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√

2 relative to the normal displacement of the twin boundary (see
Ref. 20). Thus, the “true” displacement of the twin boundary (i.e.,
perpendicular to the boundary plane) is taken as the value measured
on the surface multiplied by a factor of 1/

√

2.

IV. RESULTS
Typical profiles of the force, sample’s displacement, and twin

boundary displacement as a function of time are shown in Figs. 3(a)–
3(c). The displacement of the sample reaches a maximal value of
0.33 mm after about 12 ms. This value is in accordance with the 6%
twinning strain corresponding to c/a = 0.94 (c and a are the lattice
parameters of the unit cell) and indicates that the entire crystal has
completely twinned during 12 ms, which corresponds to an average
actuation frequency of about 40 Hz. At the same time, the maximal
value of the twin boundary displacement recorded by using the high
speed camera is smaller than 2.5 mm and is equivalent to only 3%
strain. This implies that additional twin boundaries that were not

FIG. 3. Measured profiles of the force (a), sample displacement (b), and twin
boundary displacement (c), taken from a pulsed loading test on the sample shown
in Fig. 2. The numbered labels mark the same time points on all charts (see the
text for details).

visible in the microscopy images contributed to the total strain. This
point will be elaborated further in this section.

The time derivatives of the displacement data [shown in
Figs. 3(b) and 3(c)] represent the velocities of the sample and
of the twin boundary. These data are shown in Fig. 4(a) along-
side the force signal. Due to the lower sampling rate of the twin
boundary displacement relative to the sample’s displacement, the
resulting twin boundary velocity data are noisier than the sample’s
velocity data. The twin boundary velocity changes between zero
and about 1 m/s, thus covering the entire range that is relevant
for practical applications and allows quantifying the full twinning
kinetics.

The data displayed in Figs. 3(a)–3(c) allowed calculating two
independent dynamic stress-strain curves, which are presented in
Fig. 4(b). The first curve [blue in Fig. 4(b)] is obtained from the mea-
sured displacement of the sample, dsample [Fig. 3(b)], and the strain
is calculated as

εsample = dsample/L, (2)

where L = 5.3 mm is the sample length. The second curve [green
in Fig. 4(b)] is obtained from the measured twin boundary dis-
placement, dTB [Fig. 3(c)], and the strain is calculated according

FIG. 4. (a) Calculated velocities of the sample (blue) and the twin boundary
(green), overlaid on the measured force profile (red). (b) Stress-strain curves
obtained from the two displacement-force measurements. The numbered labels
mark the same time points shown in Fig. 3.
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to

εTB = dTB × (1 − c/a)/L. (3)

Here, we assume that only the single visible twin boundary
[whose position is displayed in figure (c)] contributes to the total
strain and thus multiplies its displacement by (1 – c/a) (the longitu-
dinal component of the twinning strain). The nearly perfect overlap
between the two curves at strains smaller than 0.01 (equivalent to the
first 4 ms of the experiment) indicates that this assumption is valid
within this time period. For both stress-strain curves shown in (e),
the stress is obtained by dividing the measured force by the initial
cross section area of the Ni–Mn–Ga sample.

The shape of the stress-strain curve and the values of the stress
shown in Fig. 4(b) are significantly different than common slow-
rate stress-strain curves due to the high loading rate. In particular,
in a typical slow-rate stress-strain curve, the initial sharp increase in
stress is associated with a dominant elastic response with a negligi-
ble motion of twin boundaries.6,24 In the dynamic stress-strain curve
in Fig. 4(b), the initial increase of the stress describes a “pseudoelas-
tic” response that involves a prominent twinning reorientation, as
validated by the microscopy images.

Numbered markings that represent several important points in
time are displayed on the different plots in Figs. 3 and 4. In the fol-
lowing, we discuss these points with respect to the characteristics
of the experimental setup and the kinetics of twinning in the tested
sample.

Point (0) marks a time of about 0.2 ms after the solenoid was
activated. During this period, the force sensor shows a small increase
in its reading from the preload value. This increase can be associated
with the rise time of the magnetic field in the solenoid and the result-
ing magnetization of the push rod. No displacements were recorded
during this short time, and thus, they do not appear in Figs. 3(b)
and 3(c).

Around point (1), which corresponds to t = 1.6 ms, the dis-
placement sensor and the optical images start detecting the motion
of the sample and the twin boundary, respectively, while the force
shows an initial increase above the value recorded at point (0).
The higher spatial and temporal resolutions of the optical sen-
sor relative to the camera images lead to a faster and continu-
ous response of the sample’s displacement relative to that of the
twin boundary. In accordance, the velocities of the sample and
the twin boundary display nonzero values around this point in
time.

According to the specifications of the solenoid, its initial
response time due to inertia associated with the mass of the push
rod is 1–2 ms. This value is in accordance with the observed “dead-
time” of about 1.6 ms. Since no motion is detected at times smaller
than point (1), the stress-strain curves during this time also show
zero strain.

While point (1) marks the beginning of motion, after an addi-
tional 1 ms, there is a sharp increase in the velocities of the sample
and the twin boundary [marked as point (2)], which takes place
during a relatively small increase in the force. The variations of the
measured quantities suggest a change in the mechanism of the twin
boundary motion. The value of the force around which the transi-
tion takes place is approximately 1 N, which corresponds to a stress
of 0.45 MPa or a driving force of 30 kJ/m3 (under mechanical load-
ing, the driving force for the twin boundary motion is directly related

to the uniaxial stress according to g = σε, where ε = 1 – c/a is the
twinning strain). The velocity of the twin boundary around this tran-
sition point is about 0.25 m/s. This value is in agreement with the one
reported earlier for the transition from slower (thermally activated
motion) to faster (a-thermal) motion.6,20

Approximately, 1 ms past point (2), i.e., at t = 3.7 ms, another
transition is detected and is marked as (3). At this point, the veloc-
ity of the twin boundary starts decreasing, while that of the sam-
ple keeps increasing together with the force. This behavior can
be reasoned by considering the start of the motion of additional
twin boundaries in the sample, which are not visible in the optical
images. For example, there may be an additional twin that nucle-
ated at the bottom surface of the crystal, opposite to the surface
that is observed by the microscope. Recalling that twin boundaries
in Ni–Mn–Ga are inclined by 45○ with respect to {100} planes, the
additional twin can expand to a width of 1 mm (at the bottom sur-
face) before penetrating to the top surface and be observed by the
microscope.

On the stress-strain curves [Fig. 4(b)], point (3) marks the start
of a deviation of the curve calculated based on the twin boundary
displacement from the curve calculated from the sample displace-
ment. As a result, the twin boundary curve exhibits smaller strains
for similar stress values. This also supports our assumption that
at this time additional twin boundary/boundaries start propagat-
ing in the sample and their motion also contributes to the overall
macroscopic strain.

The last marked point (4) occurs at about t = 4.3 ms and marks a
sudden and sharp decrease in the measured force from its peak value.
This sudden drop in the force probably occurs because during this
short time-segment, the velocity of the solenoid’s push rod is slightly
smaller than the contraction velocity of the sample. Yet, the force
does not drop to zero, indicating that contact between the push rod
and the sample is maintained during the entire time period. After
additional few tenths of a millisecond, the force stabilizes, which
implies that the velocities of the sample and the solenoid are equal
again. The transient difference between the velocities of the push rod
and the sample occurs probably due to the inertia of the push rod,
which does not allow it to accelerate as fast as the sample’s velocity
changes.

V. DISCUSSION
The results presented in Sec. IV demonstrate the capabili-

ties of the proposed experimental setup to measure and evalu-
ate the mechanical response associated with the twin boundary
motion in an MSM crystal subjected to a millisecond-scale load
pulse. In the following, we use the measured data to evaluate
and quantify the kinetics of the process. In particular, we extract
the kinetic relations for the motion of twin boundaries for two
different twin types. Kinetic relations are obtained independently
from the measured sample displacement and the twin boundary
displacement.

Figure 5 presents kinetic analysis for two different experi-
ments on the same crystal. The visible twin boundaries in each case
[Figs. 5(a) and 5(d)] have different macroscopic orientations with
respect to the top surface plane of the sample (former {100} plane of
the austenite phase). In Fig. 5(a), the projection of the twin boundary
on the surface plane is generally parallel to the sample’s directions,
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FIG. 5. Dynamic behavior of a Ni–Mn–
Ga single crystal obtained from two dif-
ferent experiments conducted on the
same sample. Experiment 1: (a)–(c).
Experiment 2: (d)–(f). The visible twin
boundary in each experiment is shown
in (a) and (d). Stress-strain curves [(b)
and (e)] are calculated independently for
the sample and for the twin boundary
from the entire measured data. Kinetic
relations [(c) and (f)] are calculated inde-
pendently for the sample and for the twin
boundary, and include data recorded up
to the stress peak in the stress-strain
curves. The shaded area in light green
represents the estimated measurement
error in the twin boundary velocity.

while in Fig. 5(d), the projection is oriented at about 7○ with respect
to the surface plane.

The stress-strain curves obtained for the two experiments
[Figs. 5(b) and 5(e)] show similar trends; an initial rise of the stress
takes place at strain levels of up to about 0.02, followed by stabiliza-
tion of the stress at a value of about 2.5 MPa during the remain-
ing 0.04 strain range. The sharp stress drops at a strain of about
0.02 in both cases is a result of the experimental setup, as dis-
cussed in Sec. IV, and does not necessarily reflect on the intrinsic
behavior of the tested material. We note that there are slow-rate
loading tests that also display a stress drop due to nucleation and
initiation of the twin boundary motion. In our experiments, twin
boundary motion occurred already before the stress drop, and we
did not observe nucleation of new twins during the force drop
event.

The dynamics associated with the motion of twin boundaries
are best characterized by the kinetic relation, which correlates the
velocity of the process with the force that drives it, as presented in
Figs. 5(c) and 5(f). Note that the kinetic relation figures are based
only on data recorded up to the stress peak in Figs. 5(b) and 5(e),
i.e., when the velocity of the push rod follows the contraction rate of
the sample. Figures 5(c) and 5(f) present two types of kinetic rela-
tions. The first is a “macroscopic” kinetic relation that correlates
between the contraction velocity of the sample and the applied force
(blue line). The second is a “local” kinetic relation that was tracked
using the optical images (green marks) and describes the dynamics
of the visualized individual twin boundary. The error bars/regime in
the velocity values of the twin boundary represent the measurement
uncertainty that is dictated by the finite resolution of the optical
camera, the filtering algorithm, and the frame rate, and is evaluated
as ±0.05 m/s. We note that the scattering of the velocity data is larger
than the measurement error (for similar values of the force) and thus

indicates variations in the mobility of a twin boundary at different
locations along the crystal. This phenomenon was also observed and
reported in previous studies employing the pulsed magnetic field
method.16,19,20

The vertical velocity axes of the kinetic relations in Figs. 5(c)
and 5(f) are scaled by a factor of 1 – c/a, which is the value of the
twinning strain. In the case that a single twin boundary propagates
along the sample, the two velocities must obey the kinematic rela-
tion vTB = vsample ⋅ (1 − c/a). Indeed, the “macroscopic” (sample)
and “local” (twin boundary) kinetic relations obtained during each
single experiment show very good agreement with the above relation
during the first few milliseconds of the experiment, when only a sin-
gle twin boundary propagated in the sample. Once the velocity of the
imaged twin boundary decreases, the two relations deviate from each
other: the sample’s velocity keeps increasing with the force, while
that of the imaged twin boundary decreases [see, for example, at
forces larger than 4 N in Fig. 5(c)]. This behavior results when mul-
tiple twin boundaries start propagating in the sample, as discussed
in Sec. IV.

The shape of the kinetic relation of the overall sample and
that of the twin boundary show a transition from slow to fast
motion, which takes place at a force of about 1 N as indicated
by an arrow. This value is equivalent to a transition driving force
of about g0 = 30 kJ/m3, which is comparable, but lower, than the
values reported for the two twin types using the pulsed magnetic
field method.20,28,30 Moreover, the good correlation between the
kinetic relation obtained from the twin boundary displacement and
that obtained from the sample’s displacement imply that the lat-
ter can serve as a good indication for the dynamic response of the
tested crystal and, in particular, for the identification of the tran-
sition force g0, which is an important material property. From an
engineering perspective, the sample’s kinetic relation provides a
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macroscopic description of the sample’s dynamic response. Thus,
we conclude that the simple experimental setup presented in this
work, even without the addition of an optical microscope and a high-
speed camera, can serve as an efficient and convenient method for
complete dynamic characterization of Ni–Mn–Ga crystals, particu-
larly for determining the transition driving force g0.

The differences between the stress train curves and between
the kinetic relations obtained from the two experiments are minor
[compare Fig. 5(b) with Fig. 5(e) and Fig. 5(c) with Fig. 5(f)]. This
implies that the two twin boundaries shown in Figs. 5(a) and 5(d)
have similar dynamic behavior. At the same time, the differences in
the orientations of the two twins on the observed surface (which are
also influenced by the accuracy at which the sample was cut rela-
tive to the {100} planes of the austenite phase) may suggest that the
two boundaries are of different types. In order to rigorously identify
the exact characteristics of a twin boundary and correlate them to
the measured dynamic response, the following procedure can be fol-
lowed: (1) create a twin boundary in the tested sample, (2) perform
a detailed crystallographic analysis of the twin type with electron
back scattered diffraction (EBSD) or x-ray diffraction (XRD) meth-
ods, and (3) perform a mechanical pulse test using the experimental
system described in this work. We note that step (2) in the above
procedure is beyond the scope of the current work, and thus was not
pursued here.

Recent crystallographic studies of twin boundaries in Ni–Mn–
Ga using EBSD and XRD have shown that mixed regions of type
II and I can coexist along a single macro twin boundary (see Refs.
31–33), i.e., the same twin boundary can be of type I in certain
regions of the sample and of type II in other regions. This com-
plex microstructure is feasible through different arrangements of
“micro” twins (typically referred to as modulation twins) across a
“macro” twin boundary.31,32 With such XRD and EBSD character-
ization methods, researchers can identify the type of twins, but are
restricted to a small local region, typically not larger than few tens of
micrometers. At the same time, optical microscopy images [similar
to those in Figs. 5(a) and 5(d)] can capture an entire millimeter-
scale macro twin boundary, but can only provide the average angle
that the projection of the twin boundary forms on the observed sur-
face (see also Refs. 12, 34, 20, and 32). However, when the macro
twin boundary is composed of complex arrangements of modula-
tion twins, this average angle is not always a precise indication of
the type of the macro twin boundary, and at the millimeter-scale,
most twin boundaries may be composed of a combination of the
two types, as explained in Ref. 32. Our results (Fig. 5) may represent
such a scenario and, in particular, indicate that the average inclina-
tion angle cannot predict its dynamic behavior. This emphasizes the
importance in performing dynamic loading tests, as described in this
work, which can characterize the actual kinetic response of a given
twin boundary.

VI. SUMMARY
A simple experimental setup is presented that allows both

macroscopic and microscopic characterization of the dynamic
response of an MSM crystal. Dynamic uniaxial loading using a com-
mercial solenoid leads to twinning reorientation in the tested sam-
ple, which is monitored via force and displacement measurements.
The collected data reveal the overall kinetics of the sample, i.e., the

basic relation between the sample’s deformation rate and the force
that acts on it. This relation is vital for characterizing the quality
of the crystal and for simulating its dynamic response as a magne-
tomechanical actuator. In particular, the experimental conditions
are tuned such that the velocity of the sample spans the relevant
range for actuation and allows detecting the transition force from the
slow thermally activated response to a-thermal fast response. Com-
plementary high speed imaging allowed microscopic evaluation of
the motion of individual twin boundaries within the sample and for
the correlation of this twin boundary motion with the macroscopic
response of the crystal.
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