K and 300 K are also quoted.

Sample V10 SR V10 TR V15 SR V15TR
Ho,Hey [mT] 180 80 40 100
tioyHez [mT] —362 —241 221 — 261
HogHe 30k [MT] —50 —66 —68 —59
HojHe 300k [MT] -2 -3 —4 —4

the rapid solidification process, composition inhomogeneities, or-
dering degree and to smaller grain size. This disorder enhances the
resistance to the transformation and depresses the martensitic
transformation temperature. At a given wheel speed, no significant
differences are observed between the austenite start temperatures
for SR and TR melt-spun samples, but they are clearly lower for the
ribbons quenched at 10 m/s (SR and TR) in agreement with a larger
disorder.

The transformation hysteresis, Ar — M, is similar in all the samples
analyzed, with an average value of 34 4 3 K. The equilibrium tempera-
ture is also higher in samples (SR and TR) cooled at wheel speed V15
than those processed at V10.

The magnitude of the Hopkinson effect, mainly related to residual
microstresses and the easy axis distribution, is larger in TR melt-spun
samples, along with the higher residual stress level expected in these
ribbons, as compared to SR ones.

Finally, it may be concluded that both procedures, SR and TR melt
spinning, provide similar microstructures favoring magnetization
mechanisms involving magnetic field induced twin variants
reorientation.
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