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Microstructure and Magnetic Properties of Ni>(Mn,Fe)Ga
Heusler Alloys Rapidly Solidified by Melt Spinning

R.V.S. PRASAD, M. SRINIVAS, M. MANIVEL RAJA, and G. PHANIKUMAR

The microstructure and magnetic properties of Ni,MnGa base alloys with “Fe”” substitution in
place of “Mn” are studied. The processing technique used is melt spinning at wheel speeds of
20 m/s and 30 m/s followed by annealing at 1273 K (1000 °C) for 1 hour. Fe content is varied
from 2 at. pct to 11 at. pct for alloys of NisoMn(,s_Fe, Ga,s with Heusler stoichiometry.
Austenite with B2 partial atomic ordering and premartensitic tweed structures were found at
room temperature for all the alloys at different wheel speeds. After annealing at 1273 K
(1000 °C) for 1 hour, austenite phase with L2, Heusler atomic ordering is stabilized in samples
of all the processing conditions. Saturation magnetization, martensitic transformation tem-
perature, and Curie temperature are measured. Martensite temperature and Curie temperature
increase in proportion to iron content in the alloy. Saturation magnetization is sensitive to the
phase content and compositional inhomogeneities.
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I. INTRODUCTION

THE research on Ni-MnGa-based ferromagnetic
shape memory alloys has been intense during the last
decade owing to their application as a potential material
in the field of sensors and actuators.!'*! The microstruc-
ture, shape memory effect, magnetic properties, cycling
characteristics, and ultrasound-induced martensitic
transitions of Ni-Mn-Ga alloys have been studied.*™
However, it is difficult to manufacture these alloys in the
form of thin plates or wires due to their limited ductility.
The relatively high vapor pressure of manganese over its
melt leads to composition variation during liquid metal
processing of these alloys. Substituting Mn with Fe is
of interest for commercialization. Earlier researchers
explored the addition of different alloying additions to
enhance the toughness of Ni-MnGa alloy while attempt-
ing to retain its magnetic and thermoeclastic proper-
ties.[%7!

Although the effect of different elements has been
studied in the Ni-Mn-Ga system, the open literature on
the phase content and magnetic pro&)erties of rapidly
solidified Ni-Mn-Ga alloys is limited.[**! Earlier studies
on melt-spun Ni,MnGa alloys revealed the formation of
martensite, nanocrystalline, and amorphous phases.!'%!!]
Ribbons of Ni,MnGa melt spun at high wheel speeds
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resulted in amorphous and nanocrystalline phases, and
exhibited poor magnetic properties. The current study is
based on the premise that possibilities offered by rapid
solidification such as extended solid solubility and
metastable microstructure formation could lead to inter-
esting magnetic properties. In this study, substitution of
iron in place of manganese is attempted to study its effect
on structure and magnetic properties. The concentration
of iron is varied (2, 5, 8, and 11 at. pct) while keeping the
nominal composition close to Heusler composition.

II. EXPERIMENTAL METHODS

A series of four alloys with compositions of Nisg
Mns_wFe Gass (x = 2,5, 8, 11 at. pct) is prepared by
arc melting of 99.99 pct pure nickel, manganese, iron,
and gallium in argon atmosphere. Compositions will be
referred to by their iron content for brevity. All compo-
sition values are given in at. pct, and the nominal and
actual values detected by scanning electron microscope
for energy dispersive analysis of X-rays (SEM-EDX) are
listed in the Table I along with corresponding e/a ratio
values. Five-gram button samples are prepared and
melted four times to ensure a highly homogeneous ingot.
A conventional rotating copper wheel is used to obtain
melt-spun ribbons in a vacuum chamber flushed with
argon and held at a pressure of 10> m bar. Two different
wheel speeds of 20 m/s and 30 m/s are chosen for each
alloy composition after several trials to achieve a good
quality of ribbon with uniform thickness in the range of
30 to 35 um and 20 to 25 um, respectively. These wheel
speeds correspond to the two extreme velocities of the
wheel that ensure a continuous and smooth ribbon. The
speeds will be referred to concisely as low (20 m/s) and
high (30 m/s). For each of the four compositions,
approximately 5 g of alloy is induction melted in a
quartz tube with an orifice diameter of 0.8 mm and then



Table I. Nominal and Actual Stoichiometry by SEM-EDX Analysis of the Arc-Melted Samples with Corresponding ¢/a Ratios

S. No. Condition  Aimed (e/a Ratio)

Actual (e/a Ratio)

SEM-EDX Analysis (Actual
Composition in at. pct)

Alloy Composition (Aimed) Ni Mn Fe Ga

1 as cast 7.52 7.57
2 as cast 7.55 7.60
3 as cast 7.58 7.73
4 as cast 7.61 7.76

Ni50Mn23FezGa25 55.0 15.0 2.5 27.5
NisoanoFe5G325 54.0 13.0 6.0 27.0
NiSOMn17F68Ga25 55.0 11.5 8.5 25.0
Ni50Mn|4F611G325 55.0 9.0 11.0 25.0

ejected with a 1.10-bar back pressure of argon gas. The
ribbons are then vacuum sealed in a quartz tube and
annealed at 1273 K (1000 °C) for 1 hour. The samples of
all conditions are thinned down using an ion mill for
characterization using a 200-keV transmission electron
microscope (TEM). Phase identification of melt-spun
ribbon samples has been performed using X-ray diffraction
(XRD) studies with Cu-Ku radiation. Room-temperature
magnetic and thermomagnetic measurements on melt-spun
ribbon samples are obtained by a vibrating sample
magnetometer (VSM) and susceptibility meter.

III. EXPERIMENTAL RESULTS

A. Microstructure and Phase Analysis

The XRD patterns of melt-spun ribbon samples of
NisoMns_ v Fe,Gass alloy at both the wheel speeds
showed peaks of the austenite phase with B2 ordering.
Also, the peaks are sharp, indicating polycrystalline
nature of the sample and absence of amorphous content.
Figures 1(a) and (b) show XRD patterns of 2, 5, 8, and
11 at. pct Fe alloy melt-spun ribbons at 20 m/s and 30 m/s
wheel speeds. Similarly, Figures 1(c) and (d) show XRD
patterns of 2, 5, 8, and 11 at. pct Fe alloy melt-spun
ribbons at 20 m/s and 30 m/s wheel speeds after anneal-
ing. The XRD patterns of the samples melt spun at wheel
speeds of 20 m/s and 30 m/s (shown in Figures 1(a) and
(b)) indicate that the samples contain predominantly
single-phase microstructure and are indexed to austenite
phase with B2 partial atomic ordering. However, after
annealing at 1273 K (1000 °C) for 1 hour, the corre-
sponding melt-spun ribbon samples completely trans-
form to fully ordered L2; structure as indexed in
Figures 1(c) and (d).

Microscopy results are detailed first for samples melt
spun at low speed. Figure 2 shows transmission electron
microscopy of a 5 at. pct-Fe alloy sample. The selected-
area electron diffraction (SAED) pattern taken along
the [044] zone axis and indexed to B2 ordering confirms
the austenite phase of Ni(Mn,Fe)Ga alloy. The aus-
tenite grains, as seen in the bright-field image, are fairly
equiaxed with an average grain size between 0.5 and
1.5 um.

A bright-field image of 8 at. pct-Fe alloy ribbon and
the corresponding SAED pattern taken along [440] zone
axis are shown in Figures 3(a) and (b), respectively. In
this sample, there are regions exhibiting two different
contrasts of grains (Figure 3(c)). A bright-field image at
higher magnification (Figure 3(d)) indicates that these

regions could be of premartensitic tweed structure.
This contrast is very similar to several earlier observa-
tions on tweed structures available in the open litera-
ture in several systems such as Cu-Be, Ni-Al, and
Nd(l,x)-erMnOg,.[lZ*”] Kartha er al'"®' have ana-
lyzed these contrasts as due to pretransitional tweed
patterns driven by disorder.

Scanning probe microscopy of the 8 at. pct-Fe alloy
ribbons melt spun at low speed is shown in Figure 4.
Atomic force microscopy (AFM) in contact mode shows
(Figure 4(a)) the grains to be equiaxed and about 1
to 2 um. Magnetic force microscopy (MFM) shows
(Figure 4(b)) the magnetic domains in this alloy to be
around the same size as the grains.

In the TEM bright-field image of the 11 at. pct-Fe
alloy sample shown in Figure 5(a), one can observe
the tweed structure due to magnetic tweed contrast.
Such structures are limited to small regions with an
occasional presence in the Fe-11 at. pct sample alone
before heat treatment. Figure 5(b) shows a bright-field
image of 11 at. pct-Fe alloy sample revealing that the
alternate twins of martensite phase evolve from triple
junctions. The SAED pattern confirms martensite phase
with nonmodulated tetragonal crystal structure (as shown
in Figure 5(c)) and the zone axis of the pattern is along
[044].

The samples melt spun at lower speeds have shown
the presence of tweed contrasted regions only for alloys
containing 8 at. pct-Fe and 11 at. pct-Fe. However, the
samples melt spun at higher speeds have shown a
different phase evolution as indicated below.

Figures 6(a) and (b) show the TEM bright-field
images and SAED pattern of the 5 at. pct-Fe alloy
sample melt spun at a higher wheel speed. The SAED
pattern taken with [044] zone axis is indexed to B2
ordering and belongs to austenite phase of Niy(Mn,Fe)-
Ga alloy. Figure 6(c) shows the typical tweed contrast
region. Similarly, the TEM studies performed on an 8
at. pct-Fe alloy sample (Figure 7) and 11 at. pct-Fe alloy
sample (Figure 8) show that the major phase is of B2
structure, and a mixture with tweed contrast co-exists in
the microstructure. These studies show that premarten-
sitic tweed structure is observed in all the samples melt
spun at a high wheel speed.

The annealed samples of all the processing condi-
tions are characterized by X-ray diffraction, and
corresponding peaks have been indexed to L2; Heusler
atomic ordering (Figures 1(c) and (d)). Super lattice
reflections are observed as compared to the melt-spun
20 m/s wheel speed sample, which are characteristic of
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Fig. 1—XRD patterns of NisoMn(,s_,Fe,Ga,s alloy melt-spun samples: (2) 20 m/s wheel speed, (b) 30 m/s wheel speed, (c) 20 m/s wheel speed
after annealing, and (d) 30 m/s wheel speed after annealing.

L2, ordering. Similarly, after annealing at 1273 K
(1000 °C) for 1 hour, all the ribbons of different “Fe”
concentrations (2, 5, 8, and 11 at. pct) and melt-spun
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at higher wheel speed (30 m/s) show that the X-ray
diffraction peaks confirm to austenite phase with L2,
atomic ordering.



Fig. 2—Transmission electron microscopy of NisyMnyy FesGass ribbon melt spun at a wheel speed of 20 m/s: (a) bright-field image and () cor-
responding SAED pattern taken along [044] zone axis indexed to B2 structure.

structure

Fig. 3—Transmission electron microscopy of NisoMn;; Feg Ga,s alloy melt spun at low wheel speed: (@) bright-field image showing austenite
phase, (b) corresponding SAED pattern taken along [440] zone axis, (c¢) bright-field image shows existence of both austenite and tweed structure,

and (d) bright-field image of tweed structure at a higher magnification.

B. Magnetic and Structural Properties

Magnetic and structural properties such as saturation
magnetization (Ms), martensitic transformation temper-
ature (7,,) and Curie temperature (7¢) are measured by
using different magnetic characterization tools like a
vibrating sample magnetometer and susceptibility meter.

The results on saturation magnetization for 20 m/s
wheel speed before and after annealing on Niy(Mn,Fe)-
Ga Heusler alloy for different ““Fe’” concentrations with

magnetization vs magnetic field plots are shown in
Figures 9(a) and (b), respectively. Similarly, magnetiza-
tion vs temperature plots for 20 m/s wheel speed for all
the “Fe”” concentrations are shown in Figure 9(c) by
depicting the average martensite transformation tem-
perature and Curie temperatures marked with square
hatched and open boxes, respectively. The room-tem-
perature magnetic and thermomagnetic measurements
are not detailed for other conditions here for brevity.

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 5—Transmission electron microscopy of NisoMn4Fe;;Ga,s alloy melt spun at low wheel speed: (a) bright-field image showing tweed struc-
ture, (b) bright-field image showing martensite region at triple junction, and (c¢) corresponding SAED pattern taken from martensite phase
(marked in red circle) indexed to nonmodulated tetragonal structure along [044] zone axis.

However, properties such as saturation magnetization,
martensite transformation temperature, and Curie tem-
perature were shown in Figure 10 as a function of
average iron content or e/a ratio.

Saturation magnetization values of all samples are
plotted as function of nominal average iron content
of the alloy as well as the corresponding e/a ratio
(Figure 10(a)). Saturation magnetization values are

METALLURGICAL AND MATERIALS TRANSACTIONS A

more or less similar with the Fe content from 2 at. pct
up to 11 at. pct for 20 m/s and 30 m/s melt-spun ribbon
samples with marginal differences. However, after
annealing, the saturation magnetization values are
decreasing for 20 m/s and 30 m/s melt-spun samples
for all the Fe concentrations or e/a ratio values. These
observations are in good agreement with existing
literature as indicated in the study by Jin er al.*”



Fig. 6—Transmission electron microscopy of NisoMny, FesGa,s alloy melt spun at high wheel speed: (a) bright-field image showing austenite
phase, (b) corresponding SAED pattern taken along [044] zone axis, and (c) bright-field image showing tweed structure at higher magnification.

Fig. 7—Transmission electron microscopy of NisyMn,, FegGa,s alloy melt spun at high wheel speed: (a) bright-field image showing austenite
phase, (b) corresponding SAED pattern taken from austenite phase has been indexed B2 atomic ordering along [044] zone axis, and (c) bright-
field image showing premartensitic tweed structure at higher magnification.
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Austenite

Fig. 8—Transmission electron microscopy of ribbons of NisogMn,, Fe;;Ga,s alloy melt spun at high wheel speed of 30 m/s: («) bright-field image
showing mixture of austenite and premartensitic tweed structure, (b) similar region of phase mixture at higher magnification, (c) corresponding
SAED pattern taken along [044] zone axis, and (d) bright-field image showing premartensitic tweed structure at higher magnification.

In Figure 9(c), the magnetization as a function of
temperature has shown for 20 m/s wheel speed ribbons
for different Fe concentrations. Martensitic transforma-
tion temperature follows a linear trend and increases in
accordance with the Fe content; however, Curie temper-
ature also follows a similar trend except for 11 at. pct Fe.
Moreover, for all the conditions, magnetization decreases
sharply to zero at Curic temperature. For a better
understanding, martensitic transformation temperatures
are also plotted as a function of average Fe content or e¢/a
ratio for all the processing conditions as represented in
Figure 10(b). Martensitic transformation temperature
increases monotonously as a function of “Fe’ concen-
tration (or e/a ratio) for all the processing conditions.
After annealing, the values suggest that there is a recovery
in the martensitic transformation temperature. Similarly,
Curie temperatures as a function of different processing
conditions are plotted in Figure 10(c). It is evident that
Curie temperature increases linearly as a function of ““Fe”
concentration (or e/a ratio) for all the processing condi-
tions. However, there is a slight increase in the Curie
temperature after annealing for 2 and 5 at. pct Fe samples
and considerable increase for 8 and 11 at. pct samples.

IV. DISCUSSION

A. Microstructure

The formation of equiaxed fine grain size of austen-
ite phase for the majority of the phase content of all

METALLURGICAL AND MATERIALS TRANSACTIONS A

melt-spun ribbons can be attributed to the high nucle-
ation rate at the melt-wheel interface where the heat
extraction takes place.

The 8 at. pct-Fe alloy melt spun at a low wheel speed
exhibits both austenite phase as well as tweed structure.
The tweed structure appears like characteristic cross-
hatched pattern.l"” Earlier researchers observed tweed
patterns in electron micrographs of samples at temper-
atures above the martensite transition temperature.
Generally, these structures are observed in medium
and weak martensites such as in shape memory alloys
like Fe-Pd and Ni-Al. One can rationalize that the
quenching of liquid during the melt-spinning process
results in a higher degree of undercooling leading to
higher rate of nucleation and local segregation effects
during solidification. These could consequently generate
local fluctuations in the concentrations and could lead
to a mixture of deformed and undeformed regions as
precursor tweed or premartensitic structure. Composi-
tional inhomogeneities are often cited as reasons to the
formation of premartensitic tweed structures. The trend
of martensite transformation temperature (Figure 10(b))
for all these samples shows tweed-like contrast, which
lies well below the room temperature, hence suggesting
the precursor formation before the parent austenitic
phase transforms to tetragonal martensitic phase.

In the case of 11 at. pct Fe alloy melt spun at low
wheel speed, the results suggest nucleation and evolution
of martensite phase from the grain boundary triple
junctions. TEM bright-field images and SAED patterns
confirm premartensitic tweed structures too. In general,
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Fig. 9—(a) Plot of magnetization vs magnetic field for 20 m/s wheel speed Niy(Mn,Fe)Ga Heusler alloy melt-spun ribbons before and after
annealing at different “Fe” concentrations. (b) Plot of magnetization vs magnetic field for 20 m/s wheel speed annealed Ni,(Mn,Fe)Ga Heusler
alloy melt-spun ribbons at different ““Fe’” concentrations. (¢) Plot of magnetization vs temperature for 20 m/s wheel speed Niy(Mn,Fe)Ga Heusler

alloy melt-spun ribbons at different “Fe” concentrations.

the grain boundaries are more prone to act as nucleating
sites because they are the sites of high defect density. It is
worth noting that (as shown in Figure 5(b)) the alter-
native layer of twins of martensite evolves from grain
boundary triple junctions. Grain boundary triple junc-
tions could provide a suitable site for defect density and
thus attribute to nucleation of martensite.”!) These
secondary phases are at a low volume fraction that
cannot be detected by XRD but could play an important
role in determining the final magnetic properties of the
samples.

A phase analysis of 2 at. pct-Fe and 5 at. pct-Fe
samples melt-spun at low wheel speed showed no
premartensitic tweed structures perhaps because these
samples are disordered to a lower extent than the 8 at.
pct-Fe and 11 at. pct-Fe alloy samples. A higher
concentration of quenched-in defects results in more
disorder and can lead to the formation of tweed
structures.

As noted in Section III-A, the phase evolution for
samples melt spun at higher speeds is different from the
samples melt spun at lower speeds. Accordingly, the
magnetic properties are correlated as follows.

All the ribbons melt spun at high wheel speeds
resulted in austenite phase with B2 ordering for all the
“Fe” concentrations explored in this study and con-
tained premartensitic tweed structures. As discussed
earlier, the higher under cooling and higher “Fe”
concentration would resulted in premartensitic tweed
structures; the same argument is true for higher-speed
(30 m/s) ribbons.

In addition, the annealed samples at 1273 K
(1000 °C)/1 hour for all the low-speed (20 m/s) and
high-speed (30 m/s) melt-spun ribbons for all “Fe”
concentrations exhibits L2, Heusler atomic ordering as
is clear from the XRD analysis. In general, the
transformation sequence is B2 (austenite) to L2
(austenite) as explained in the order—disorder diagram

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 10—(a) Effect of iron content on saturation magnetization, the e¢/a values for corresponding average compositions are given in the x-axis at
the top. (b) Effect of iron content on martensite transformation temperature; the e/a values for corresponding average compositions are given in
the x-axis at the top. (¢) Effect of iron content on Curie temperature; the e/a values for corresponding average compositions are given in the

x-axis at the top.

in Figure 3 of Reference 22. It is evident that these
samples annealed at 1273 K (1000 °C) for 1 hour and
furnace cooled have undergone slow cooling that has
given sufficient time for ordering to result in L2,
structure.

B. Magnetic and Structural Properties

As described in the results (Figures 9(a) and (b), and
10(a)), the magnetic moment is not following any
particular trend; rather it fluctuates and decreases
further upon annealing. In general, the Mn atoms in
the Ni,MnGa alloy will be responsible for the magnetic
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moment, and in this case, as Mn is replaced by Fe, the
net magnetic moment should decrease. Usually, the
magnetic moment is calculated from individual austenite
and martensite phases. It also depends on the structural
transformations that occur during heating and cooling
of these alloys. Overall, we believe each condition has a
different phase content as per the processing history,
and a varying Fe content replaced with Mn would lead
to fluctuations in the magnetic moment. However, it
may not be true always, and e/a ratio would be the
better parameter to describe magnetic moment as
mentioned by the earlier researchers.'®?*! Correspond-
ing results are comparable.



Martensitic transformation temperature (7,,) and
Curie temperature (7¢) are very sensitive to chemical
composition and e/a ratio. Martensite transformation
temperature is noted to increase linearly, irrespective of
processing condition, as the iron content in the alloy
increases. There is a significant increase in the martens-
itic transformation temperature for annealed samples,
and it could be attributed to a transformation from
partially ordered B2 structure to L2; Heusler atomic
ordered structure. Earlier researchers®” also observed
linear dependence of martensitic transformation tem-
perature (7Ty,) as the e/a ratio increases from 7.57 to
7.76.

The Curie temperature shows a linear dependence with
an increase in Fe concentration and is comparable with
earlier literature®® for all the processing conditions.
However, Chen et al.?* observed that in case of conven-
tional solidification substitution of “Fe” from 2 to 11 at.
pct would result in decreasing both martensitic transfor-
mation temperature (7,,) and Curie temperature (7¢). In
our case, the processing route is rapid solidification, and
thus, the solubility “Fe’” could be extended in comparison
to conventional solidification. Moreover, the rapid solid-
ification resulted in the quenched short-range disorder,
which in turn attributed to the decrease in Curie temper-
ature and martensite transformation temperatures, which
are recovered after annealing due to rearrangement of
atoms by diffusion and due to highly ordered L2

[25.26] , IES, .

phase. Overall, the martensitic transformation tem-
perature and Curie temperature show an increasing trend
in accordance with Fe content in the alloy and a slight
enhancement is observed for all the samples upon
annealing. However, for 11 at. pct Fe doped alloy, Curie
temperature decreases for 20 m/s and 30 m/s annealed
ribbons. This could be due to respective phase content and
processing history of the corresponding alloy.

V. CONCLUSIONS

1. A Niy(Mn,Fe)Ga Heusler alloy with austenite phase
(B2 partial atomic ordering) resulted from both the
wheel speeds for all “Fe’ concentrations. Premar-
tensitic tweed structures are observed in low wheel
speed ribbon of higher “Fe” concentrations (8 and
11 at. pct) and high wheel speed ribbons of all
“Fe” concentrations (2, 5, 8, and 11 at. pct).

2. Annealing at 1273 K (1000 °C) for 1 hour favors
austenite phase with L2; Heusler atomic order for
both the wheel speeds for alloys of all iron contents
explored in this study.

3. The saturation magnetization values are sensitive to
microstructure, composition inhomogeneities, and
e/a ratio.

4. The martensitic transformation temperature and Cur-
ie temperature show increasing trend with increasing
Fe content for all the processing conditions. Further
improvement is noted in annealed samples.

5. A desirable combination of properties such as a sat-
uration magnetization value of 56.0 emu/g, mar-
tensitic transformation temperature of 265K
(—8 °C), and Curie temperature of 443 K (170 °C)

is achieved for 11 at. pct-Fe alloy ribbon melt spun
at a high wheel speed and annealed at 1273 K
(1000 °C) for 1 hour.
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