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ABSTRACT

The microstructure and texture evolution of 10M Ni-Mn-Ga melt-spun ribbons were thoroughly evalu-
ated by high-energy synchrotron radiation and electron backscatter diffraction. The as-spun ribbons were
subjected to annealing treatment in order to tailor microstructure, atomic order degree, and crystallo-
graphic texture. The optimum annealing treatment at 1173 K for 72 h produced a homogenous <100>
fiber texture and induced grain growth to the size that spans the entire ribbon thickness. This in turn
reduced microstructural constraints for twin variant reorientation in the direction perpendicular to the
ribbon surface. On the other hand, a homogenous radial microstructure ensured in-plane stress/strain
compatibility giving rise to strain accommodation during variant reorientation. Particular attention was
also given to the evaluation of atomic order, which to the largest extent controls the characteristic trans-
formation temperatures. It also lowered the twinning stress to a level sufficiently low for martensitic
variant reorientation under magnetic field. As a result, 1.15% magnetic field-induced strain without the
aid of mechanical training in the self-accommodated state was achieved.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Ni-Mn-Ga Heusler alloys have attracted considerable attention
since the discovery of magnetic field-induced strain (MFIS) by Ul-
lakko et al. [1]. This property can be leveraged to design ma-
terials such as actuators, sensors, energy harvesting devices, and
bio-medical pumps for drug delivery with multi-responsive func-
tions changing their shape and dimensions under the influence
of external magnetic fields [1-10]. Generally, Ni-Mn-Ga alloys un-
dergo a first-order martensitic transformation from high temper-
ature, high symmetry austenite phase to low temperature, low
symmetry martensite, during cooling. Upon heating, the inverse
martensitic transformation takes place setting out the framework
and conditions for the maximum working temperature of MEFIS.
Till now, large MFIS on the order of 7.1%, 11.2%, and 12% has
been found for single crystalline alloys with 10M, 14M, and NM
martensite structures, respectively [2-4]. Despite the considerable
strain, the most fundamental drawback of Ni-Mn-Ga alloys is that

* Corresponding author.
E-mail address: a.wojcik@imim.pl (A. Wéjcik).

https://doi.org/10.1016/j.actamat.2021.117237

the use of MFIS is practically confined to single crystalline ma-
terial. Nevertheless, due to the high costs of single crystals fab-
rication, polycrystalline Ni-Mn-Ga alloys have been also widely
investigated [11]. The main limitation of obtaining large MEFIS
in polycrystalline-alloys are microstructural constraints originat-
ing mainly in grain boundaries hampering twin boundary motion
[12-14]. Moreover, they give rise to intergranular fracture. To re-
duce their negative impact and enhance MFIS, coarse-grained and
strongly textured materials have been proposed [15-20]. However,
very large grains and strong texture components cause strain/stress
incompatibility between neighboring grains. The situation is aggra-
vated by limited strain accommodation capacity due to the insuf-
ficient number of independent twining systems and slip deacti-
vation. This effectively impedes twin boundary motion and even-
tually leads to crack formation. Such a deterioration of functional
properties is particularly evident when mechanical training is im-
posed on polycrystalline samples in order to maximize twinning
strain and reduce twinning stress. One of the methods to over-
come the incompatibility issue is to introduce a certain degree
of porosity [21-26]. This approach was successfully applied by
Chmielus et al. in polycrystalline Ni-Mn-Ga foams yielding 2-8.7%
MEFIS [25]. However, up to now, there is no effective way to bypass
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the incompatibility problem in compact polycrystalline Ni-Mn-Ga
materials.

Among the several conventional fabrication methods of poly-
crystals [27-34], melt-spinning process appears as a feasible op-
tion since it allows for a strong fiber texture together with limited
thickness (~20-60 pm) [35-41]. Furthermore, melt-spinning is a
single-step process, which allows to obtain alloys of good chem-
ical homogeneity and fine microstructure (the size of grains is
much smaller compared to arc-melted or induction-melted alloys)
in a form of ribbons or flakes. Additionally, the grain size may be
tailored by subsequent annealing procedures to reach the length
scale comparable with sample thickness. This in turn enables to get
rid of constraints on the sample thickness where a strong <100>
fiber texture is exposed. In the horizontal direction, on the other
hand, melt-spinning produces a homogenous radial microstructure,
which may ensure in-plane stress/strain compatibility and hence,
improved functional properties [42-45].

So far, many works have concerned the melt-spun Ni-Mn-Ga
ribbons including microstructural characterization and functional
properties. Some of them describe the structural aspects, impor-
tant to control and optimize their functional properties [41-43].
In this work, we provide a comprehensive study of the microstruc-
tural and crystallographic aspects of Nisg,Mnyg3Gayys as-spun and
heat-treated ribbons. The main aim is to produce a strong fiber
texture along the sample thickness and a proper microstructure
that is able to accommodate the in-plane strain during twin vari-
ant reorientation. The 10M structure is chosen since so far it is
characterized by the lowest twinning stress, as it provides the most
stable and reliable operation over a large temperature range. To at-
tain these goals, the microstructure, crystallographic texture, and
degree of order are carefully monitored with the purpose of in-
creasing the twin boundary mobility within particular grains. As
a result, 1.15% MFIS without the aid of mechanical training in the
self-accommodated state is achieved.

2. Experimental

A bulk alloy with the nominal composition Nisg;Mnyg3Gasys
was prepared by induction melting from high purity metals
(> 99.9%) in an argon atmosphere. Then, the ingot was inductively
melted in quartz tubes and ejected with 0.25 MPa overpressure
onto a copper wheel rotating at a linear speed of 25 m s~!. The
ribbons were heat-treated under various conditions: (i) 573 K/1 h,
(ii) 873 K/1 h, (iii) 1073 K/1 h, (iv) 1173 K/1 h, and (v) 1173 K/72 h
followed by air cooling. The crystal structure and global texture of
ribbons were examined by high-energy X-ray diffraction measure-
ments at DESY in Germany, Hamburg, using the beamline PO7B
(87.1 keV, A = 0.0142342 nm). For phase analysis, the diffraction
patterns were recorded in the so-called continuous mode using
2D Mar345 Image Plate detector. In order to obtain textureless
measurements, all samples were rotated by 180° about the w-axis
when X-rayed. This procedure was the same for all samples. Addi-
tionally, samples for X-ray diffraction measurements (phase or tex-
ture) were prepared in a “sandwich” form consisting of more than
10 pieces of ribbons to ensure good grain/variant statistics. The
beam size was 1 x 1 mm?Z. Subsequently, the obtained 2D patterns
were integrated using the Fit2D software and presented in a graph
of relative intensity vs. 2Theta angle. The atomic order was calcu-
lated as the intensity ratio of I/lo20 using the reflection of the
dominating phase i.e. up to 873 K from austenite reflections and
then from martensite ones except for (123)9p Which is observed
only in the martensitic state. Pole figures were computed with
the use of the StressTexCalculator and Labotex softwares [46]. Mi-
crostructural observations and structural analysis were carried out
by FEI Quanta 3D field emission gun scanning electron microscope
(SEM) equipped with Trident energy-dispersive X-ray spectrometer

Acta Materialia 219 (2021) 117237

(EDX) produced by EDAX and TSL electron backscattered diffraction
(EBSD) system.. Samples for SEM observations were mechanically
polished and then etched electrolytically at room temperature with
a Struers electropolishing LectroPol-5 using an electrolyte of nitric
acid (vol. 1/3) and methanol (vol. 2/3). Thermal effects were in-
vestigated by differential scanning calorimetry (DSC) using a ther-
mal analyzer Netzsch DSC 214 Polyma with heating/cooling rate
of 10 K/min. Magnetic field-induced strains and the characteris-
tic martensitic and magnetic transformation temperatures were ex-
amined by Physical Properties Materials System (PPMS) with VSM
mode. Measurements were done in field cooling (FC) and field
heating (FH) regimes in the temperature range between 2 and
400 K. The data were recorded with a temperature change rate of
1 K/min. The value of the external field was 50 Oe (4000 A/m). The
hysteresis loops were recorded at room temperature (300 K). All
the experiments mentioned above were performed on samples sit-
uated longitudinally to the external magnetic field. Finally, hystere-
sis loops at 300 K for the transverse magnetic field were recorded.

3. Results and discussion
3.1. Martensitic transformation

Fig. 1 displays DSC curves for as-spun and heat-treated Ni-Mn-
Ga ribbons. The large exothermic and endothermic peaks observed
between 280 and 320 K recorded during cooling and heating cor-
respond to the forward and reverse martensitic transformation,
respectively. Interestingly, for the melt-spun ribbons and ribbons
heat-treated at 573 and 873 K peaks are visibly broadened and
split, which may relate to microstructural inhomogeneity, compris-
ing of equiaxed grains as well as larger elongated slab-like shaped
grains, atomic disorder and/or internal stresses since the chemi-
cal composition has been verified as uniform (SEM/EDS). During
annealing, diffusion processes occur ensuring more structural and
microstructural homogeneity which is evidenced by almost sharp
DSC peaks for high temperature annealed samples. The character-
istic martensite start ((MPSC)), austenite start ((ADPSC)), martensite
finish (MPSC) and austenite finish ((APSC)) temperatures were es-
timated from DSC curves by the tangent method and are anno-
tated near the respective curves in Fig. 1 (Ms, As) as well as listed
in Table 1. As it is evidenced, both the Mg and As temperatures
slightly shift toward higher temperatures with the increase of an-
nealing temperature up to 1173 K being good in line with single
crystalline material of the same composition, and then after 72 h
they are found to inconsiderably decrease.

Subsequently, the values of martensitic transformation temper-
atures were confirmed by magnetic measurements. The tempera-
ture dependence of magnetization was measured under low exter-
nal magnetic field H = 50 Oe. The field cooling (FC) and field heat-
ing (FH) curves of as-spun and heat-treated ribbons are presented
in Fig. 2. It is found that there are two abrupt changes of magneti-
zation for all ribbons. With cooling from a temperature of 400 K, a
large increase of magnetization is attributed to the paramagnetic-
ferromagnetic transition of the L2; austenite. The Curie tempera-
ture (Tc), determined by tangent method, increases with the an-
nealing temperature up to 1173 K, while maintaining the steady
value independent of the additional annealing time. This effect can
be ascribed to magnetic exchange interaction that is strongly in-
fluenced by the Mn-Mn distance and directly linked to atomic or-
der. Generally, in the off-stoichiometric Ni-Mn-Ga alloys, excess Mn
atoms occupy not only Mn but also Ga sites typically favoring Mn-
Mn antiferromagnetic interaction. With the increase of L2; order
degree, more Mn atoms are in Mn sublattice instead of Ga ones
amplifying next-nearest neighbor Mn-Mn ferromagnetic exchange
interaction. This mechanism affects the magnetization values and
leads to shifting of T¢ to higher temperatures [47,48]. With fur-



A. Wijcik, R. Chulist, P. Czaja et al. Acta Materialia 219 (2021) 117237

12 10
1.1+ (a) 0.9 (b)
1'0~1173 Ki72h =
0 M,=302K Teooing|  _ 1if73Ki7zh A=308 K “heating
0.8 '

,5. 4 '5'06_

3 07 {737 f1.-303 K H

306 3 0.5

& o5 2, , 73Kn A.=310K

S T

2 041073X0Th T /Me=302k £ 031073 K/1h A;=307K

0.2 ;—-/\/L_

873 K/1h A;=304K
0.1 4
573 K/1h A;=296K
n ‘FS-spun —A=294K
0.1+ . : . . . . : . . B
270 280 290 300 310 320 270 280 290 300 310 320 330
Temperature [K] Temperature [K]
Fig. 1. DSC curves recorded during cooling (a) and heating (b) for as-spun and heat-treated Niso,Mnyg3Gayys ribbons.
Table 1
Characteristic martensite start ((MP5¢)), austenite start ((A?SC)), martensite finish (MPSC) and austenite finish ((APSC)) tem-
peratures, Curie temperature of austenite (T.), martensite volume fraction and average grain size of NisgyMnyg3Gayys rib-
bons.
Factor As-spun 573 K/1h 873K/1h 1073K/1h M73K1h 173K/72h
M{?8 (K) 291 292 300 302 305 305
M?SC (K) 292 295 301 302 303 302
M;“ag (K) 283 284 297 295 304 304
MfDSC (K) 282 284 289 294 298 295
AME (K) 290 293 304 306 312 312
AESC (K) 294 296 304 307 310 308
A;"ag (K) 302 305 312 311 317 318
AfDSC (K) 303 307 312 313 314 313
Tc (K) 363 374 374 375 376 376
Volume fraction of martensite (%) 0 141 44.8 70.2 100 100
Grain size (pm) 2.7 3.3 3.5 6.3 9.5 59.4
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Fig. 2. Magnetization vs temperature curves recorded during field heating (FH) and field cooling (FC) for all ribbons.
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ther cooling, a drop of magnetization, due to stronger magnetic
anisotropy of the lower symmetry low temperature phase, indi-
cates the martensitic transformation from austenite to martensite.
During heating, reverse martensitic transformation takes place. The
estimated, by tangent method, the Ms and As temperatures are
shown on the charts while all evaluated temperatures are listed
in Table 1. The obtained results are in good agreement with DSC
ones whereas small discrepancies can be distinguished. It is worth
noting that characteristic temperatures for the as-spun and the an-
nealed at 573 K/1 h ribbons determined with magnetic measure-
ments are slightly lower compared to DSC ones, i.e. about 2, 3 de-
grees, while for the samples treated at higher temperatures an op-
posite tendency is observed. This appears to be linked to an inter-
action between magnetic and structural degrees of freedom since
in the samples exhibiting disordered structure, the structural re-
arrangement is revealed first (DSC), while for high-ordered alloys
magnetic interaction can be detected earlier (magnetization).
Another issue is the two-stage or “extended” transformation
character of DSC curves for as-spun as well as heat-treated at
573 K/1 h and 873 K/1 h ribbons. It can be recognized by the char-
acteristic splitting of DSC peaks observed for all three aforemen-
tioned ribbons, whereas M(T) charts confirm this result, by the ex-
istence of “humps”, only for as-spun and annealed at 573 K/1 h
samples (Fig. 2). Interestingly, the effect is not detected in M(T)
curve for ribbon annealed at 873 K. It seems that it is due to
stabilization of martensitic phase by applying magnetic field. This
causes a slight shift of the “second DSC peak” to higher temper-
ature region. Based on both magnetic and DSC curves, the tem-
perature intervals of martensitic transformation for the sample an-
nealed at 873 K/1 h were estimated at 4 K and 13 K, respectively.
Generally, the transition range for more ordered samples is nar-
rower for M(T) measurements which implies that even a small
magnetic field stabilizes the martensitic phase. This assumption is
also confirmed by X-ray diffraction where without the application
of magnetic field the samples show a two-phase structure at room
temperature. Thus, they are good in line with DSC curves as well as
Rietveld analysis where no magnetic field is applied. The effect of
the two-stage or extended transformation appears to be linked to
inhomogeneous microstructure as discussed in the next paragraph.

3.2. Microstructure and crystallographic texture

Ribbons were also systematically analyzed by means of high en-
ergy X-ray diffraction and electron microscopy. Fig. 3(a) presents
RT (293 K) synchrotron X-ray diffraction patterns of the as-spun
and annealed Nisg,Mnyg3Gay;s ribbons. The initial ribbon has a
single-phase L2; austenite microstructure with a small (111) su-
perlattice reflection; see Fig. 3(b) for better visibility. This is well
consistent with the initial indication by DSC and VSM, which
have detected Ms temperature slightly below 293 K. As it is evi-
denced with the increase of heat treatment temperature from 573
to 1073 K, the peaks corresponding to martensite appear and the
amount of martensite gradually increases, finally attaining 100%
volume contribution following annealing at 1173 K for 72 h. The
volume fraction of martensite, calculated by the so-called contin-
uum method and Rietveld refinement using the HighScore Plus
software, was found to be 14.1, 44.8, 70.2, 97.3, and 100% for rib-
bons annealed at 573 K/1 h, 873 K/1 h, 1073 K/1 h, 1173 K/1 h, and
1173 K/72 h, respectively, Fig. 4. In the case of heat-treated ribbons,
the martensite was assigned according to modulated - five-layered
(10M) monoclinic martensite, however, the indexing is given in
the so-called parent-based coordinate system i.e., with respect to
austenite phase, unless stated otherwise [49,50]. The main goal of
such a convention is to bring both phases into coincidence with
regard to the sample coordinate system, which then significantly
simplifies texture analysis. Therefore, the 10M structure was iden-
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Fig. 3. (a) Room temperature synchrotron X-ray diffraction patterns with a whole
range and (b) low-angle area for as-spun and heat-treated Nisg;Mnyg3Gasys rib-
bons.

tified in terms of splitting of the original cubic (220), and (400)a
peaks into martensite peaks (220)y, (022)y, (202)y and (400)y,
(040), (004)y as a result of martensitic transformation. For mon-
oclinic long-periodic description of 10M martensite the reader is
referred to [51]. No other martensitic structure was confirmed by
SEM, TEM or X-ray method which rules out the presence of inter-
martensitic transformation.

The ternary intermetallic Ni-Mn-Ga compounds may exhibit
different types of chemical order. In fact, the chemical composi-
tion along with atomic order are two degrees of freedom that can
greatly affect the martensitic transformation, magnetic properties,
and twinning stress in Ni-Mn-Ga alloys. Generally, the structure
factors, F, for the (111) and (200) planes are composed of differ-
ent terms, hence, they may evolve differently upon heat treatment.
On the other hand, F(110) and F(220) are the sum of all four sub-
lattices and should be independent of chemical order [52,53]. To
evaluate the states of atomic order of Ni-Mn-Ga ribbons, the inten-
sity ratio of Iy /lo9 was calculated. The (220) reflection was cho-
sen as a reference one, because it is orientated far away from the
highly textured <100> fiber axis and because it is not supposed
to change when samples restore with heat treatment. According to
Fig. 5, the L2; order, represented most distinctly by F(111), grad-
ually increases with annealing temperature up to 1173 K. Extend-
ing the annealing time at this temperature has less effect on the
F(111). This structure evolution is well in line with the increase of
the martensite volume fraction given in Fig. 4 indicating that the
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conditions of Nisp;Mnyg3Gayys ribbons.

chemical order is the main factor controlling martensitic transfor-
mation. The ordering for two other planes, F(200) and F(110) dis-
plays a different course of the curve with a sudden fall as the
main fraction of material transforms to martensite. This can be
attributed to the shear processes along the <110> direction dur-
ing martensitic transformation, which changes the periodic distor-
tion along with lattice parameters and stacking sequence of the
modulated lattice [54]. This is not the case for the (111) plane,
which independently of the crystal symmetry yields equal spac-
ing for the whole set of the {111} planes, see Fig. 3b. Fig. 5(b)
also shows that for the stoichiometric composition, the L2; phase
can be built up with alternating (111) planes composed of only
one type of atom (for instance Mn, Ni or Ga). For these reasons,
the F(111) is extremely sensitive to any change in atomic arrange-
ment. Taking into consideration the low angle peaks the evolution
of (123)19m peak (expressed in the long periodic coordinate system
[51]) as the function of heat treatment temperature was also well
observed, Fig. 3(b). Originally, this reflection was not employed to
explore the state of atomic order of modulated phase, however as
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can be seen in Figs. 3 and 5 its progressive increase in intensity
can be attributed to a higher degree of order of periodic shuf-
fling. This, in turn, is strictly related to atomic position within the
(123)10m plane, Fig. 5(c). In other words, this reflection stands for
a proper modulation period and indicates a well-developed 10M
structure. For better illustration, the atomic order of (123)igy is
shown in Fig. 5b where some positions of unmodulated structure
are also depicted (empty circles). In fact, annealing rebuilds the or-
dered L2; and then 10M structures which were highly disordered
due to a rapid solidification process. This also shows that very fast
cooling rates may disorder Ni-Mn-Ga alloys that are considered
to be rather ordered with a high tendency to form short-range
order.

Fig. 4 summarizes the effect of heat treatment on the grain
size (green plot) and the volume fraction of martensite (black
plot). As was mentioned above, the martensite volume fraction (at
RT) tends to increase with heat treatment temperature and time,
reaching 100% for ribbon annealed at 1173 K/72 h. It is related
to the shift of martensitic transformation towards higher temper-
atures, slightly above room temperature, with the annealing tem-
perature. As it was reported, the martensitic transformation behav-
ior, besides chemical composition [55,56] is also sensitive to mi-
crostructural features [27,57]. In the presented case, both the effect
of grain size and atomic order will be discussed. From Fig. 4 it can
be stated that the heat treatment increases the average grain size
as the annealing temperature increases up to 1173 K. However, the
largest jump of the grain size value, from 9.5 to 59.3 um, is ob-
served with the extending of heating time from 1 to 72 h. Thus,
the largest jump of martensitic transformation should be expected
with the increase of annealing time, whereas martensitic trans-
formation temperature states almost constant. This result clearly
shows rather a modest impact of the grain size on martensitic
transformation temperature. On the other hand, the second con-
sidering factor - atomic order appears to affect to a much greater
extent the martensitic transformation [47,58]. With the increase of
L2, order degree both MT temperatures increase as well as the
martensite volume fraction grows reaching the steady value when
the full L2; ordering is achieved. The effect of atomic order degree
includes a related change of electronic structure as well as lattice
site occupancy, especially by Mn atoms, and directly impacts both
martensitic and magnetic transformations.
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Fig. 5. Relation between ordering degree and heat treatment conditions for Niso>Mnyg3Gazys ribbons. The (200), (110) and (111) planes are illustrated with respect to
parent-based coordinate system (austenite) while the (123)1om plane with regard to long-periodic modulated structure [51].
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Fig. 6. Scheme of melt-spinning process (a); EBSD map taken from the free side (b) and the wheel side (d); BSE/SEM image of the cross-section for as-spun Nisg;Mn,g3Gay;s

ribbon.

Fig. 6(a) displays the scheme of melt-spinning process which
involves casting of the inductively melted alloy by its ejection with
an overpressure onto a rotating copper wheel cooled by water. The
molten alloy rapidly solidifies upon contact with the cold surface
of the wheel and a thin ribbon is formed. Here, the Ni-Mn-Ga as-
spun ribbons were produced in a flake form having 10-20 mm of
length, 2-5 mm of width, and around 60 pm of thickness. To clar-
ify the description a wheel side (surface being in the contact with
the wheel), a free side and a cross-section were defined. Fig. 6(b)
and (d) present exemplary SEM/EBSD orientation maps collected
for both the free and the wheel side of the austenitic Ni-Mn-Ga
as-spun ribbon. It is shown that both sides differ from each other,
mainly, by the grain size and the shape of grains. The average grain
size (taken from the large areas) was estimated to be 6.4 + 3.8 pym
and 3.3 + 1.8 pm for the free and the wheel side, respectively. The
difference in size between both sides is a result of various cooling
rates during the process. Additionally, the grains at the free side
have shapes mainly close to equiaxed while they are arranged in
the paths (zones) with the width of 50-70 pm. In the case of the
wheel side, the microstructure consists of alternate zones of fine
equiaxed grains and larger elongated ones. The paths are arranged
with a direction parallel to the roll direction (RD) and were formed
during the solidification of thin molten alloy spurts. The SEM/BSE
micrograph, Fig. 6(c), displays the cross-section with coarse colum-
nar grains along the ribbon thickness and (smaller of about a few
um) a zone of fine equiaxed grains close to the surface being in a
contact with the wheel. It is well known that the growth of colum-
nar grains is strikingly associated with the heat transfer (perpen-
dicular to the ribbon surface) during the solidification process [59].

Fig. 7(a) displays the IPF/EBSD orientation map while Fig. 7(b)
shows an image quality (IQ) EBSD map taken from the same large
area of the free side of the austenitic Ni-Mn-Ga as-spun ribbon.
Here, the crystallization paths can be identified as well as two ar-
eas with different grain morphology - (1) small equiaxed grains
and (2) elongated into slab-like shape grains. The mean grain size
is estimated to be 2.5 + 0.8 pym and 8.9 4+ 3.9 pm in regions 1 and
2, respectively. Moreover, Fig. 7(c) and (d) show the {400},, {220} 4,
{111}4 pole figures for austenite for different areas. It is evidenced
that region 1 has a strong <100> fiber texture with {100}, paral-
lel to the ribbon plane. This is related to the heat transfer direction

during the solidification process (perpendicular to the ribbon sur-
face), and preferential crystallization of austenite grains along the
[100] direction resulting in a strong fiber texture with the <100>
direction perpendicular to the ribbon plane. The preferred orienta-
tion of {100} //ribbon plane has also been described for Ni-Mn-Ga
ribbons [42,43,56]. Moreover, taking into account the pole figures
measured from region 2, the ribbon also exhibits close to <100>4
fiber-like texture, however, with the grain growth parallel to the
transverse direction (TD). This component is also associated with
the heat transfer during ribbons casting but in TD due to large
length to width aspect. Thus, the as-spun ribbons are character-
ized with a double <100> fiber texture with the dominating com-
ponent parallel to ND and minor to TD.

Moreover, the IQ EBSD map shown in Fig. 7 (b) displays brighter
and darker areas that correspond to higher or poorer Kikuchi pat-
tern quality. More defected areas are seen as low pattern quality
(darker) indicating lower atomic order degree and enhanced de-
fect density. It stands to reason that some areas recover faster than
other ones giving rise to two-stage and extended transformation.
As was shown before (Fig. 4), the effect of grain size is excluded
having basically no impact on phase transformation. This can be
also seen in Fig. 8 where much smaller martensitic grains trans-
form earlier than larger austenitic ones.

The EBSD orientation maps for ribbons annealed at 1173 K/1 h
and 1173 K/72 h are shown in Fig. 8. A small area of about 150 pm
of austenitic grains surrounded by martensitic ones is visible in
Fig. 8(a). EBSD maps revealed a twinned microstructure with a
larger grain size and a higher amount of twins in ribbons annealed
for 72 h. The estimated grain size of both ribbons annealed for 1 h
and 72 h was found to be 9.4 + 3.7 pym and 59.3 + 28.7 pm, re-
spectively.

Fig. 8 (c) and (d) depict the BSE/SEM images taken along the
cross-section of both annealed at 1173 K for 1 h and 72 h ribbons,
respectively. The grain size of the annealed ribbons significantly in-
creases with the increase of annealing time. It was estimated that
the width of columnar grains raises up to about 9.4 + 3.7 um for
1 h and 59.3 + 28.7 um for 72 h with respect to as-spun ones
with an average width of 2.89 + 1.1 um. These results are con-
sistent with plane view SEM observations and also show that the
columnar grains span the whole ribbon thickness. This gives rise
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Fig. 7. EBSD map taken from the free side of as-spun Nisg>Mnyg3Gayzs ribbon showing two different grain morphology (a), image quality (IQ) EBSD map (b), and corre-
sponding {400}, {220}, and {111}, pole figures (c), (d), where ND , ribbon plane.

i
A

1173 K/1h

1173 K/72h

Fig. 8. EBSD maps taken from the free side of Ni-Mn-Ga ribbon annealed at 1173 K/1 h (a) and 1173 K/72 h (b); cross-section of Ni-Mn-Ga annealed at 1173 K/1 h (c) and
1173 K/72 h (d).
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Fig. 9. (a) Complete pole figures recorded by synchrotron X-Ray diffraction, and (b) ODF for initial as-spun and heat treated at 1173 K/1 h and 1173 K/ 72 h Ni-Mn-Ga

ribbons.

to a large MFIS value along ND. Moreover, no lateral cracking of
cross-section areas is observed.

To expose the global texture of the as-spun and heat-treated
at 1173 K/1 h and 1173 K/ 72 h, the complete pole figures were
recorded by X-ray synchrotron measurements, Fig. 9 (a). As-spun
ribbon (austenitic ones), consistently with EBSD results, has a
<100> fiber texture and a cube component, which corresponds
to the orientation revealed with EBSD measurement in region 2.
The calculated volume fraction of <100> fiber with a spread of
+ 12.5° amounts to 79%. Annealing does not change qualitatively
the texture (the volume fraction of <100> component remains
at the level of 80%), however, it changes the distribution along
the <100> axis making it more homogenous. On annealing, the
grain structure coarsened, while the near equiaxed grains grow
to consume the elongated slab-like shape grains. This process is
strongly associated with the texture evolution which also becomes
more homogenous eliminating the cube component presented in
Figs. 7 and 9. This evolution can be even more pronounced if us-
ing ODF sections. Fig. 9(b) shows the ODF sections for the constant
¢, = 0° of as-spun and ¢, = 0° as well as ¢, = 90° heat-treated
at 1173 K/1 h and 1173 K/72 h ribbons. It can be noticed that the
initial as-spun ribbon and that annealed at 1173 K/1 h exhibit a
{001}<100> component (C), while for the sample treated at 1173 K
for 72 h the strong cube component disappears which results in a
more uniform orientation distribution of the <001> fiber in the
ribbon plane. Additionally, the original <100> austenitic fiber tex-
ture is divided into three fibers (<100>, <010>, <001>) marked
with different colors in the ODF key figures as a result of marten-
sitic transformation, Fig. 9b.

3.3. Magnetic-field induced strain

Fig. 10 presents magnetization loops for ribbons annealed at
1173 K/1 h (a) and 1173 K/72 h (b) recorded at 300 K in a magnetic

field directed perpendicular to the plane of the ribbon. The small
insets show the first (1') and second (2’) magnetization curves.
In both cases, with increasing the magnetic field, the increase in
magnetization occurs, while small jumps are noticeable (marked
by black arrows). Three jumps are apparent for ribbon annealed at
1173 K/1 h while the first step is detected in a magnetic field of
3330 Oe. Ribbon heat-treated at 1173 K/ 72 h shows four jumps
with the first one occurring in lower field of 980 Oe. The ob-
served jumps of M(H) may be connected with magnetically in-
duced reorientation of twin variants (MIR) in the martensite state.
The low temperature martensite phase is composed of differently
oriented twin variants separated by highly mobile twin boundaries.
When a magnetic field is applied, the privileged variant grows at
the expense of the other differentially oriented variants (exchang-
ing the a- and c-axes), while jumps correspond to the change
from hard (a-axis) to easy (c-axis) magnetization axis. Interest-
ingly, the jumps have twofold character - vertical and horizon-
tal. The horizontal lines may indicate hindering of twin boundary
motion but the vertical ones some reorientation. However, the ef-
fect observed in ribbons is not as spectacular as in the case of
single crystalline materials due to polycrystalline nature of spec-
imens and very small thickness (demagnetization effect). In sin-
gle crystals the switching of martensite variants occurs in the en-
tire volume of material, which is observed in large jump in M(H)
curves while in the case of polycrystalline ribbons, the marten-
site variant motion is constrained by grain boundaries. Further-
more, as it can be noticed, the “jumps” become sharper (more
martensite variants were shifted) when the extending of anneal-
ing time and increase of mean grain size giving rise to higher MFIS
value. The effect observed during M(H) measurements (in-situ), in
which magnetic field was applied and switched in the range of
20000—20000 Oe seems to be partially “magneto-elastic MFIS” be-
ing evidenced by steps and humps in each curve, whereas when
a magnetic field is once applied and removed the effect is per-
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Fig. 10. (a), (b) Magnetization loops for ribbons annealed at 1173 K for 1 h and 72 h measured at 573 K in magnetic field direction perpendicular to the ribbon plane.
Smaller insets show the first (1) and second (2') magnetization curves;(c), (d) Complete pole figures for ribbons annealed at 1173 K/1 h(a) and 1173 K/72 h at zero magnetic
field (H = 0), as well as with magnetic field applied perpendicular to ribbon plane (H.0), respectively, recorded by synchrotron X-Ray diffraction method.

manent, which was evidenced by both texture analysis and SEM
observations. However, to estimate the elastic contribution which
the narrow hysteresis is pointing to, in-situ texture measurements
with switching on and off the magnetic field have to be carried
out.

In order to evaluate the magnitude of MFIS, texture measure-
ments were performed. Direct strain measurements were not con-
ducted due to the very small thickness of the sample. For such
cases, texture measurements are much more precise. The error
for calculating the volume fraction of <004> and <400> texture
components by intensity analysis, was estimated to be 1% which
then translates to about 0.06% of MFIS. It is worth mentioning that
three texture measurements taken on the initial sample at differ-
ent regions were practically identical. Thus within the given vol-
ume fraction (1 mm x 1 mm (beam size) x 10 ribbons), the sam-
ples are very homogenous. However, to ensure a direct comparison
the texture measurements for MFIS calculations originate exactly
from the same positions of the samples. MFIS values were esti-

mated from the volume fraction calculations using the following
equation:

c
emFIs = (1 - E) “ Vriver - Vc.

where a and c are lattice parameters of martensite and this term
corresponds to the maximum theoretical MFIS in <100> oriented
single crystals, then Vg, is a volume fraction of <100> fiber, Vc
is a volume fraction of variants in which the c-axis was reoriented
along the ND after the application of a magnetic field. Taking into
account the lattice parameters (a = 5.952 A, ¢ = 5.584 A) and the
volume fraction of the fiber texture (80%) the obtained results are
consistent with magnetic measurements where only about 6.5% of
fiber volume fraction reorients its c-axis towards ND in the 1173 K/
1 h sample resulting in about 0.32% of texture determined MEFIS,
whereas circa 24% volume reorientation takes place in the 1173 K/
72 h ribbons producing about 1.15% texture evaluated MFIS.
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Fig. 11. SEM/BSE images taken from the free side of ribbon annealed at 1173 K/72 h in the initial state (a), and after magnetic field applied perpendicular to ribbon plane

(b).

It has to be pointed out that the given MFIS values are perma-
nent as during measurement no magnetic field was applied (mag-
netic field was removed). The direction of the obtained strain is
negative along ND since more c-axis is aligned along this direction.
On the other hand, sample elongation is obtained perpendicular to
the magnetic field and lays radially in the ribbon plane.

It is hence demonstrated that reorientation of variants is possi-
ble using only magnetic field without any assistance of mechan-
ical force on self-accommodated Ni-Mn-Ga material. The variant
reorientation can be directly seen in Fig. 11, where practically
every grain undergoes twin rearrangement under an application
of the magnetic field. The most spectacular ones are highlighted
with dashed white lines. This implies that every single grain con-
tributes to MFIS ensuring a homogenous in-plane deformation. In
this context, the strong fiber texture and relatively homogenous
microstructure establish the conditions for isotropic in-plane plas-
tic response. This in turn enables easy twin boundary motion and
no crack formation.

It should be mentioned that the reason for selecting only mag-
netic field to reorient martensitic variants (no mechanical stress)
is twofold. On the one hand, it shows that MFIS is prone to ap-
pear in self-accommodated state which is relevant in terms of
overheating and back transformation to austenite. In such a case
the material can restore its functional properties by using only
magnetic field (no mechanical training procedure is required). On
the other hand, by using magnetic field only a limited stress of
about 3 MPa, resulting from magneto-crystalline anisotropy energy
can be achieved. This effectively prevents material degradation and
crack formation. It should be also noted that the obtained MFIS
values can be significantly larger, when exposed to a series of mag-
netic training. Nevertheless, for back reorientation (c-axis in ribbon
plane) a rotating magnetic field has to be applied. However, due to
the complexity of this process, the reverse twin boundary motion
and the exact strain accommodation mechanism will be subjects
of another study.

4. Conclusions

In this work, we have examined the microstructure and crystal-
lographic texture of Nisg,Mn,g3Gayy s melt-spun ribbons subjected
to heat treatment under various conditions. It was demonstrated
that with the increase of annealing temperature both martensitic
and magnetic transformations were shifted to higher temperatures
being related to an increase in atomic order degree rather than
the grain size growth. As annealing temperature rises, the volume
fraction of 10M martensite increases achieving complete transfor-
mation. Moreover, heat treatment ensures homogenous radial mi-

10

crostructure of the ribbons having a strong <100> fiber texture
giving rise to MFIS. We have shown that self-accommodated 10M
Nisg,Mnyg 3Gayy s melt-spun ribbons subjected to heat treatment
at 1173 K/72 h exhibit MFIS as high as 1.15% without mechanical
training. The MFIS magnitude is comparatively large for polycrys-
talline material. The obtained grain size with the value amounting
to the ribbon thickness reduces incompatibility between neighbor-
ing grains being beneficial for strain accommodation during variant
reorientation.
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