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Abstract

Ferromagnetic Shape Memory Alloys (FSMAs) exhibit large strains by the
magnetic-field-induced martensite reorientation. But, due to the high-frequency
field-induced cyclic frictional martensite twin boundary motion in FSMASs, the
dissipation heat can cause a large temperature rise. Thus, the output strain amplitude of
FSMAs would decrease significantly if the temperature increases to be high enough to
trigger the Martensite-Austenite phase transformation. Such thermal effects on the
dynamic responses of FSMAs are unclear in literature because most existing dynamic
experiments were performed only for a short-time period (a few seconds) to avoid the
temperature rise. In this paper, systematic long-time experiments (> 100 seconds) on a
Ni-Mn-Ga single crystal are conducted at various levels of magnetic field frequency,
initial compressive stress and ambient airflow velocity. It is found that, during the
long-time actuation, the specimen temperature increases and then saturates at a certain
level (stable temperature) while the strain oscillation evolves to a stable cycle; both the
stable temperature and the stable strain amplitude depend on the frequency, the stress

level and the heat exchange
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condition (i.e., ambient airflow velocity). Particularly, when the specimen temperature
reaches a critical level to partially transform the martensite to the austenite, the output
strain amplitude reduces suddenly because of less martensite reorientation. Changing
the ambient heat-exchange condition (by the airflow) can modify the specimen
temperature evolution to avoid the phase transformation, but it also changes the
behaviors of the martensite reorientation that is sensitive to temperature. Eventually, the
output strain amplitude depends on the airflow velocity nhon-monotonically, i.e., there
exists a critical heat exchange condition to achieve the maximum stable strain amplitude.
Based on the systematic experiments and a simplified one-dimensional heat-transfer
model, the critical condition can be determined. The new experimental phenomena of
the thermal effects can be well understood and described by the heat-transfer model.
Further, instead of avoiding the temperature rise and the phase transformation, we
propose to take advantage of the interaction between the temperature-induced phase
transformation and the magnetic-field-induced martensite reorientation to develop a
special “isothermal” FSMA actuator with a tunable output strain amplitude and a
constant working temperature. This paper provides systematic experimental data and
theoretical analysis for understanding the thermo-magneto-mechanical coupling in

FSMAs and developing reliable high-frequency long-time running FSMA-actuators.

Keywords. Ferromagnetic shape memory alloys, Long-time high-frequency magnetic

actuation, Thermal effects, Phase transformation, Martensite reorientation.
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Nomenclature
Symbol

t

th

th
A

B

de

Ao

To
Tstable
R

q

ars
qeddy
Ostable

Aestable

Agcomplete MR

fmag
fstrain
Oini

Vair

Physical meaning

Time S
Characteristic heat-relaxation time S
Optimal heat-relaxation time S
Specific heat capacity per unit volume 4
J-m.K*t
Magnetic flux density T
Output strain amplitude
Stress amplitude MPa
Ambient temperature °C
Specimen temperature at stable state °C
Radius of a simplified bar m

Heat generation rate J-md.s?
Heat generation rate from twin-boundary motion “3-gh

Heat generation rate from eddy current 381
Total heat generation rate at stable state 23Xk
Strain amplitude at stable state

Martensite start temperature 36.5T
Martensite finish temperature 355C
Austenite start temperature 4157T
Austenite finish temperature 422 C
Twinning stress MPa
Twinning stress of Type | twin boundary MPa
Twinning stress of Type Il twin boundary MPa
Effective twinning stress MPa

Contribution fraction of type | twin boundary in
effective twinning stress

Strain amplitude of complete martensite
reorientation

Magnetic-field frequency Hz
Strain frequency Hz
Initial compressive stress MPa
Ambient airflow velocity m-s*

Unit (or value)
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1. Introduction

Ferromagnetic Shape Memory Alloy (FSMA) is a typical smart material with
thermo-magneto-mechanical coupling, which can provide a large recoverable
deformation (up to 10% strain) by the temperature-, stress- or magnetic-field-induced
phase transformation (PTArndt et al., 2006; Bruno et al., 2016; Cisse et al., 2016;
Haldar et al., 2014; Kainuma et al., 2006; Karaca et al., 2006; Liu et al., 2014; Rogovoy
and Stolbova, 2016; Sehitoglu et al., 2012; Sutou et al., 2004) and the
magneto-mechanically-driven martensite reorientation (REen et al., 2014, 2013;
Cisse et al., 2016; Dai et al., 2018; He et al., 2012, 2011; Heczko et al., 2016; Karaca et
al., 2006; Kiefer and Lagoudas, 2005, 2004; Molnar et al., 2008; Murray et al., 2000;
O’Handley et al., 2000), leading to various potential engineering applications. Normally,
the martensitic phase transformation of FSMA needs to be triggered by a high-level
stress or a strong magnetic field, and is accompanied by large latent heat
release/absorption that can be used as energy har{8stsasan, 2009; Saren et al.,
2015; Sayyaadi et al., n.d.) and magneto-caloric refrigef@msco and Conde, 2012;

Qu et al., 2017; Zhao et al., 2017). On the other hand, the martensite reorientation can
be driven by a low stress (~1 MPa) or a weak magnetic field (< 1 Tesla) and has small
hysteresis and energy dissipation, which are suitable for the applications such as
actuators (Asua et al.,, 2014; Majewska et al., 2010; Smith et al., 2014,
Techapiesancharoenkij et al., 2009; Yin et al., 2@b6) sensoréHobza et al., 2018;
Sarawate and Dapino, 2006; Stephan et al., 2011; Yin et al., 2016). Particularly, there
exists a special twin boundary (so-called Type Il twin boundary) with ultra-low
frictional twinning stress (~ 0.2 MPa) during the field- and/or stress-driven martensite
reorientation in FSMA Ni-Mn-Ga single crystal, due to the monoclinic distortion of its
10M tetragonal martensite phase (although the deviation is small, e.g., the characteristic
angley = 90.37° is close to §0f a tetragonal latticélChulist et al., 2013; Heczko et al.,
2013; Liu and Xie, 2003; Pascan et al., 2015; Sozinov et al., 2011; Straka et al., 2012,
2011b; Zou et al.,, 2017; Zreihan et al., 2016). Such low driving force and small
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dissipation make FSMA a promising candidate for actuators.

Although the temperature rise due to the low energy dissipation of martensite
reorientation in FSMA is negligible in the slow or quasi-static loading conditions, it
cannot be ignored in high-frequency magnetic loadings (> 100 Hz) because the
dissipation due to the frictional twin boundary motion of martensite reorientation
(Blanter et al., 2007; Cui et al., 2017; He et al., 2012, 2011; Heczko et al., 2016; Karaca
et al., 2006; Kiefer and Lagoudas, 2005, 2004; Molnar et al., 2008; Murray et al., 2000;
O’Handley et al., 2000; Pagounis et al., 2014; Yu et al., 2015) and the eddy current
inside the material can accumulate quickly to induce significant temperatutderss,

2002; Henry et al., 2002; Lai, 2009; Lai et al.,, 2008). Moreover, several physical
properties related to martensite reorientation of FSMA are sensitive to the temperature
(Aaltio et al., 2008; Adachi et al., 2017; Glavatska et al., 2002; Heczko et al., 2018;
Heczko and Straka, 2003; Okamoto et al., 2008; Soroka et al., 2018; Sozinov et al.,
2017; Straka et al., 2011a, 2006, 2016, 2012; Vronka et al., 2017; Zreihan et al., 2016).
That is why most existing high-frequency dynamic experiments on FSMA were
performed only for a short-time period to avoid significant temperaturgHesary,

2002; Henry et al., 2002; Lai, 2009; Lai et al., 2008). In such short-time experiments,
although the output strain seems to be stable with nearly constant strain amplitude, the
temperature of the specimen keeps increasing without reaching the steady state, e.g., the
temperature increasing rate during the short-time actuation of 20 seconds is larger than
0.5°C /s in (Pascan et al., 2015) and @3s in (Lai, 2009). Therefore, such short-time
actuation systems are not strictly stable since not all the thermo-magneto-mechanical
responses have reached the steady states. Thus, it’'s still unknown whether the large
output strain of FSMA under high-frequency magnetic loadings reported in the literature

can be guaranteed for the long-time performance (e.g., > 100 s) or not.

One of the main problems caused by the temperature rise is the

temperature-induced Martensite-to-Austenite (M-to-A) phase transforngAtiocchio
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et al., 2014; Bhattacharya, 2003; ladicola and Shaw, 2004; Otsuka and C. M. Wayman,
1998) which will disturb the field-induced martensite reorientation in the long-time
actuation of FSMA. To the authors’ best knowledge, studies about the effect of phase
transformation on the martensite reorientation of FSMA are seldom reported in the
literature. This is possibly due to the fact that the stress and magnetic field levels for
martensite reorientation are too small to trigger the phase transforifitdidar et al.,

2014; Karaca et al., 2006, 2009), and that the energy dissipation of martensite
reorientation per cycle is smélhen et al., 2013; Karaca et al., 2006). However, in the
high-frequency magnetic loadings (e.g., beyond 100 Hz, such high-frequency working
condition is a main advantage of FSMA actuators over the traditional shape memory
alloy (SMA) actuators), the small dissipation heat can accumulate and thus generate
significant temperature rigkai, 2009; Pascan, 2015; Pascan et al., 2015) especially
when the ambient heat exchange is weak (e.qg., in still air). The effects of ambient heat
exchange on the phase transformation and the mechanical deformation of traditional
SMAs have been reported in the literature such as (Blanter et al., 2007; Brinson et al.,
2004; He et al., 2010; He and Sun, 2011, 2010; Shaw and Kyriakides, 1995). It is
predicted that controlling the ambient heat exchange condition can be a solution to the
problem of the temperature rise in FSMA under high-frequency magnetic loadings.
Therefore, in our current studies on the long-time high-frequency magnetic actuation of
FSMA, ambient airflow of various velocities is forced to pass through the FSMA
specimen so that the specimen can be in different heat exchange conditions. Different
stable states were finally reached in the specimen, and we fouaod-@onotonic
dependence of the output strain amplitude on the airflow velocity. Based on such
dependence and a heat balance analysis, the thermal effects on the dynamic behaviors of
FSMA are revealed for the first time. Further, the critical thermo-magneto-mechanical

conditions to achieve a large stable output strain are provided.

It is normally expected that, when the ambient airflow (heat exchange efficiency)

is sufficiently strong (of large velocity), the specimen temperature can be kept lower
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than the phase transformation temperature (such as the Austenite starting temfsgrature
or the Martensite finishing temperatuvk) so as to avoid the phase transformation and
maintain the large strain amplitude of the field-induced martensite reorientation.
However, in our current studies we found that while the phase transformation can be
avoided, the output strain amplitude of FSMA was reduced significantly when the
steady-state temperature was much lower far M;. This is attributed to the fact that

the internal friction of martensite reorientation is sensitive to temperature: the frictional
twinning stress for the Type | twin boundary increases with decreasing temperature
(Heczko and Straka, 2003; Soroka et al., 2018; Sozinov et al., 2017; Straka et al., 2012,
2011a, 2006). Therefore, for the optimal condition of the largest stable cyclic strain in
dynamic actuation, the temperature of FSMA should be kept close to (but lower than)
the characteristic phase transformation temperature by applying a proper ambient

airflow.

On the other hand, if the applied airflowwsak (of low velocity), the FSMA
specimen temperature can rea&h triggering M-to-A phase transformation. It was
revealed in our current experiments that the phase transformation occurred locally: only
part of the specimen underwent M-to-A phase transformation, and the remaining
untransformed part (M-phase) still kept the cyclic martensite reorientation under the
magnetic actuation. So the output strain depended on the fraction of the remaining
martensite. It is a spontaneous self-organization process that the specimen adjusted the
fraction of the remaining martensite so as to reach the heat balance between the heat
transferred by the airflow and the heat generated from the eddy current and the
martensite reorientation of the remaining martensite. It was found in our current studies
that the stable output strain (corresponding to the fraction of the remaining M-phase)
was sensitive to the ambient heat exchange condition (i.e., airflow velocity), while the
stable temperature of the specimen was always arblnth other words, we found a
special type of long-time FSMA actuator whose working temperature (steady-state

temperature) always keeps constant aroundrid whose output strain amplitude can be
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controlled by the ambient airflow. The new phenomena revealed in our experiments can
be well understood and described by the theoretical analysis based on a heat-transfer
model. This experimental and theoretical study is expected to provide fundamental
information for understanding and modeling of the thermo-magneto-mechanical

coupling in the dynamic actuation of FSMAs.

The remaining of this paper is organized as follows: Section 2 introduces the
material properties, experimental setup and the testing programs. Section 3 reports the
experimental results of various magnetic field frequencies, stress levels and ambient
conditions. The data analysis and a heat-transfer model are presented in Section 4.

Finally, the summary and conclusions are provided in Section 5.
2. Experimental setup and testing procedures
2.1 Material properties and experimental setup

A NisoMn2sGa;, (at. %) single crystal rectangular bar with dimensions in 2x3x15
mm (from ETO Magnetic GmbH) were used in the experiments. The specimen is in the
state of 10M martensite phase at room temperature. All faces of the specimen were cut
parallel to the {100} planes of the parent cubic austenite (with the derivation of less
than 2°). From a DSC (differential scanning calorimetry) test, the material characteristic
transformation temperaturdd:, Ms, As and As were obtained as 35.8C, 36.5°C,

415 °C and 42.2 °C, respectively. The specimen was installed into a
magneto-mechanical loading system as shown in Fig. 1. A high-frequency magnetic
field (with magnetic flux densiti cyclically varying between = 0.78 Tesla in a triangle
waveform) is applied horizontally along tledirection while a compressive stress is
applied vertically by a spring along tlyedirection. The deformation of the specimen
alongy-direction is measured by a laser displacement sensor (Keyence LK-H027) at the
top of the upper specimen holder, and the specimen temperature is measured by a

thermocouple (K-type, 0.5 mm sheath diameter) attached at the bottom surface of the
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specimen. A force sensor (Kistler 9301B) under the lower specimen holder measures the
compressive stress. In order to reduce the heat conduction from the specimen to the
fixtures, the specimen holders at the two ends of the specimen are made of plexiglass
with low heat conductivity. Thus, it is assumed that the heat exchange is mostly
governed by the heat convection via the specimen surface rather than the heat
conduction via the specimen ends. To accurately describe the strain and stress
evolutions, the displacement and force sensors are set to acquire 25 data points per cycle.
For the temperature measurements, the thermocouple is set at the maximum sampling
rate of 170 Hz which helps us capture the global temperature variation versus time.
During tests, all the deformation, force and temperature data are acquired synchronously
(with time accuracy of 10s) by using Labview platforms and data acquisition devices
(National Instruments USB 6251). In addition, during the dynamic actuation, a CMOS
camera of 2048x1088 pixels (Basler acA2000-340 km) with Nikkor lens is used to
record the specimen surface morphology (in a gauge section of around 5 mm). Then the
recorded optical images are processed by Digital Image Correlation (DIC) software

Vic-2D (Correlated Solutions) to obtain the local strain fields.
2.2 Testing programs

Before each test, the specimen is fully compressed ahaligection to reach the
single variant state with the short-axig-akis) along y-direction (so-called
stress-preferred variant, shown as V1 in Fig. 1(b)), which is the reference state (i.e., zero
strain) for the calculation of the specimen deformation strain in this paper. Note that the
austenite phase is L2ubic with a lattice constant @f and the martensite variants are
slightly monoclinic, but here we assume that they are tetragonal with two longaéxes “
and one short axi<® for the simplicity of the analysis. At the beginning of each test, an
initial compressive stressy; is applied on the specimen by compressing a spring with
the aid of a micrometer screw (see Fig. 1(a)). Then a magnetic field of certain frequency

fmagiS applied to drive the cyclic martensite reorientation between V1 and V2 (so-called
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field preferred variant with the short axis alorglirection) as shown in Fig. 1(b).
During the martensite reorientation, the specimen length changes, leading to a change in
the spring length so that the compressive stress also changes. The interaction between
the cyclic magnetic field and the evolving compressive stress eventually leads to the
cyclic martensite reorientation between the variants V1 and V2. According to previous
literature (Heczko et al., 2002; Murray et al., 2000; Straka et al., 2006), the lattice
parametera ~ 0.595 nm ana ~ 0.561 nm for 10M martensite amag~ 0.584 nm for

cubic austenite at room temperature. So the strain ghalngection is around 6% when

V1 changes to V2 &c)/c = 6%) and around 4% when V1 transforms to cubic aitste
((ap-c)/lc = 4%). It is noted that the lattice parameters arapegrature dependent
(Glavatska et al., 2002; Pagounis et al., 2014; Straka et al., 2006), so the strain value is
temperature dependent also. However, in the current experiments with the small
temperature variation (i.e., from the room temperatar2((°C) to the martensite start
temperatureMs = 36.4 °C), the temperature-induced variations in the marten

reorientation strain and the phase transformation strain can be ignored.

The long-time dynamic tests (duration titne 100 s) were first conducted in the
normal ambient condition (i.e., still air at room temperature 20°€)2to demonstrate
the dependence of the output strain on the magnetic-field freqéigp¢$0 ~ 200 Hz)
and the initial compressive stress; (0.1 MPa ~ 4 MPa). From these tests, the
significant difference in the output strain between the short-time actuatiak0(s) and
the long-time actuationt & 100 s) was shown. Secondly, some magneto-mechanical
loadings of propefmag @andaini (Which have the potential to provide large strains) were
chosen, and the tests were performed in different ambient conditions (with airflow
velocity Vg varying from 0 m/s to 60 m/s and airflow temperature was aroun@)1e
study the dependence of the steady-state output strain and the steady-state temperature
on the heat exchange efficiency, which can be characterized by a characteristic
heat-relaxation timéy, detailed in Appendix A. The, is associated with the airflow

velocity: for the airflow velocityV,; changing from 60 m/s to 0 m/§, changes
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correspondingly from 2.2 s to 68.9 s in the current system.
3. Experimental results

The results of the tests without and with the ambient airflow are reported in the
following two subsections emphasizing the long-time actuation influence and the

ambient thermal effect on the dynamic magnetic-field-induced deformation respectively.
3.1 Effect of long-time actuation

A typical result of the thermo-mechanical responses of the specimen is
demonstrated in Fig. 2, where the applied magnetic field frequgrgy 90 Hz and the
initial compressive stress, is 0.4 MPa. It should be noted that all the tests in this
subsection were conducted in the still air (i¥s = 0). The observations of the

measured output strain, stress and temperature are given below:

(1) The strain changed cyclically with the magnetic field, and its frequency was
two times the magnetic-field frequendytain = 2 Ufmag = 180 Hz as shown in
Fig. 2(b) for the short-time responsed at8 s and Fig. 2(c) for the long-time
responses at ~ 100 s. The strain amplitude (the difference betwden
maximum and the minimum output strains in a cycle) of the short-time
actuation (< 10 s) was 5.9%, much larger than that (1.0%) of the long-time
actuation (> 100 s). A significant reduction in the strain amplitude (so-called
strain drop) occurred at= 10 ~ 11 s. After the strain drop, the output strain
amplitudede kept constant until the end of the test: the apgpiegnetic field
was turned off at ~ 117 s, from which the strain gradually decreased. 886
since the initial compressive stress of 0.4 MPa was not large enough to

completely compress V2 back to V1 in the quasi-static condition.

(2) The stress oscillated at the same frequency as the strain. During the strain drop,

the stress amplitudds (the difference between the maximum and minimum
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stresses) reduced from 2.8 MPa to 0.8 MPae to the nonlinearity in the
stress-strain relation of the martensite reorientation and the inertial effect in the
high-frequency dynamic deformation (Henry, 2002; Lai et al., 2008; Pascan et
al., 2016; Techapiesancharoenkij et al., 2011, 2009), the shape of the stress
oscillation is different from that of the strain oscillation which is close to

sinusoidal wave.

(3) The temperature increased rapidly until the strain drop. Then it slightly
decreased and finally reached a stable temperature (i.e., steady—state
temperature) Taple Of 35.8 °C which is close to the martensitic phase
transformation temperatures of the specimen (Mg.,= 35.5°C and Ms=

36.5 C).

It is seen from this test that the large temperature increasing rate (arou@ds).6
and the large output strain amplitudé (= 5.9%) during the short-time actuation (< 10
s) cannot be maintained when the temperature increases to a high level at which strain
drop takes place. The temperature and the strain amplitude finally reach a steady state
(stable for a long timé > 100s), and the steady-state strain amplitude is much smaller
than that of the short-time actuation. Such strain drop in the long-time actuation was
observed in many tests of various loading conditions such as the ones with different
magnetic field frequencies in Fig. 3 and the ones with different initial stresses in Fig. 4.
Table 1 summarizes the output strain amplitudef all the testsf{ain= 100 Hz ~ 400
Hz andoini = 0.2 MPa ~ 4 MPa): the values in the small red font are the unstable
before the strain-drop while the values in the big black font are the stalaliter the
strain-drop. The cases with only the values in the big black font show no strain-drop in
the actuation. It is seen that almost all the large strain amplitudes (> 1%) are not stable.
As an example, the stable and unstable valuet @t oi,i = 0.4 MPa in Table 1 are
plotted in Fig. 5. It is confirmed by this figure that in the steady state, only the small

strain amplitude (less than 1.5% for cases shown in Fig. 5) can be obtained from the
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current tests conducted in still air (i.e., weak ambient heat exchange). In addition, it's
seen from Fig. 5 and Table 1 that, for a given initial stress, the unstable strain amplitude
Aeunsapiedepends on the strain frequency non-monotonically (with the maximum strain

amplitude at the resonance frequency). This frequency effect in the dynamic actuation
of FSMAs has been experimentally observed (Henry, 2002; Lai et al., 2008; Pascan et
al., 2016; Techapiesancharoenkij et al., 2011, 2009) and theoretically modelled by
considering the inertial effect of the dynamic systems (Faran et al., 2017; Faran and

Shilo, 2016; Henry, 2002; Sarawate and Dapino, 2008; Tan and Elahinia, 2008) .

The stable temperature (steady-state temperature) of all the tests are summarized in
Fig. 6. It is seen that all the cases with the strain-drop behavior (marked by the red
dashed rectangle) have the stable temperatures around the martensitic transformation
temperaturesMs or M;) while those without the strain-drop behavior have the stable
temperatures well below;. This implies that the strain-drop is caused by the
temperature-induced Martensite-to-Austenite phase transformation. When the
temperature at some local positions of the specimen reaches the phase transformation
temperature As or A, the material transforms from M phase to A phatdhese
positions. Then these positions contribute little to the nominal cyclic strain. The
appearance of A phase during strain-drop can also be confirmed by the local strain field
evolution of the specimen based on the in-situ optical observation and the associated

DIC strain maps.

The local strain fields at two typical instants (before and after the strain drop) are
shown in Figs. 2(d) and (e), which correspond to the nominal strain oscillations in Figs.
2(b) and (c), respectively. It should be noted that all the local strains are calculated with
respect to the pre-compressed state (stress-preferred variant V1 with the short axis
along y-direction). It is seen from Fig. 2(d) that the local strains of all the material
points in the gauge section change to around 6% when the nominal strain rgaches

(which means that all the material becomes the field-preferred martensite variant V2),
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and around 0% when the nominal strain reachgs(all the material returns to the

stress-preferred martensite variant V1). The combination of Figs. 2(b) and (d) indicates
that a cyclic complete martensite reorientation with the nominal strain 5.9% is achieved
in the whole specimen before the strain drop (i.e., all the material points in the specimen

are taking cyclic martensite reorientation).

By contrast, the local strain distributions in Fig. 2(e) show that almost all the points
in the gauge section have a constant local strain around 4% when the specimen
responses reach the stable state (after the strain drop as shown in Fig. 2(c)). This
indicates that the applied cyclic magnetic field cannot drive the martensite reorientation
in these zones (non-active zone with constant local strain). Based on the fact that the
theoretical strain of the Austenite phase with respect to the Martensite variant V1 is 4%
in our specimen as calculated in Section 2.2, it's implied that the material points in the
non-active zones (with constant local strain 4%) are in the state of A-phase, thus not
sensitive to the applied cyclic magnetic field (contributing little to the nominal cyclic
strain). Combining the nominal strain oscillation in Fig. 2(c), the local strain distribution
in Fig. 2(e) and the steady-state temperature arddnaénd M¢ in Fig. 6, we can
conclude that the strain-drop behavior is caused by the temperature-rise induced
Martensite-to-Austenite phase transformation, and A-phase is non-active under the

current weak magnetic field.
3.2 Effect of the ambient heat exchange

To avoid the large temperature rise (so as to avoid the strain-drop due to phase
transformation),strong ambient airflows were forced to pass through the specimen
during the long-time actuation tests shown in Figs. 7(a), (b) and (c) (all these tests were
conducted aksain = 180 Hz andini = 0.4 MPa.) where the air velocity; is 60 m/s, 35
m/s and 15 m/s, respectively (the characteristic heat-relaxatiorntisme.2s, 4.2s and
8.8s correspondingly). It is seen that their stable temperatures ar®C1248.5°C and

33.8°C, well belowMs so that there is no phase transformation (no strain-drop process)
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in these tests. It is also noted that the stable strain amplitygg.increases from 1.5%
to 5.4% when the air velocity,; decreases from 60 m/s to 15 m/s (or when the stable
temperaturélgapeincreases from 18.%C to 33.8°C). The reason for such temperature

dependence or the airflow dependence will be discussed in Section 4.

By contrast, when only weak airflow was applied, the temperature rise is still
high enough to trigger the strain-drop process (the phase transformation) as shown in
Figs. 7(d), (e) and (f) wherfzsiapie= 3.6%, 2.5% and 1.0% with the airflow velocity;
= 8 m/s, 3 m/s and 0 m/s (still air), respectively. The corresponding characteristic
heat-relaxation timg, = 14.0 s, 22.2 s and 68.9 s. It is seen that the stable temperatures

of the three cases are 34, 35.9 C and 36.1C; all are close to MandMs.

Figure 8 summarizes the stable strain amplitude and the stable tempetatuie (
and Tsipig Of the systematic tests at different levels of the ambient airflow veldgity
(also the corresponding characteristic heat-relaxation tijndt is seen thaulesiapie
changes non-monotonically witly (or V). The maximum strain amplitude can be
achieved at, ~ 8.8 s forfsyain= 180 Hz in Fig. 8(a) and &f ~ 11.7 s forfsyain = 220
Hz in Fig. 8(b). For both frequencies, the stable temperakisge. increases with
increasing (decreasinya;) and the saturated temperature is at arourfi€36hen  is
large enough (i.e., when the airflow is weak). Two important conclusions can be

obtained from Fig. 8:

(1) Optimal condition of heat exchange to achieve the largest stable strain
amplitude: For a given magneto-mechanical loadinig.Qf(= f“%“‘) andoini, a

proper ambient condition (e.g. with a proper valudnafor Vai)) setting the
stable temperature of the specimen close to (but lower thtanyithout
triggering the Martensite-to-Austenite phase transformation can lead to the
maximum stable strain amplitude of the specimen, &.g= 8.8 s in Fig. 8(a)

and 11.7 s in Fig. 8(b).
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(2) A special “isothermal” FSMA actuator with tunable output strain amplitude by
ambient heat exchange can be developed: In the range of weak ambient heat
exchange (i.et,> 8.8s in Fig. 8(a) ant}> 11.7s in Fig. 8(b)), the specimen’s
stable strain amplitude can be adjusted by controtlirfgr Vair) while keeping
its stable temperature constant arotide.g., see the red circle points in Figs.

8(a) and 8(b). The understanding and modeling on these behaviors are discussed

in the next section.

4. Theoretical study on the effect of ambient heat exchange

In this section, we discuss first the mechanisms for the non-monotonic dependence
of the output stable strain on the ambient air velocity, and then the optimal conditions to

achieve a large stable strain.

4.1 Non-monotonic dependence of stable strain amplitude on ambient airflow

Both thedeswpiestn curves and th@8swpisth curves in Fig. 8 can be divided into two
regions: the region of strong heat excharge< ¢,* where there is no strain drop and
the stable temperature increases wijhand the one of weak heat exchange>(tn*
where the strain drofakes place and the temperature keeps constant). That means the
heat-relaxation timet,-dependences in these two regions should be governed by
different mechanisms, which will be discussed respectively in the following two

subsections.

4.1.1 Region of strong ambient heat exchange (without phase transfor mation)

As the heat exchange has important effects on the temperature rise and the stable
strain, a heat-transfer model is adopted to facilitate the following analysis and
discussion. The FSMA specimen is modeled as a one-dimension (1D) bar shown in Fig.
9. The temperature evolution of an elementary lewgtiof the bar during the cyclic

martensite reorientation can be calculated by the following heat balance equation
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(Bruno et al., 1995; He and Sun, 2011; Pascan et al., 2015):

A-mR?-dx-dT = q-mwR?-dx-dt —2nR -dx-h- (T —Tp) - dt (1)
where the parameterg), R, 4, ¢ and h denote the ambient temperature, the radius of
the bar, the material heat capacity per unit volume, the heat generation rate and the heat
convection coefficient, respectively. The temperature of the bar is assumed to be
uniform, only depends on timé{t). Heat conduction is neglected in Eq. (1), and we

can further reduce this equation to

dT

t

2h

>

There are two contributions to the heat generation qate n*-s%): (1) grp (=
20w " A€ - fsirain) from the martensite reorientation (wiity,, being the twinning

stress) and (2) the energy dissipation from the field-induced eddy current inside the

specimengeqqy- The details about the measurement on the eddy-current dissipation can
be found in Appendix B, where.qq4, has a relation with the strain frequency by data

fitting: qedady = 2320.7 fserain — 1.35 X 105 (J-mi®>s) for current system with the
strain frequencyfsyain in the range of [100 Hz, 400 Hz]. By introducing= grg +

deqady iNto EQ. (2), we obtain:

d_T b (qTB + Qeddy) . 2h

dt i 7 r T-To
+ 1
=M——-(T—TO)
A th (3)

where t, = % is the characteristic heat-relaxation time, which can be measured by the

heat-relaxation experiments as shown in Appendix A.

The solution to Eq. (3) is

+ £
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Then the temperature ris#T can be obtained from Eq. (4) as:

+ £
AT:T_Tozw.th.(l_e th> (5)

Equation (5) can be used to describe the temperature rise observed in the experiments.
Taking the test in Fig. 7(c) as an example, with= 5.4%,t, = 8.8 S/fsirain = 180 Hz,
ow = 0.35 MPa and = 4 x 16 J-m*-K™, we plot Eq. (5) in Fig. 10. It's seen that Eq.

(5) agrees well with the experimental data.

The more important capability of this heat-transfer model is to predict the
steady-state responses. By takingo be infinity in Eq. (5), we obtain the stable

temperature dapeas:

th * qstabl
ATstaple = Tstable — To = % (6)

Where qgraple = 201w * A€stabie * fstrain T Geddy- It IS S€€EN that the stable temperature is

related to the stable strain amplitude. In this equation, only twinning stress cannot be
directly measured. The twinning stresses of Type | and Type Il twin boundaries are
different in value in Ni-Mn-Ga single crystal. Moreover, their temperature dependences
are also different, e.g., the two shaded zones in Fig. 11 represent the ranges of the
experimental measured temperature-dependent twinning stresses in the literature
(Heczko and Straka, 2003; Soroka et al., 2018; Sozinov et al., 2017; Straka et al., 2012;
Zreihan et al., 2016): the twinning stress of Type Il twin boundary is independent of
temperature while that of Type | decreases linearly with temperature:

ol, =02—0.04-(T—4) (MPa) (7a)

all, =0.2 (MPa) (7b)
In the high-frequency magnetic-field-induced martensite reorientation, both Type |

and Il twin boundaries can be nucleated (Pascan et al., 2015) and fine twin
microstructures can be formed (Chmielus et al., 2008; Yin et al., 2016). Therefore, the

effective twinning stress (corresponding to the effective energy dissipation) should
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include the contributions from both types of twin boundaries:

oo =V ot + (1 —v) - oy
=v-[02=0.04-(T—A)]+(1—v)-0.2
=0.2-0.04-v- (T — A (8)

wherev denotes the contribution fraction of type | twin boundary. Substituting Eq. (8)
into Eqg. (6), we obtain the following relation between the stable temperature and the

stable strain amplitude:

Tstable - TO

th
= 7 . {2 ’ Agstable . fstrain ’ [0-2 —0.04-v- (Tstable - As)] + qeddy}

th
= 7 . {2 " A&staple - fstrain ’ [0-2 —0.04-v- (Tstable — As)]

+(2320.7 * furrain — 1.35 x 105)} (9a)

(Tstablet; To) A — (2320.7 : fstrain — 135X 105)

2 'fstrain . [0-2 —0.04-v- (Tstable - As)]

(9Db)

= A&staple =

In Eq. (9b), only the fractiom cannot be directly measured; but it can be determined by
data fitting of the tests without strain drdp € t,*). Because the specimen temperature
Tsaple@lso depends di for these tests, we first obtain the relation betwkgg,.andty,

by fitting (see insets in Figs. 12(a) and 12(c) {g4if= 180 Hz and 220 Hz respectively).
Then theTswapieth relation is substituted into Eq. (9b) to compare with the experimental
data and to further determine the parameteMe find thatv = 0.60 and 0.38
respectively forfsyain = 180 Hz and 220 Hz can make Eq. (9b) best fit with the
experimental data in terms Ofsipeand [TsianicAs) in Figs. 12(a) and 12(c). That means
the fractionv of Type | twin boundary depends on the loading frequency. It is true for
the current system and the previous st(llgscan et al., 2015) that Type | twin
boundary is dominantv(= 1) when the actuation frequency is very low, nde t

quasi-static case.
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Figures 12(a) and 12(c) also indicate that the eddy-current effect is negligible in
our tests by the comparison between the best fitting curves of the model including the
eddy-current effect (Eq. 9(b)) and that of the model excluding the eddy-current effect
(Eq. (10) which can be derived from Eq. 9(b) by settingy& 0).

(Tstable — TO) A

th (10)
2- fstrain . [0-2 —0.04-v- (Tstable - As)]

Agraple =

It is seen that the best fitting curves with and without the eddy current overlap and the
best fitting values o are close to each other. Detailed experimental quantification of
the eddy current effect and its comparison with the dissipation of martensite
reorientation can be found in Appendix B. Therefore, we ignore the eddy current effect
in the following analysis. The best fitting of Eq. (10) with the experimental data in Figs.
12(a) and 12(c) gives thatv0.65 for §.in =180 Hz and ¥ 0.42 for §;ain= 220 Hz.

It seems in Eq. (10) that the stable strain amplitidgneis inversely proportional
to th. But Tsiape@lso depends oi. As a result, thé,-dependence of strain amplitude is
not inversely proportional, as shown by the comparison between Eq. (10) (with the
obtained valuer = 0.65 and 0.42) and the experimental data in termiss@feandty, in

Figs. 12(b) and 12(d) fdgyain= 180 Hz and 220 Hz respectively.

In summary, the,-dependence of the stable strain amplitude in the tests without
strain drop (without phase transformation) can be explained by the heat balance between
the ambient heat convection and the temperature-dependent energy dissipation of
martensite reorientation. The evolution of the effective twinning stress with temperature
can be estimated by Eq. (8), in which the fractiaf Type | twin boundary depends on
the loading frequency and can be determined by fitting of Eq. (10) with the
experimental data. For current system, lowering the loading frequeagyead to an
increase inv (v = 0.65 forfsyain =180 Hz and/ = 0.42 forfsyain= 220 Hz). In an extreme

case of quasi-static mechanical test on the specimen, we find that almost all the
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nucleated twin boundaries are of Type | (i.e., fractton 1). The measured effective
twinning-stress of quasi-static compression at two different temperatures are shown in
Fig. 11 (see the two data points of squares within the shaded zone of the Type | twin
boundary), indicating the significant temperature dependence. The thick blue line and
the thin red line in Fig. 11 represent the temperature dependence of the effective
twinning stress (governed by Eq. (8)) in the casesy@f = 180 Hz and 220 Hz
respectively. Here it is assumed that the contribution fragtmnType | twin boundary
relies only on the loading frequency, independent of the temperature or ambient

heat-relaxation time,t
4.1.2 Region of weak ambient heat exchange (with phase transformation)

We can also use Eg. (10) derived in the previous subsection to describe the
ti-dependence of stable strain amplitude in the tests with weak ambient heat exchange
(t, > tn* in Fig. 8) where the stable temperature is always ardinth these cases, with
the constant stable temperatusenk= M, EQ. (10) reduces to

(Mg —Tp) - 2

A&staple = (11)
2ty - fstrain : O—t?/{/f

where

ol =02—-0.04-v-(M;— Ay) (12)

With Mt -As = -6 °C andv = 0.65 (0.42) forfsyain =180 Hz (220 Hz) (determined in
Section 4.1.1), we can determine the effective twinning stress by Eq.od®)= 0.36
MPa (0.30 MPa) atfain= 180 Hz (220 Hz).

Equation (11) shows that the stable strain amplitude is inversely proportidpal to
The predicted inverse-proportion relation agrees well with the experimental observation
in the tests afstan= 180 Hz and 220 Hz as shown in the Figs. 13(a) and 13(b),
respectively. For a better demonstration on the physical meaning of the model, Eq. (11)

is normalized as:

21 /56



AEstable = EMR (13)
where

Az _ Agsiaple
Estable = Agcomplete MR

(Mf — To) A
. ~eff complete MR
Oy - AECOMP

tMR _ 2fstrain

tvp =

MR th th
The parametenscomplete MR rapresents the theoretical maximum strain amplitude of
the complete martensite reorientation in the whole specimen; it is around 6% based on
the lattice parameters of 10M Ni-Mn-Ga specimen. The normalized stable strain

A&stable

amplitUde Agstable (: Ascomplete MR

) indicates the fraction of the materials taking

(M§—Tp)-A
.geff. lete MR
oty Accomplete

martensite reorientation in the specimepg (= ) is the time

2fstrain

needed for the energy dissipation of the cyclic complete martensite reorientation to

increase the material temperature frogrio My without the ambient heat exchange. The

normalized timetyg (= ti"—R) is the ratio between the two time scalgg: and the
h

characteristic heat-relaxation timig The time ratiotyr represents the competition
between the heat generation from the martensite reorientation and the heat transfer to
the ambient, governing the heat balance in the steady states. It is interesting to see in Eq.
(13) that the time ratiotyg equals to the material fraction taking martensite
reorientation in the specimen, i.e., it governs the fraction of the materials transformed
into A-phase in the steady state. The normalized model (Eqg. (13)) agrees well with

experiments of both loading frequencies in Fig. 13(c).

In summary, they-dependence of the stable strain amplitude in the tests with
strain drop due to phase transformation is governed by a self-organization process of the
specimen: the specimen maintains the stable temperature aviuoy adjusting the
output strain amplitude (i.e., the fraction of the materials taking martensite reorientation)

to keep the balance between the heat generation from martensite reorientation and the
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heat transfer to the ambient. For the specimen used in our experiments, its characteristic
phase transformation temperatuids M, As and As (35.5°C, 36.5°C, 41.5°C and

42.2 °C respectively) are close to each other. Especttiéydifference betweeds and

Mt is only 1°C. So the percentage of Martensite can change f8no0100% in this
narrow temperature range. That is why the working temperature is almost constant
while the output strain (reflecting the percentage of the martensite in the specimen) can

change significantly with,tin the tests of the weak ambient airflowsXt,*) in Fig. 8.
4.2 Optimal conditionsto achieve large stable strain amplitude

The controlled loading conditions in our tests on the FSMA specimen include (1)
the magnetic condition (magnetic field frequefigy), (2) mechanical condition (initial
compressive stressi,) and (3) thermal condition (the ambient heat convection
characterized by the relaxation timag With the systematic data in Table 1 of the tests
in the still air, the output strain amplitude of the short- and the long-time actuation at
different levels offsyain (= 2fnag @ndaini are plotted as contour maps in Figs. 14(a) and
14(b), respectively. In Fig. 14(a), a large (e.g.,4e > 4.5%) can be obtained in a
proper frequency range, for exampf@sain = 2fnag = 140 Hz ~ 220 Hz covering the
resonant frequency of the current dynamic system. The resonant frequency depends on
the total mass of the specimen and the moving parts of the dynamic system. It also
depends on the stiffness of the spring and the specimen. Detailed studies on the mass
and the stiffness effects can be found in the literdieary et al., 2002; Lai et al., 2008;

Techapiesancharoenkij et al., 2011, 2009).

A proper level of the initial stress,; is also important to achieve a latge When
oini 1S too high (such as 4 MPa), the stress-preferred variant (V1) is always stable and
the cyclic martensite reorientation can’t occur. In this efass close to 0 (sedc at oini
= 4 MPa in Table 1). By contrast,df, is too low, the magnetic-field-preferred variant
(V2) is stable and cannot fully transform to V1. In this catejs also small. An

interesting phenomenon was found in our experiments at a low levgl, &.g.,0in =
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0.1 MPa in Fig. 15. It’'s seen that, for a given loading condition, the system does not
reachone steady state, but switches betwé&en “quasi-steady” states. For example, in

Fig. 15(a), 4¢ switches between 0.4% and 1.3% and the temperatares
correspondingly between 34:C and 37.8C. There seems to be two “stable” states
switching to each other cyclically. Although some studies on the meta-stability of
dynamic behaviors of the traditional SMAs appeared recently in the literature (see (Xia
and Sun, 2017, 2015) and the references therein), such phenomenon in FSMASs is

observed for the first time and its origin is still unclear and needs further studies.

After choosing proper magnetic field frequerigyyand initial stressini, we need to
control the ambient flow (i.e., the heat-relaxation tig)é¢o avoid the strain drop (avoid
phase transformation) in the long-time actuation. As discussed in Section 4.1, there
exists an optimal ambient airflow (optima] ) at which the stable strain amplitude is
maximum and the stable temperature is closklitg¢see Fig. 8). From the normalized
model of Eq. (13), we can estimate the optimal heat-relaxation#ing allowing 100%

materials to take the complete martensite reorientation in the whole specimen (i.e.,

AEstable = 1):

(Mf - To) A
ff
s - 3 tMR 3 Agcomplete MR . 7 . fstrain 5 O_t?/v
1= Agstable =tur = tr - tx
h h
o = e = (Mg —T,) - 2
h — ‘MR — f
Aecomplete MR . 7 . fstrain . O-tew (14)

Equation (14) shows that the stable strain amplitude is maximized when the
characteristic heat relaxation timeequals the characteristic time scale of martensite
reorientationtyr. For the given conditionT, = 20 °C, M; = 35.5°C, 1 = 4 x 16
J-m3. K1, Agcomplete MR — gog £ . = 180 Hz (220 Hz), and&lf = 0.36 MPa (0.30
MPa) determined by Eg. (12) in Section 4.1.2, Eq. (14) predicts the optimal
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heat-relaxation time;™°%! = 8.0 s for 180 Hz (7.8 s for 220 Hz). It's seen that, at

fsran = 180 Hz, the predicted;™%! = 8.0 s agrees well with the experimental

observation oft; = 8.8 s in Fig. 8(a). But for the casefgfin = 220 Hz, the predicted
tymedel = 7 8 5 is not close to the experimental measuremetit &f 11.7 s in Fig. 8(b).

The reason for this discrepancy is that Eq. (14) is derived with the assumption of
complete martensite reorientatiafiefo™mPlete MR = 50%) in the whole specimen. For the
case Offsyain = 180 Hz which is close to the resonant frequency (see the peak output
straindeynsiaplein Fig. 5), the maximum strain amplitude before the strain degRiapie

= 5.9% in Fig. 5 is close to that of the complete martensite reorientasi¢frlete MR

= 6%. By contrastsfain= 220 Hz is far from the resonant frequency (see Fig. 5), and its
maximum strain amplitude before the strain dropeigstanie= 3.9%, which is obviously
lower than Agcomplete MR — gos  Therefore, we should use the strain amplitude before
the strain dropeynstabie to replacedemplete MR in Fq. (14) to estimate;, for the

cases far from the resonant frequency of the system.

(Mf - To) A
eff

th =
Aéynstable " 2 fstrain " Oty

(15)

Substituting4deynstape = 5.9% and 3.9% for the casesfgfi, = 180 Hz and 220 Hz
respectively into Eq. (15), the predicteg°?! are 8.1 s and 12.0 s, which agree well

with the experimentally observet, = 8.8 s and 11.7 s in Figs. 8(a) and 8(b),
respectively. This implies that, Eq. (14) can be used to find the optimal heat-relaxation
time t; for the complete martensite reorientation in the whole specimen with the
loading frequency close to the resonant frequency of the system, while Eq. (15) can
predict t, for general cases with the reference to the strain ampliteiglgapic Of the

short-time actuation (before the strain drop).

5. Summary and conclusions
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In this paper, we performed systematic experiments on the long-time (> 100 s)
dynamic behaviors of FSMA under the cyclic magnetic field. The experiments were
conducted at various levels of the magnetic field frequency, the initial compressive
stress and the ambient airflow velocity. Critical conditions to achieve large stable strain
amplitudes in dynamic actuation were derived. We also developed a simple 1D heat
transfer model. The analyses from the model well explain the ambient effects on the
long-time responses (i.e., the stable strain and the stable temperature) of FSMA
observed in the experiments. Furthermore, while the temperature rise caused by the
dissipation of the frictional twin boundary motions was generally taken as a negative
effect in FSMA actuator applications and should be avoided, we proposed to utilize the
temperature rise and the associated heat balance to actively control the stable
temperature and the output strain amplitude of FSMA by setting properly the ambient
heat exchange condition (i.e., airflow velocity). The important conclusions of the paper

are given below:

(1) Energy dissipation due to the high-frequency cyclic martensite reorientation can
cause significant temperature rise. When the temperature increases to the
characteristic phase transformation temperature, the Martensite-to-Austenite phase
transformation will occur in the FSMA specimen, which makes the strain amplitude
suddenly decrease to a much lower level. Therefore, the large strain amplitude of
FSMA without a steady-state temperature lower than the phase-transformation

temperature is at risk of instability (strain drop) during the long-time actuation.

(2) The stable strain amplitude and the stable temperature of FSMA can be controlled
by the ambient heat exchange efficiency (corresponding to airflow velocity). The
stable strain amplitude depends on the airflow velocity non-monotonically. With the
decrease of the airflow velocity (the corresponding heat exchange efficiency
decreases), the strain amplitude first increases due to the temperature-dependence of

the effective twinning stress and then decreases due to the temperature-induced
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phase transformation which disturbs the magnetic-field-induced martensite
reorientation. The maximum stable strain amplitude is obtained at the critical
heat-relaxation timé, which makes the stable temperature close to (but lower than)

the phase-transformation temperature.

(3) A special “isothermal” FSMA actuator with tunable output strain is proposed by
taking advantage of the interaction between the temperature-induced phase
transformation and the magnetic-field-induced martensite reorientation. The strain
amplitude of this actuator changes monotonically with the ambient airflow velocity
due to the balance between the heat generated from the martensite reorientation of
the untransformed martensite region (related to the strain amplitude) and the heat
transferred to the ambient (related to the airflow velocity), while its working
temperature is almost constant (close to the phase-transformation temperature) and
independent of the strain amplitude. That means, the self-adjustment of the forward
and reverse martensitic phase transformations can significantly change the volume
fraction of martensite in the specimen (i.e., a significant change of the strain

amplitude) within a narrow phase-transformation temperature range.
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Table 1. The strain amplitudes of all the tests in the still air ambient at different strain frequencies and initial compressive stresses. The

strain amplitudes appearing during the short-time actuation (before the strain drop) are highlighted in red.

Strain amplitude Strain frequency f;,.i, (Hz)
Ag (%) 100 120 140 160 180 200 220 240 300 400
2.2 2.6 4.2 4.7 3.7 3.3 2.6 1.1 1.0
02 2.3 “a “a “a “a “a “a “a “a “a
1.8 1.5 1.1 1.3 1.2 1.0 1.0 0.4 0.2
4.2 4.3 4.5 5.2 5.9 4.7 3.9 2.9 1.7 1.1
0.4 “a “a “a “a “a “a “a “a “a “a
1.3 1.2 1.4 1.2 1.0 1.2 1.0 1.0 0.6 0.4
mitial
stress 2.6 2.8 3.1 4.1 4.4 5.6 4.3 3.8 2.1 1.2
MPa) 1.0 “a “a “a “a “a “a “a “a “a “a
( 1.1 0.8 0.9 0.7 1.2 0.8 0.7 0.6 0.6 0.4
0.9 2.0
1.8 0.8 0.8 0.5 0.5 0.5 0.6 0.6 0.5 ~a ~a
0.5 0.5
4.0 0.2 0.2 0.1 0.2 0.3 0.1 0.1 0.1 0.2 0.2
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Figure 1. (a) Schematic of actuation system to achieve high-frequency cyclic martensite reorientation, where the fixed parts (immobile

components) during the dynamic actuation are in black, the moving parts (the spring and the upper sample holder) are in blue and the
measuring sensors are in red. (b) Schematic of the martensite reorientation between the stress-preferred variant (V1) and the
magnetic-field-preferred variant (V2) in Ni-Mn-Ga specimen under the magneto-mechanical actuation. Approximated tetragonal martensite
variant of one short axig-axis) and two long axes-{axis) are adopted and the difference betveeand ds shown exaggeratedly here.
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Figure 2. Typical responses of strain, stress and temperature of Ni-Mn-Ga specimen under long-time actuation (> 100 s) at the strain
frequencyfsiain = 180 Hz {mag= 90 Hz): (a) full-time responses, (b) magnified view of the responses &ts (before strain drop) and (c)

stable state d@t=~100 s (after the strain drop). (d) and (e) are the local-strain fields at the maximum nominaj),gtiand the minimum

one emin for the two typical instants (before and after the strain drop) corresponding to the nominal behaviors shown in (b) and (c),
respectively; the strain profiles along the centerline of the specimen are plotted in tefms@fiwby red lines.
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Figure 4. Typical responses of Ni-Mn-Ga under the same freqiigagy 180 Hz {nag= 90 Hz) with different initial compressive stress:

(@) ani = 0.2 MPa and (lgini = 1.0 MPa.
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Figure 5. The frequency-dependent stable and unstable strain amplitudes of the tests with the initial compressjye €iréddPa in
still air. deynstapie@nd Zsiapierepresent the strain amplitudes of the short-time actuation (before strain drop) and the long-time actuation (after
strain drop), respectively. The dashed lines are for guiding eyes.
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Figure 7. The responses of the tests at different levels of ambient airflow velocity: (aje-ré¥pectively for the air veloci¥; = 60 m/s
(th=2.25s),35 m/st{=4.2 s), 15 m/st{= 8.8 s), 8 m/st{ = 14.0 s), 3 m/st{ = 22.2 s) and 0 m/¢,(= 68.9 s). All the tests are conducted
at the same magneto-mechanical loading conditiong£f=f 180 Hz {nag= 90 Hz) and @ = 0.4 MPa.
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Figure 8. Airflow-dependencen{dependence) of the stable strain amplitdegeand the stable temperaturgapefor all the tests with
ambient airflow of different velocities for the two typical loading frequenciesg @)=+ 180 Hz and (b)fain= 220 Hz.
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Figure 10. Comparison of the temperature rise between Eqg. (5) and the experimental data from thgtesi80fHz, ; = 0.4 MPa and
Vair= 15m/s ,= 8.8s), whose responses of the strain and the stress can be found in Fig. 7(c).
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o n o of 180 Hz (with contribution fraction
o of Type | twin boundary v = 0.65 in Eq. (8))
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Figure 11. The temperature dependence of twinning stress for the twin boundary motion during the magneto-mechanically driven
martensite reorientation. The two shaded regions represent the temperature dependences of the twinning stresses of the Type | and Type I
twin boundaries, respectively, reported in (Heczko and Straka, 2003; Soroka et al., 2018; Sozinov et al., 2017; Straka et al., 2012; Zreihan
et al., 2016). The thick blue and thin red lines (determined by Eq. (8)vwitl®.65 and 0.42 respectively) represent the temperature
dependences of the effective twinning stress of the mixed Type | and Type Il twin boundaries in the dynamic acfyatien1®0 Hz

and fiain= 220 Hz, respectively.
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Figure 12. Comparison between the experiments (from the tests without straity @rgyp) (n Fig. 8) and the model (Eg. (9b) and Eq. (10)
with and without considering eddy-current effect respectively) to estimate the contribution frelcobiype | twin boundary during the
dynamic martensite reorientation process. (a) and (b) are respectivégptralences of stable strain amplitdélg.pieon (TstabieAs) andty,

at fsin = 180 Hz; (c) and (d) are respectively tependences of stable strain amplitddgapie 0N (TstapieAs) andty, at fsgain = 220 Hz. The
relations betweenl{.neAs) and f, are plotted in the insets of (a) and (c).
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(a) Short-time actuation (b) Long-time actuation
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Figure 14. Contours of the output strain amplitdeet various frequencies and initial compressive stresses during the short-time actuation
(a) and the long-time actuation (b). The data are from Table 1 and all the tests are conducted in the still air.
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Appendix A
Deter mination of the char acteristic heat-relaxation timet,

The specimen is held between two electromagnet poles during the tests and heated
due to high-frequency cyclic martensite reorientation. To determine the characteristic
heat-relaxation timdy, the evolution of the specimen temperature after the applied
magnetic field is turned off is measured in a constant ambient airflow. So there is no
heat generation in the specimen and the temperature relaxation is only due to the heat

convection. The value of the heat-relaxation titgeis determined by fitting the

t

experimental cooling curve with an exponential equatio T,oom + (To — Troom) * € M,

which describes the heat-convection relaxation (He et al., 2010; He and Sun, 2010). For
example, in Fig. Al, the value df at the ambient airflow velocity of 15 m/s is
determined to be 8.8 s. By using this methgat different ambient conditions can be

experimentally measured.

32

Experimental data of temperature relaxation

= Heat-convection relaxation equation

307

28t

t
T = Troom + (To — Troom) - € tn
26+

24+

Sample temperature (°C)

22t

205 5 10 15 20 25
Time (s)

Figure Al. Temperature relaxation of Ni-Mn-Ga single crystal sample (2x3x15 mm)
under the ambient airflow of 15 m/s. The fitted characteristic heat-relaxatior,time

8.8 s.
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Appendix B
M easurement of the heat release from eddy current

The temperature rise during the dynamic actuation of FSMA is attributed to both
the energy dissipation of the frictional twin boundary motion and the eddy cif®ht
2002; Lai 2009) |y order to quantify and compare the contributions from these two
mechanisms separately, we conducted the tests with different initial stresses as shown in
Fig. B1. When the initial compressive stresg = 0.4 MPa (Fig. B1(a)), the strain
amplitude is large4e = 5.9% at actuation timeé= 0 ~ 10 s) and the temperature
increases rapidly (with the increasing rate around@/$). By contrast, whes, = 4.0
MPa (which is larger than the so-called “blocking stréblEczko et al., 2000)), the
output strain amplitude is zero (i.e., no martensite reorientation) as shown in Fig. B1(b)
where the temperature rise purely induced by the eddy current is very slow. The
temperature increasing rate is around 0©%& att = 0 ~ 10 s, which is much smaller

than that with the large Asom martensite reorientation in Fig. B1(a).

Similar to the test in Fig. B1(b) showing the eddy-current effect, we did more tests

of different frequencies with the same initial stregs = 4.0 MPa. The frequency
dependence of the eddy-current induced temperature rise after 100 s aanﬂéﬁ%

is shown in Fig. B2(a). As the material specific heat capacity per unit volumé x
10° J-m* K, the heat release rate due to the eddy current can be determined (from Eq.
(5) by setting gg = 0) as

AT - 2

qeddy = - 100 (] : m_3 : S—l)
by (1 - e‘ﬁ> (B1)

where the characteristic heat-relaxation titnés 68.9 s in the still air. Figure B2(b)

summarizes the frequency dependenag&f, which is approximately fitted by a linear
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relation geqqy = 2320.7 fstrqim — 1.35 x 10° (J-ni®

[100 Hz, 400 Hz].
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Energy dissipation during high-frequency martensite reorientation can cause significant
temperature rise, which might result in phase transformation and make the dynamic
output strain of FSMA at risk of instability (strain reduction).

The stable strain amplitude and the stable temperature of FSMA can be controlled by the
ambient heat-exchange efficiency.

The stable strain amplitude depends on the heat-exchange efficiency non-monotonically.

An “isothermal” FSMA-actuator with tunable output strain is proposed based on the
coupling of temperature-induced phase transformation and magnetic-field-induced
martensite reorientation.



