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Abstract-- We studied the mechano-electric energy conversion for Ni-Mn-Ga alloys with dynamic
experiments under a bias magnetic field. At low and at high magnetic fields, the magneto-crystalline
anisotropy energy and the Zeeman energy dominate the formation of magnetic domains. At lower
fields and when the bias field is tilted against the twin boundary, the formation of 180° magnetic
domains reduces the net magnetization parallel to the load axis. However, at low strains and in a
compressed state and when the bias field is tilted along the twin boundary, the majority of the volume
saturates parallel to the load axis. Therefore, due to increased net magnetization parallel to the load
axis, the magnetic structure generated at lower bias fields tilted parallel to the twin boundary is more
favorable to maximize power conversion. However, from experiments, we find that the minimum
bias field required to expand the sample against the axial load must be higher than the switching
field. Therefore, in order to optimize electric power output, the energy conversion has to take place
at lower bias magnetic fields and on samples with low twinning stress with the field direction inclined
nearly parallel to the twin boundaries.

Index Terms-- Mechano-electric energy, Power harvesting, Magnetic shape memory alloys, Ni-Mn-
Ga

[. INTRODUCTION

Magnetic shape memory (MSM) alloys are classified as a group of functional materials that exhibit large
recoverable strains. Depending on the martensite structure these materials exhibit magnetic field induced
strains up to 12% strain [1]-[4]. The strain in these materials is due to the crystallographic reorientation
that occurs via twinning [5]. Due to the magneto-crystalline anisotropy, the magnetization in the sample
changes with the movement of the twin boundary [6], [7], and thus does the magnetic flux. The reverse
phenomenon, i.e. deformation-induced change of magnetization, is called the inverse magneto-plastic
(IMP) effect [8]. When an MSM alloy is subjected to a cyclic mechanical load in the presence of a bias
magnetic field that is perpendicular to the load axis, the sample undergoes compression while loading and
elongation while unloading. During the cyclic loading and unloading, the sample undergoes a cyclic
magnetic flux variation due twin boundary movement (occurring due to continuous sample elongation and
compression). When the sample is placed inside a conductive coil, the cyclic load induces an AC voltage
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[9], [10]. These power harvesting capabilities of MSM alloys under a bias magnetic field applied
perpendicular to the loading direction were reported by various research groups [9], [11]-[15]. The voltage
output generation depends on various experimental factors such as the sample size, the number of turns in
the conductive coil, the stroke length, the frequency of cycling, the biased magnetic field and also the
direction of the biased field.

Nelson et al. [16] conducted initial experiments and also developed a model to characterize the power
harvesting capability of MSM alloy by tilting the sample in a transverse magnetic field. Recently Guiel et.
al. [17] showed that the voltage output can be maximized when the bias field was applied 10-20° (or 100-
110° in the present study) to the loading direction. For a sample size of 20 x 3 x 3 mm?, the maximum
voltage output obtained was 1280 mV (peak-to-peak voltage) at 9.34° away from the transverse direction
and along the twin boundary (corresponding to 99.34° in the present study) with transverse (inclined) and
axial magnetic fields. This was a 10-fold increase over the output voltage of 122 mV when the bias magnetic
field was applied perpendicular to the loading axis. Guiel et al. used finite elemental analysis to study the
internal magnetic flux density of MSM alloys and concluded that the dramatic increase in voltage output
with magnetic field direction change is due to the internal magnetic structure, albeit without detailing the
nature of that structure.

In the present study, through experiments we investigated the voltage/power generation capabilities of
an MSM alloy with a sample size of 7.54 x 3.54 x 2.04 mm®. We also used micromagnetics to study the
evolution of domain structures as a function of magnetic field inclination away from perpendicular to the
load axis. From the results obtained with experiments and numerical calculations, we evaluate the influence
of magneto-crystalline anisotropy and Zeeman energy on the internal magnetization orientation. We show
that the asymmetrical behavior of energy harvesting capability with inclined magnetic field at lower
magnetic fields is due to strong magneto-crystalline anisotropy and the formatoin of magnetic domains.
Whereas, at higher magnetic fields, the Zeeman energy determines the orientation of magnetization and
reduces the energy conversion efficiency.

II. EXPERIMENTS AND SIMULATIONS:

A single crystal with nominal composition NisosMn27.75Gazi.7s was grown by the Bridgman-Stockbarger
technique using the crystal growth system developed by Kellis et a/.[18]. A sample was cut from the end
nearest to the seed that had 10 M crystal structure and a composition of Nisg csMnys 9sGa,21.36 as determined
with energy-dispersive X-ray spectroscopy (EDS). A wire saw was used to cut parallel to {100} faces of
the crystal and the sample was polished mechanically with paper and slurry with a final diamond size of 1
um. The final sample shape was 7.54 x 3.54 x 2.04 mm® when fully extended. The transformation
temperatures of the sample were measured at a low magnetic field (250 Oe) in a vibrating sample
magnetometer (MicroSense Model 10 VSM) while heating and cooling from 25 °C to 70 °C. The
transformation temperatures were M; =41.4 °C , Mr=37.8 °C 4s=45.5 °C and 4r=47.9 °C.

A screw-driven mechanical test system Zwick-1455 (Zwick, Um) was used to obtain the full stress-strain
response (0 to 6% strain) of the sample. The sample was fully elongated before the test was performed. The
bottom end of the sample was glued to the apparatus and the sample was mechanically loaded under
compression with a constant strain rate = 0.125 mm/min. A magnetic field of 0.6 T was applied
perpendicular to the load axis during the compression test. The system was equipped with a S00N load cell
(MTS, Schaffthausen) and extensometers that are insensitive to magnetic fields (Heidenhain, Traunreut).
The resolutions were better than 0.5N in force and 10 nm in displacement. The magnetic field produced by
a permanent magnet system (Magnetic Solutions, Dublin) was better than 1% homogeneous at the position
of the sample for field strength and field direction. In the test apparatus, the sample was mounted with the
longest edge parallel to the mechanical load direction. The magnetic field application was constant and
parallel to the shortest edge of the sample.



The Magneto-Mechanical Test Apparatus (MMTA, shown in supporting document, Fig. S1) was used
to measure the magneto stress strain measurements, and electrical work in a rotating magnetic field. The
MMTA system consists of an electromagnet, a voice coil linear motor, a LVDT displacement transducer, a
custom made signal conditioning module scaled to output + 300 pm displacement, a sample compression
micrometer with 1 pm sensitivity, a 44 N piezoelectric load cell with +15% sensitivity i.e. 112410 mV/kN),
interchangeable die springs, and a 1601 turn (inner diameter of 6.2 mm by 11 mm long) 43 AWG pickup
coil wound with 0.0031 mm? insulated copper wire. The electromotive force, €, induced in the pickup coil
was measured with a SR-830 DSM lock-in amplifier (Stanford Research Systems, CA), locked into the
displacement voltage signal. When the lock-in amplifier is used in sync mode the instrument outputs the
voltage from the coil as the root mean square (rms) continuously to the data acquisition system. Electrical
power is computed using the Vs and the load resistor shunted across the coil, 290 Q. The details of this
test apparatus, its working and processing of raw data are described in [12]. In this set up, magneto stress
strain measurements were obtained at magnetic field ranging from 0.20 to 0.61 T. The magnetic fields were
measured from a hall probe with corrected accuracy of £0.50% to 35 kG (at 25° C) that was centered
between the electromagnets such that the flat ends (of the hall probe) are perpendicular to the field direction.
In this apparatus, the Ni-Mn-Ga crystal, was centered and glued to one side of the brass platen. The sample
was placed such that the long edge was parallel to the load axis. Before testing, the magnetic field on the
sample was ramped to about 0.6 T without constraint from the opposite brass platen and the sample
expanded to the maximum length. Then the sample was compressed against a set of compliant springs of
the actuation system, where the initial displacement was recorded with an in-line micrometer. The
compliance of the actuation system accommodated a portion of the displacement such that the initial strain
on the sample was different from the displacement. We therefore corrected the initial sample strain such
that the first stress-strain loop started at 0% and the last compression loop ended at 6% strain (which is the
twinning strain of 10M Ni-Mn-Ga), while the other loops were placed between 0 and 6% with equal
intervals. Cyclic stress-strain curves were generated by loading and unloading the sample with a voice coil
motor under a magnetic field biased perpendicular to the load axis. We conducted the following test
sequence: (1) we obtained stress-strain curves for initial displacements ranging from 0.05 to 0.35 mm at
0.618 T bias magnetic field; (2) we repeated these experiments at magnetic bias field strength of 0.20 T,
0.31 T,0.39T,0.50 T and 0.61 T; (3) we repeated these experiments for frequencies ranging from 50 to
125 Hz; (4) we repeated these experiments for peak-to-peak displacements ranging from 40 um to 100 pm
(stroke length); (5) we repeated these experiments for various directions of the magnetic field ranging from
76 to 104° with respect to the loading axis (i.e. 90° was perpendicular to the loading axis; the field
orientation is shown in supporting document, Fig. S2) and varying the peak-to-peak displacements from 40
pm to 180 pm. While doing the cyclic loading and unloading in the MMTA, the sample was placed inside
the pickup coil with the coil axis oriented parallel to the mechanical load axis.

Micromagnetic simulations were conducted to obtain the magnetic energies for each equilibrium state in
a rotating magnetic field. Magnetic field ranging from 0.1 T to 0.6 T were applied to the sample edge (long
axis of the sample). The direction of this magnetic field was varied from 75° to 105° with respect to load
axis at 3° intervals (i.e. 90° was perpendicular to the load axis). This study was conducted on samples with
strain varied from 1 to 5% strain with 1% increments. Their corresponding sample sizes for 1 and 5% strain
are 1.56 pm x 0.53 ym x 0.36 pm and 1.63 pm x 0.50 um x 0.36 pm respectively. A single twin boundary
inclined at 45° to the sample edge was introduced. The position of the twin boundary was determined by
the strain on the sample i.e. the fraction f; of region with the c-axis (axis of easy magnetization) parallel (f})
and perpendicular (ff = 1 - fi) to the sample length was determined by the strain € on the sample: € = (1 -
c/a), where a and c are the lattice parameters. Therefore the position of the twin boundary changes with the
increasing strain on the sample and the c-axis across this twin boundary is nearly perpendicular. The



volume of the simulation sample was divided into 384 cells along the longest dimension and 192 cells along
the intermediate dimension making it 73,728 cells in total. Therefore, the dimension of each cell is about
4.06 nm x 2.7 nm (at 1% strain) and each of these cells has one assigned magnetization vector. Each
simulation ran for 20,000 iterations. This sequence was repeated with the end configuration serving as input
for the new simulation to a total of 180,000 iterations to ensure convergence. Magnetic energies, domain
structures and the individual magnetic energy contributions (anisotropy, exchange, and stray field energy)
for the equilibrium state were also obtained during these simulations. The simulation code solved the
Landau-Lifshitz-Gilbert equation as described in detail in ref. [19].

II. RESULTS

The stress-strain curve obtained from the static deformation test under a 0.6 T bias magnetic field is
shown as a dotted curve in Fig. 1. At the beginning of the test, the stress increased rapidly until the material
yielded, followed by a plateau-like region with very little work hardening. To compare static and dynamic
test results, the two data sets were overlaid in Fig. 1, where the data obtained from MMTA is shown in
colors (on-line). The dynamic data stem from the experiments performed with a perpendicular (to the load
axis) bias magnetic field of 0.618 T, the loading frequency was 75 Hz, and the peak-to-peak displacement
was 170 pm. The dynamic curves have about two fold increase in magnetostress compared to the static
deformation curve and the slope of the curves also increased due to the increased strain rate.

The dynamical magneto-mechanical experiments yielded the following results:
A. Varying magnetic field

Fig. 2, shows the voltage (and power) generated as a function of increasing magnetic field. During this
test the magnetic field was increased from 0.202 T to 0.618 T while keeping the frequency and the direction
of the magnetic field constant. The test sample was strained to 1.85% and then subjected to a cyclic loading
and unloading at 75 Hz with a peak-to-peak displacement of 80 pm. The The applied magnetic field was at
77° to the loading axis. The results showed that the output voltage (and power) increased with increasing
the field obtaining a maximum of 218.1 £ 0.5 mV (or 170 + 1 uW) at 0.502 T. When the field was further
increased to 0.618 T, the voltage (or power) values dropped to 194.11 £0.5 mV (135 £ 1 uW).
B. Varying frequency

Fig. 3, shows the voltage (and power) generated as a function of the loading and unloading frequency.
The frequency was increased from 50 to 125 Hz with 25 Hz increments while keeping the field constant at
0.618 T and the direction of the field at 77° to the load axis. During this test, the sample was strained to
1.85% and then subjected to a cyclic loading and unloading test with a peak-to-peak displacement of 80
um. The results showed that the output voltage (or power) monotonically increased with increasing the
frequency achieving a maximum voltage (or power) of 421 + 0.5 mV (or 634 £ 1 uW) at 125 Hz. These
results also agree with results shown by Lindquist et a/. [ 12] that the power output increases with increasing
frequency.

C. Varying the direction of magnetic field

For this experiment, the output voltage (and power) was recorded for test samples that were strained to
1.8%, 3.1%, and 3.7%. At each of these strains, the magnetic field and the cyclic loading and unloading
frequency was kept constant at 0.618 T and 75 Hz respectively. During these tests, two parameters were
varied: 1. magnetic field inclination (with respect to load axis) from 76° to 104° with 2° increments and 2.
peak-to-peak displacement from 40 to 180 pm. Fig. 4, shows the voltage (and power) generated for these
test parameters at 1.8% strain. The output voltage (and power) remained constant (about 130 mV) with
increasing field inclination angle from 76° to 84°. From 86° to 98°, the output voltage linearly decreased



and converged to nearly 0 mV at 98°. Beyond 98° the output voltage increased linearly up to 104°. Similar
behavior was obtained for the sample with 3.7 % strain (not shown here) except that there was a drop in the
voltage at 80° for low peak-to-peak displacement (40 to 60 um) and at 82° for higher peak-to-peak
displacements (80 to 180 um). For the sample with 3.1% strain (not shown here), the voltage reduced
linearly from 76° and converged to 0 mV at 86° and 88°. From 90° to 100°, the voltage linearly increased
with the increasing field inclination angle and beyond 100°, the voltage remained constant.

Micromagnetic simulations were performed for a configuration, which replicated the experiments with

the goal to calculate the equilibrium magnetic energy (to confirm energy minimization) and the
magnetization along the load axis. Except at 0.1 T, at all magnitudes of the magnetic field, the equilibrium
energies converged to minimum value. The deviation for 0.1 T was a computational artifact as the energy
did not converge to a minimum within 180,000 iterations. Fig. 5, shows the normalized change in
magnetization with sample elongation (i.e. the difference of axial magnetization at 1 and 2%, at 1 and 3%,
at 1 and 4%, and at 1 and 5%, normalized by the saturation magnetization) obtained at 0.2 T (Fig. 5a) and
0.6 T (Fig. 5b) as a function of increasing bias magnetic field inclinations (from 75° to 105°). In Fig. Sa,
the change in magnetization in the direction of the load axis (i.e. parallel to the long axis of the sample)
with increasing magnetic bias field inclination (from 75° to 105°) at 0.2 T was asymmetric with respect to
90°. Whereas at higher magnitudes of magnetic field (i.e. at 0.6 T, Fig. 5b), the data was symmetric about
90°. At both lower (0.2 T) and higher (0.6 T) magnetic fields, the change in magnetization increased with
increasing strain difference. The maximum change in magnetization was obtained at 0.2 T when the bias
magnetic field was inclined to 96° with respect to the load axis.
Fig. 6, shows the equilibrium magnetic domain structures obtained at low bias magnetic fields (i.e. at 0.2
T) for 1% (Fig. 6a) and 5% (Fig. 6b) strain. The arrows in Fig. 6 indicate the direction of magnetization of
its respective domains taken in a central area where the magnetization direction was not impacted by the
sample surface. All the structures consisted of a single twin boundary inclined at 45° to the long edge of
the sample. In Fig. 6a (i.e. at 1% strain), at 84° and 90° bias field inclinations, the region on the left side of
the twin boundary formed 180° domains (red and blue regions) and the blue region became more prominent
as the field inclination was increased. The region on the right remained as a single domain (yellow, 7). At
96° inclination, the structure evolved into a single magnetic domain per twin region (blue - left domain and
yellow - right domain). In Fig. 6b (i.e. at 5% strain), the magnetic domain structure remained more or less
the same with increasing bias field inclination. The structures consisted of 180° domains (blue and red
regions) in the left twin region and a single domain (yellow) in the right region. The magnetic domain
structures that results in maximum net magnetization parallel to the loading direction were obtained at 96°
of field orientation and are highlighted in dashed boxes.

Fig. 7, shows the equilibrium magnetic domain structures at low magnetic field- 0.2 T (Fig. 7a) and at
higher magnetic field- 0.6 T (Fig. 7b) for 1% strain obtained at various magnetic bias field inclinations. The
arrows in Fig. 7 indicate the direction of magnetization of its respective domains taken in a central area
where the magnetization direction was not impacted by the sample surface. All the structures consisted of
a single twin boundary inclined at 45° to the long edge of the sample. At 84° and 90° bias field inclinations,
the region on the left side of the twin boundary formed 180° domains (red and blue regions) and the blue
region became more prominent at higher field orientation. Whereas the region on the right remained as a
single domain (yellow, 7). At 96° inclination, the structure evolved back into a single magnetic domain per
twin domain (blue - left domain and yellow - right domain). In Fig. 7a, at low magnetic field (0.2 T), when
the magnetic field is aligned at 96° (i.e. the field is aligned more parallel to the twin boundary), the direction
of net magnetization in the left twin domain (blue region) is aligned more towards the load axis. Whereas,
in Fig. 7b, at higher magnetic field (0.6 T), when the magnetic field is aligned at 96° (i.e. the field is aligned
more parallel to the twin boundary), the direction of net magnetization in the left twin domain is aligned



parallel to the field orientation. The average direction of the magnetization deviated in both twin domains
markedly from the direction of easy magnetization, i.e. the magnetization was tilted towards the direction
of the magnetic field.

IV. DISCUSSION

The experimental results in Fig. 3 show that the output voltage linearly increases with increasing
frequency at 0.6 T. As the frequency increases, the rate of change of magnetization increases proportionally
and so does the output voltage (following Faraday’s Law). These results measured at a bias magnetic field
at 77° agree with the results reported by Lindquist et. a/. [12], Karaman et. a/l. [13], and Sayyaadi et. al.
[20] measured in an orthogonal bias magnetic field. Although a maximum voltage output of 421 + 0.5 mV
was obtained in this study at 0.6 T, this could be enhanced by applying a field of only 0.5 T. We show in
Fig. 2, that the maximum output voltage was obtained at 0.5 T. With increasing the stroke length, the
volume fraction of the crystal re-orientation increases. This implies that the output voltage (and power)
increases due to an increase in change of axial magnetization. This is shown in Fig. 4 where the peak-to-
peak displacement is increased to 180 pum, resulting in voltage output enhancement. Also, in Fig. 4 the
output voltage increases when tilting the bias magnetic field in one direction away from orthogonal to the
mechanical loading axis. Conversely, the output voltage decreases while tilting the bias magnetic field to
the other direction. Guiel et al. [17] reported a similar effect of the magnetic field inclination. In addition,
Guiel et al. showed that the output voltage increases when the magnetic field was tilted so as to become
more parallel to the twin boundary as opposed to when tilted so as to become more perpendicular to the
twin boundary. We did not identify the orientation of the twin boundaries although from comparison of our
results with those of Guiel et. al., we conclude that the twin boundaries were closely parallel to 45° (and
not parallel to 135°).

Guiel et. al. [17] reported an increase in output voltage from about 27 mV to about 270 mV (RMS
voltage) by inclining the magnetic field of 0.7 T to 9.34° from the vertical orientation®. In the present study,
with a maximum peak-to-peak displacement of 180 um we increased the voltage output to about 130 mV
(RMS voltage) at 6° away from the perpendicular bias field. This difference in voltage and field inclination
angle from reported values to this present study can be attributed to sample size and other experimental
differences. Guiel et al. tested a sample with dimensions 20 x 3 x 3 mm?, which is almost three times longer
than the sample of our study and their pick-up coil had 1,000 turns. In addition to the inclined transverse
field, they also applied an axial field by placing permanent magnets at the end of the sample. Also, other
microstructural aspects such as number of twin boundaries, or the type of twinning may influence the
voltage generation.

The numerical simulations show that the change in magnetization parallel to the load axis increases with
increasing deformation/strain (Fig. 5) which implies an increase of power output. The change in
magnetization parallel to the load axis is higher at lower bias fields (0.2 T for maximum deformation from
1 and 5% strain) and the maximum value was obtained when the field was inclined at 96°. To explain this
drastic increase in magnetization, we use the magnetic structures for 1 and 5% at 0.2 T (Fig. 6). When the
inclination of the biased field was such as to increase the angle between the magnetic field and the twin
boundary (i.e. field angle below 90°), the net magnetization parallel to the load axis decreased through the
formation of 180° magnetic domains (i.e. growth of blue region in Fig. 6a). This is because the formation
of 180° magnetic domains results in regions with reverse magnetization (blue and red regions in Fig. 6a).
However, when the biased field inclination was such that the magnetic field direction was more parallel to
the twin boundary (i.e. at field inclination angles larger than 90°), the net magnetization parallel to the load
axis increased drastically (blue regions in Fig. 6a). This drastic change in orientation of internal
magnetization (nearly parallel to the load axis) was observed at smaller strains (when the sample is
compressed i.e. at 1% strain, Fig. 6a). At larger strains (i.e. at 5% strain, Fig. 6b), when the sample is



elongated, the magnetization was less affected by the bias field inclination. The reason for the asymmetry
with respect to strain is in the orientation of the axis of easy magnetization in the majority twin domain. At
1% strain, the larger twin region is oriented with the c-axis parallel to the mechanical loading axis, which
results in a large net axial magnetization if one areal fractions of the red and the blue magnetic domains is
larger than the other. In contrast, at 5% strain, the larger twin is oriented with the c-axis perpendicular to
the loading axis. This results in a small axial magnetization component. When the bias magnetic field is
perpendicular to the loading axis (90°), the head-to-tail orientation of magnetic moments at the twin
boundary between the yellow and the red magnetic domains is energetically favored against the head-to-
head configuration between the yellow and the blue magnetic domains. This biases the balance between the
fractions of the red and the blue magnetic domains towards red and causes a net axial magnetization. Tilting
the magnetic field towards perpendicular to the twin boundary assists this bias and leads to a slight increase
of axial magnetization. When tilting the magnetic field towards more parallel to the twin boundary, that
bias must be overcome before the blue domain dominates the twin with the axis of easy magnetization
parallel to the loading axis.

At higher fields, the Zeeman energy overpowers the magneto-crystalline anisotropy energy. The
direction of magnetization tends to align more effectively away from the direction of easy magnetization
and in the direction of the external magnetic field. An example of this is shown in Fig. 7. Due to the
influence of the external field, the orientation of magnetization is shifted away from the load axis (or in the
direction of the external field), thus reducing the net magnetization in the direction parallel to the load axis
(Fig. 7). Also, the magnetization direction in both twins is more parallel than perpendicular to each other.
Thus, moving the twin boundary causes a lesser change in axial magnetization. Irrespective of the
inclination of magnetic field against or along the twin boundary, the net magnetization along the load axis
is reduced. This reduced variation in axial magnetization at higher fields results in lower power output
compared to lower magnetic fields. This effect is experimentally verified in Fig. 2 where the voltage
generation and power output have a maximum at 0.5 T and decrease at higher magnetic field.

The decrease of voltage generation and power output with the decreasing magnetic field below 0.5 T as
determined experimentally (Fig. 2), results most likely from the reduced effectiveness of the bias magnetic
field. To expand the sample against the axial load, the magnetic field must be larger than the switching
field, i.e. the magnetostress must overcome the twinning stress [6]. The mechanical hysteresis (Fig. 1)
shows that the twinning stress is about 1 MPa. This corresponds to a switching field of about 300 mT [21].
Thus, below 300 mT, the magnetic field is not sufficient to restore the deformation completely.
Additionally, in a configuration with the magnetization perpendicular to the long axis of a sample, the
magnetic switching of twin domains is a sluggish process [22]. Thus, it takes a substantially higher magnetic
field to completely restore the deformation. Thus, the finite mobility of twin boundaries causes a reduction
of change of axial magnetization with decreasing magnetic field. This reduction causes the reduction of
Voltage generation and power output. By its nature, the numerical simulations carried out in this study
consider static twin patterns. Thus, these numerical simulations do not capture the effect of twin boundary
mobility and do not reflect the decrease of change of axial magnetization with decreasing magnetic field.

V. CONCLUSIONS

We used experimental results to evaluate the effect of various factors such as magnetic field, loading
frequency, stroke length, and bias field inclination angle on mechano-electrical energy conversion for a Ni-
Mn-Ga alloy transducer. We show in agreement with literature data that the voltage output (and power) can
be increased with increasing the loading frequency, stroke length (peak-to-peak displacement), and by
changing the orientation of the bias magnetic field parallel to the twin boundary. The results obtained in a
fixed set up where the alignment of the sample was not disturbed, remained consistent and were repeatable.
However, by removing the sample from the set up or by realigning, the repeatability was compromised.
Therefore, the energy conversion is sensitive to many factors such as the sample size, the positioning of the



sample within the electromagnets, constraints imposed by fixing the sample, the twin microstructure, and
the orientation of the twin boundary with respect to the bias magnetic field inclination.

Using the magnetic domain structures from numerical calculations we analyzed the asymmetry of
internal magnetization for various bias magnetic field inclination angles at varying magnitudes of the
magnetic field. We conclude that the orientation of internal magnetization is dictated by magneto-
crystalline anisotropy at lower fields and by the orientation of the external field at higher magnetic fields
(i.e. close to or larger than the saturation field). Also, the power output is maximized at lower magnetic
fields (such as 0.2 T or lower than saturation field) due to the increased amount of net magnetization parallel
to the load axis. However, reducing the bias magnetic field strength is limited by the twinning stress of the
sample. Therefore, in order to generate maximum power output, the energy conversion has to take place at
lower magnetic fields and on a sample with low twinning stress.
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Fig. 1. Stress-strain curves obtained with static and dynamic loading. The static loading under uniaxial
compression obtained at a constant strain rate of 125 mm/min and under a perpendicular bias magnetic field
of 0.6 T is represented by the dotted line. The dynamical stress-strain loops (color online) were obtained by
cyclic loading and unloading at 75 Hz frequency to a peak-to-peak displacement of 170 um. Each stress-
strain loop obtained at fixed initial displacements ranging from 0.05 to 0.35 mm with 0.05 intervals at 0.6
T bias magnetic field.
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Fig. 2. Voltage, Vrus (squares) and power output (circles) measured for increasing magnetic field from
0.20 to 0.61 T while keeping the following variables constant at: peak-to-peak displacement 80 pum,
frequency 75 Hz, bias magnetic field at 77°, and compression on sample 1.8%.
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Fig. 3. Voltage (squares) and power output (circles) measured for increasing frequency from 50 to 125 Hz
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while keeping the following variables constant at: peak-to-peak displacement 80 um, magnetic field 0.61
T, magnetic bias field at 77°, and compression on sample 1.8%.
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Fig. 5. Normalized change in magnetization along the load axis at various bias magnetic field inclinations
(orientations) from 75° to 105° (with respect to load axis) obtained from numerical calculations. The change
in magnetization was obtained for (a) 0.2 T and (b) 0.6 T. The inset in between the (a) and (b) is a guide to
the field inclination angles and the direction of the load axis with respect to the sample length and inclination
of the twin boundary.



___________________

(a) 0.27T, 1% strain (b) 0.6, 1% strain

/ T

Fig. 6. Shows the comparison of magnetic domain structures at 1% and 5% strain at the low bias magnetic
field. Magnetic domain structures were obtained from simulations at (a) 0.2 T, 1% strain and (b) 0.2 T, 5%
strain for magnetic bias field orientations at 84°, 90°, and 96°. The orientation of the bias field (with respect
to the load axis) is denoted by the numbers on its corresponding domain structures and the direction of
magnetization occupied in the center of each magnetic domain is indicated by the arrows. The domain
structures that result in maximum net magnetization along the load axis are highlighted in dashed boxes.
“TB” denotes twin boundary and “c” denotes the direction of easy magnetization. The schematic on top
right is a representation of the sample and the direction of the load axis. The magnetic domain structures
corresponding to all magnetic field orientations ranging from 75° to 105° are in supporting document, Fig.
S3.
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Fig. 7. Shows the comparison of magnetic domain structures at the low and the high bias magnetic fields.
Magnetic domain structures were obtained from simulations at (a) 0.2 T, 1% strain and (b) 0.6 T, 1% strain
for magnetic bias field orientations at 84°, 90°, and 96°. The orientation of the bias field (with respect to
the load axis) is denoted by the numbers on its corresponding domain structures and the direction of
magnetization occupied in the center of each magnetic domain is indicated by the arrows. “TB” denotes
twin boundary and “c” denotes the direction of easy magnetization. The schematic on top right is a
representation of the sample and the direction of the load axis. The magnetic domain structures
corresponding to all magnetic field orientations ranging from 75° to 105° in supporting document, Fig. S3.



