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Magnetic shape memory properties of Ni-Mn-Ga single
crystals were characterized by measurement of stress-induced
martensite reorientation under constant magnetic fields. Also
magnetic field-induced strain as a function of the applied
magnetic field under different constant compressive stress
levels has been investigated. All the experiments were
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1 Introduction

Ferromagnetic shape memory alloys (FSMAS) are a recently-discovered member of smart
materials. Smart materials undergo a substantial change in one or more properties in response
to changes in external conditions such as applied loads, temperature, electrical and magnetic
fields. Among these materials, Piezoelectrics, Magnetostrictives and conventional Shape
Memory Alloys (SMAs) are more well-known. Piezoelectric materials are the most
commonly used smart materials that can generate a potentia difference when subjected to a
mechanical stress/strain. These materials also frequently exhibit the converse piezoelectric
effect, by which they show strain in response to an electric field. These strains are typically on
the order of 0.1% [1, 2]. Under the influence of an applied magnetic field, the magnetization
direction of a magnetostrictive material may be caused to rotate. Due to magnetoelastic
coupling within the material, this may produce strains of up to 0.2%. Shape memory alloys
are one of the most popular smart materials, with the ability to release residual strains and
return to their initial configuration when heated up to a particular temperature [3]. While
actuation frequencies for piezoelectrics and magnetostrictives are in the kHz range, SMAS,
which require time to heat up and cool down, can achieve frequencies of only afew Hz [2].
Common smart materials are compared in table (1).
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Table 1 Comparison of actuation strain, stress and operating frequencies of active materials[1].

_ Operating
. . Strain Stress
Activator Smart Material Frequency
(%) (MPa)
(H2)
Heat Shape Memory Alloy (NiTi) 2-8 400 1
Electric Ferroelectric 0.1 3 100 000
Field Piezoelectric (PZT) 0.2 70 100 000
Magnetostrictive (Terfenol-D) 0.2 80 10 000
Magnetic : . -
Field MSMA Varient Reorientation 5-10 5 1 000
[
(NiMnGa) | Phase Transformation | 0.5-4 | 20-100 -

Ferromagnetic Shape Memory Alloys (FSMAS) such as Ni-Mn-Ga have generated great
research interest because of their ability to produce large strains in the presence of magnetic
fields. The strain magnitude is around 100 times larger than piezoelectrics and
magnetostrictives [4]. Maximum magnetic field-induced strain (MFIS) of 6% for five-layered
tetragonal martensite (5M) [5] and 10% for seven-layered orthorhombic martensite (7M) have
been reported [6, 7]. However, this effect was first observed experimentally by Ullakko et al.
who reported a field-induced strain of 0.2% in a single crystal of Ni-Mn-Ga [8]. Magnetic
field-induced strain in FSM As results from twin-boundary motion. As with SMAs, this allows
FSMA actuators to exhibit very large strokes. Since they do not depend on heating to
function, however, FSMAs are also capable of actuation frequencies approaching those of
piezoelectric and magnetostrictive materials. An ideal active material would be the one that
has high-frequency response, large strain and force outputs, high durability, and low cost [1].
Ferromagnetic shape memory alloys, thus, have potential to be the best in terms of the both
criteria of large strain and high actuation frequency. Their ability to produce response
frequencies in the kHz regime [9, 10], high energy density, large stroke, and high bandwidth
make FSMASs suitable for a wide range of applications. Common practical usage of the
material isin linear motion actuators [11, 12].

Among the known FSMAS, Ni-Mn-Ga aloys are the most widely explored due to their low
detwinning stress and sufficiently high magnetocrystalline anisotropy energy [8]. However,
unlike most smart materials, they are quite brittle, require large magnetic fields for actuation,
and their produced strain may be suppressed by stresses as small as afew MPa[2]. Therefore,
one of the main research goals is to produce FSMA in which large MFIS can be induced at
high stress levels for the purpose of maximizing the work output. To accomplish this godl,
blocking stress must be increased. Blocking stress or maximum actuation stress is the external
stress level above which magnetic field-induced reorientation is not possible [1]. The MFISin
FSMAs is most often aresult of the reorientation of martensite variants under the influence of
amagnetic field [13, 14]. When the magnetic field is zero, at low temperatures, it is assumed
that the material consists of two martensitic variants asillustrated in figure (1).
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Figure 1 Schematic illustration of two martensite variants.
Compressive stress and magnetic field are applied perpendicular to each other [12].

Each variant has an easy magnetization direction (parallel to c-axis) and a hard
magnetization direction (parallel to aaxis). As the field strength increases, the volume
fraction of type 2 variants increases. As is shown in figure (2), by using a strong magnetic
field, a single variant can be obtained. Since ¢ < a (c/a is about 0.94 for a 5M tetragonal
martensite), the total vertical length of the Ni-Mn-Ga specimen increases. When the magnetic
field is removed, the strain does not change due to the lack of a driving or restoring force.
Subsequently, if the force increases, the volume fraction of type 2 variants decreases. Rotation
of type 2 variants induced by the compressive mechanical stress leads to decreasing the
macroscopic strain [15]. Referring to figure (3), with the use of a sufficient mechanical load, a
single variant type 2 can be achieved.
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Magnetic Field

—
—

~ "
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Figure 2 Achieving asingle variant by using a strong magnetic field.

In this study, the stress-induced martensite reorientation under constant magnetic fields as
well as MFIS by variant reorientation under constant stress levels is experimentally studied
for Ni-Mn-Ga single crystals. For this purpose, two types of quasi-static magneto-mechanical
tests were conducted: variable stress under a constant magnetic field and variable magnetic
field under a constant stress. All the experiments were performed at room temperature where
the materia isin its martensite phase. The blocking stress and the twinning stress were found
based on the MFIS under a constant compressive stress. Twinning stress is one of the most
essential parameters which determines the actuating performance of magnetic shape memory
aloys[16].
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Figure 3 Achieving single variant by using a mechanical |oad.

2 Experiments

A 5M single crysta of Ni-Mn-Ga aloy got from Adaptamat Ltd. was investigated to
determine its magneto-mechanical behaviors under different conditions. Dimensions of the
cubic sample were nearly 6 mm x 6 mm x 8 mm, and its edges were parallel to the [100],
[010], and [001] directions of the parent cubic phase. A photograph of the specimen is shown
infigure (4).

Figur e 4 Photograph of the studied Ni-Mn-Ga specimen

10 mm

Transformation temperatures were obtained using a differential scanning calorimeter
(DSC) with the heating and cooling rates of 3°C/min. Figure (5) shows the DSC results. The
martensite start (Ms) and martensite finish (My) temperatures during cooling and the austenite
start (As) and austenite finish (As) temperatures during heating for the studied sample are
marked in the DSC curves. The M was obtained about 48 °C. Variant reorientation
mechanism can only be observed at temperatures lower than the martensite transformation
temperatures. All the experiments were performed at room temperature in which the sampleis
in its martensite phase.

Two types of quasi-static magneto-mechanical tests were conducted in this work: (i)
variable stress under a constant magnetic field and (ii) variable magnetic field under a
constant stress. All the experiments were performed at a constant temperature (room
temperature) where the material is in its martensite phase. Compressive stress was applied
along the [1 0 Q] orientation, while the magnetic field was applied along the [0 1 O] direction
(seefigure (2)).
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Figure 5 DSC hesating and cooling curves of the test specimen

For returning the material’s twin variants into an unstrained state after each test, magnetic
reorientation was imposed by applying a magnetizing field along the new hard axis direction.
The material may be returned to its original state by mechanical means as well. If the material
IS exposed to a mechanical stress exceeding the blocking stress, a mechanical reorientation of
the twins occurs leading to collapsing the twin variants to their original state. Thus, the
blocking stress is the external stress level necessary to induce a change from one twin variant
to another one by mechanical means [17]. In order to obtain a single variant martensite, 3
MPa compressive stress was applied befor each experiment so that the short c-axis of the 5M
tetragonal martensite, and thus the magnetic easy axis, is aligned with the compressive load
axis. For the magneto-mechanical characterization, two new setups were designed and
manufactured at Isfahan University of Technology. As is shown in figure (6), the first setup
consisted of two permanent magnets which were mounted in parallel with a certain distance
from each other depending on the desired amount of the magnetic field. Increase in the
distance between the two magnets leads to a reduction in the magnetic field strength. Figure
(7) shows variations of the acquired magnetic field with distance.

Figure 6 Manufactured setup to apply a constant magnetic field
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Figure 7 Variations of the magnetic field strength with distance for the utilized magnets [18]

These two magnets were able to generate a uniform magnetic field of up to 5 kG at the
region in the center of the magnets. As shown in figure (8), the lines of magnetic field
between the unlike poles are parallel.

Figur e 8 schematic of magnetic field between two unlike poles of the utilized magnets

This setup was supplemented to a Santam STM-50 tensile testing machine. The compressive
loadi ng-unloadings were done at the cross head speed of 0.2 mm/min (see figure (9)).

L& 5]

| Permanent
| magnets

A=)

Figure 9 Santam STM-50 tensile testing machine equipped with two permanent magnets.
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The second setup was used to generate a constant compressive stress for the case of varying
magnetic fields. As shown in figure (10), a Bruker Model B-E 10 electro-magnet is equipped
with the manufactured compression rig in order to be able of applying uniform magnetic
fields up to 12 kG perpendicular to the direction of the compressive stress.

N Moveable
push rod ‘

Figure 10 Bruker Model B-E 10 electro-magnet equipped with a compression rig.

The specimen was gripped between a fixed end-plate and a vertically moveable push rod,
both of which were made of nonmagnetic steel. Some weights were placed on the push rod to
apply a constant stress to the sample. The displacement of the push rod referenced to the end-
plate was measured with an ELE digital indicator with the resolution of 0.001 mm. A
photograph of the utilized ELE digital indicator is shown in figure (11).

Figure 11 Photograph of the employed ELE digital indicator
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The magnetic field measurements were performed using a Bruker field controller B-H15
gauss-meter equipped with a sensitive Hall probe, which was placed near the specimen and

perpendicular to the magnetic field lines. The resolution of the gauss-meter was 0.01 G.

3 Results and Discussion

Figure (12) shows the effect of magnetic field on stress-strain behavior of the Ni-Mn-Ga
sample subjected to a constant magnetic field, when a compressive loading-unloading cycleis
carried out using the test rig shown in figure (9). Five experiments were done under magnetic

fieldsof O, 2, 3, 4, and 5 kG at room temperature.
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Figure 12 Effect of magnetic field on the stress-strain response of Ni-Mn-Gasingle crystal
at room temperature under the constant magnetic field of a) 0 kG, b) 2 kG, c) 3kG,

d) 4 kG, and €) 5kG
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Asit is seen, once the load is completely removed, a residual strain of about 5.9% remainsin
the sample when there is no magnetic field. By increasing the magnitude of the magnetic
field, the stress levels in both loading and unloading process increase and the residual strain
decreases. For example, the residual strain decreases from 5.8% to 4.4% as the magnetic field
increases from 2 kG to 3 kG. However, these residual strains are recovered if the sample is
subjected to a magnetic field of 4kG. Moreover, the stress-strain responses at and above 4kG
magnetic fields are accompanied with no residual strain just after the compl ete unloading.

Ni-Mn-Ga exhibits behaviors similar to those of thermal shape memory alloys, such as Ni-
Ti. Both materials exhibit shape memory effect and pseudoel asticity. The obvious difference
between the two is that Ni-Mn-Ga requires a magnetic field but Ni-Ti requires athermal field
for actuation. If the studied specimen is subjected to a large enough compressive stress, its
field-preferred configuration changes to a stress-preferred one. This change leads to a large
inelastic strain of approximately 6%. As soon as the specimen is exposed to a sufficient
magnetic field (for instance 5 kG) perpendicular to its c-axis, the magnetic field causes twin
boundary mobility giving rise to reordering the twin variants and converting the specimen to
its original, field-preferred configuration. This phenomenon is the magnetic shape memory
effect (MSME). In the case of pseudoelasticity, the material is exposed to a large magnetic
field (more than 4 kG) in its field-preferred configuration. Then it is subjected to an
increasing compressive stress large enough to change the configuration from field- to stress-
preferred one. This change in configuration induces a large inelastic strain that is completely
recovered in a hysteresis loop upon removal of the stress. At low magnetic fields (for example
2 and 3 kG), Ni-Mn-Ga can exhibit partial pseudoelasticity as only a portion of the strain is
recovered when the stress is removed.

Asitisseenin figure (12), at the initial stages of the mechanical loading, the compressive
stress is linearly related to the strain meaning an elastic deformation in the aloy. When the
axial stress reaches a critical value, the twin boundaries in the martensite become mobile and
the stiffness of the material is drastically decreased. Since the twin boundaries are mobile,
subsequent small increases in stress are accompanied by large increases in strain. This
phenomenon is called magnetoplasticity since the generated strains are effectively plastic in
this region. When the level of stress reaches a second critical value, the twin boundariesin the
material are completely reordered into a stress-preferred configuration and a sharp increase in
the material stiffness occurs (third region). The phenomenon observed at the first and the third
regionsin the stress-strain curve is called magnetoel asticity.

After examining shape memory effect and pseudoelasticity at constant magnetic fields,
strain-magnetic field responses of the alloy at constant compressive stresses are studied using
the test rig shown in figure (10). The results are shown in figure (13). When an FSMA is
subjected to a varying magnetic field under a constant compression, by increasing the
magnetic field magnitude, single variants whose c-axis is along the compression direction
reorients to another single variants, whose c-axis is along the applied field perpendicular to
the compressive axis. Therefore, a magnetic field-induced strain (MFIS) is generated in the
direction of the applied compressive stress. By increasing the constant compressive stress, the
maximum MFIS decreases while the critical field magnitude for the start of reorientation
increases. When the magnetic field is reduced to zero, at very low stress levels (for instance
0.05 MPa in figure (13)), the whole MFIS constantly remains in the sample. However, by
increasing the amount of the compressive stress, the field-preferred martensite variant
partially reorients back to the original variant favored by the stress. Finally, at the stress level
of 1.41 MPa, the residual strain is almost zero meaning the twinning stress is slightly more than
1.41 MPa. Blocking stress or maximum actuation stress is the external stress level above
which magnetic field-induced reorientation is not possible. Using figure (13), one can found
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that the blocking stress is between 1.95 and 2.22 MPa. Moreover, the maximum MFIS is
about 5.7%.
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Figure 13 Effect of magnetic field on strain under a constant compressive stress at room temperature

4 Conclusions

The magneto-mechanical behaviors of Ni-Mn-Ga ferromagnetic shape memory alloy single
crystals were investigated in this paper. The stress-induced martensite reorientation under
constant magnetic fields led to the observation of magnetoel asticity, martensite reorientation,
shape memory effect, and pseudoelasticity throughout compressive loading-unloading cycles.
Magnetic field-induced strains were also shown due to the variations of magnetic field
magnitude under constant compressive stresses. The maximum MFIS was found to be
between 5.7% and 5.9% in various experiments. This is close to 6%, which is the theoretical
maximum reorientation strain for 5M Ni-Mn-Ga single crystals. For the studied alloy, the
blocking stress and the twinning stress were found to be about 2 MPa and 1.4 MPa,

respectively.
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