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Abstract—One-way shape-memory effect (SME) controlled by temperature and magnetic field in rapidly
melt-quenched (RMQ) Heusler-alloy (Nis;Mn,,Ga,s) ribbons is experimentally studied. Two-way SME
that results from training is demonstrated for submicron Nis;Mn,,Ga,; samples. Reversible thermally and
magnetically controlled bending of no less than 1.5% and deflection of no less than 2 pum are reached for com-

posite Nis3;Mn,,Ga,;/Pt microactuators with sizes of 25 x 2.3 X 1.7 pym

UoH = 8 T at an initial temperature of 63°C.

DOI: 10.1134/5106422691707004X

INTRODUCTION

Recent progress in modern technologies is based
on a search for novel materials with specific combina-
tions of physical and functional properties, in particu-
lar, materials that exhibit shape and size variations due
to thermoelastic structural martensite transition in the
presence of external effects (e.g., mechanical stress,
magnetic field, ultrasound, and temperature). Func-
tional materials with such properties may serve as
unique materials in microsystem technology, medi-
cine, and alternative power engineering. There has
been considerable recent interest in functional inter-
metal alloys with the effect of giant magnetic strain
[1]. Several Heusler ferromagnetic alloys exhibit ther-
moelastic martensite transition and magnetically con-
trolled shape-memory effect (SME) (e.g., Ni—Mn—
In, Ni-Mn—Ga, Ni—Mn—Sb, Ni—Mn—Sn, and Ni—
Mn—In—Co alloys) [2—14].

The Ni—Mn—Ga Heusler alloy exhibits developed
SME effect [15—19]. For example, single crystals of
the Ni—Mn—Ga alloy exhibit reversible strains of up

3 in the presence of magnetic field of

to 10% in the presence of magnetic fields of up to
10 kOe whereas the strain is 0.3% for the TbFe alloy
with the giant magnetostriction. The properties of the
Heusler alloys are well studied for samples that repre-
sent polycrystalline ingots, single crystals, rapidly
quenched ribbons, and granules. It is known that rap-
idly quenched Ni—Mn—Ga ribbons may be mechani-
cally stable and may have good parameters of the mar-
tensite transition (temperature that is close to room
temperature and relatively narrow temperature hyster-
esis). Thus, the ribbons are promising for applications
in sensor and actuator technologies [20—26].

In spite of significantly different physical proper-
ties, the Heusler alloys exhibit several common features.
In particular, the phase transitions in Ni—Mn—Sn,
Co—Ni—Al, Ni—Mn—In, and Ni—Mn—Ga Heusler
alloys are extremely sensitive to the chemical compo-
sition and the properties of such alloys strongly depend
on external fields [27—40]. Note insufficient data on
phase transitions and giant strains induced by varia-
tions in temperature and magnetic field in samples
with micro- and nanoscale sizes.
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Fig. 1. Microphotographs of the ferromagnetic domain structure of the Nis3Mn,4Ga,3 Heusler-alloy ribbon annealed over 72 h:
(a) martensite relief, (b) magnetic domains and (c) combined images of both structures.

The purpose of this work is the analysis of SME in
rapidly quenched ribbons of the Nis;Mn,,Ga,; Heu-
sler alloy and layered composites with micron and
submicron sizes based on such ribbons with allowance
for variations in temperature and magnetic field.

1. EXPERIMENTAL
1.1. Samples of Nis;Mn,,Ga,; Rapidly Quenched Alloy

Samples of Nis;Mn,,Ga,; rapidly quenched alloy
are fabricated with the aid of spinning [41]. The
quenching rate is 107 °C/s. The ribbons are cut into
fragments with a length of 1—10 cm. Each fragment is
annealed in vacuum at a temperature of 800°C over
72 h. The Curie temperature and the starting and final
temperatures of the austenite—martensite and marten-
site—austenite transitions (M, M;, A;, Ay are deter-
mined using the differential scanning calorimetry:
M;=49.5°C, M,= 41.2°C, A; = 50.4°C, A,= 60.7°C,
and T, = 72.5°C. Fabrication technology and the
results on physical properties of the ribbons depending
on parameters of preliminary thermal processing can
be found in [41—44] (see also Fig. 1).

1.2. Submicron Samples

Submicron Nis;Mn,,Ga,; samples that represent
thin plates fixed at one end (consoles) are fabricated
and studied using a setup for selective ion etching (FEI
STRATA FIB 201 ion scanning microscope) equipped
with an Omniprobe nanomanipulator and diode laser
for heating of samples and the SME study. (The tech-
nology of focused ion beam (FIB) is comprehensively
characterized in [45].) Figure 2 illuistrates fabrication
of submicron samples of the Nis;Mn,,Ga,; alloy: the
microphotograph (Fig. 2a) shows the surface of the
rapidly melt-quenched (RMQ) ribbon that is used to
make the console sample (Fig. 2b). The method for
fabrication of submicron samples consists of the sol-
dering and training stages. The sample is soldered to
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the end of the microwire of the Omniprobe nanoma-
nipulator with the aid of the Pt layer that is obtained
using the ion-stimulated vapor deposition. Then, the
training is performed using mechanical bending
(Figs. 2c and 2d). Typical sizes of the samples under
study are (10—20) x (2—3) X (0.3—1) um?>.

Note that the photographs obtained with the aid of
the FIB setup (Fig. 2b) clearly show martensite twins
(cross sections of the 3D structure). The twins are
formed due to ion etching and can be detected using
ion microscopy (Fig. 3).

1.3. Composites with SME Based on Nis;Mn ,,Gay;

1.3.1. Physical principles of the composite actuator.
The composite actuator with SME [43, 44] contains
two layers (elastic and SME layers) as a conventional
bimetal plate does. Note that the SME element is pre-
liminary pseudoplastically deformed (e.g., stretched).

The physical effect of the pseudoplastic deforma-
tion of the SME alloy can be interpreted in a way as
follows. The temperature of the austenite—martensite
transition increases in the presence of a significant
external mechanical stress. Martensite is generated in
such a sample upon cooling from the austenite state via
the phase-transition point. The generation is primarily
initiated in regions with the maximum strain. Appropri-
ately oriented variants (stretched or compressed along
the tension and compression axes) are predominantly
generated. Thus, the pseudoplastic deformation is the
state of sample in which microscopic variation in shape
and/or size is reached in the martensite state owing to
the generation of martensite variants with appropriate
orientations of crystallographic axes.

We assume that the composite containing elastic
layer that is rigidly connected with the preliminary
pseudoplastically extended (in the martensite state)
SME layer is heated prior to the termination of the
martensite—austenite transition. Martensite twins
vanish in such composite and mechanical compres-
Vol. 62
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(@)

(b)

Fig. 2. Microphotographs that illustrate the SME training of submicron samples of the Nis;Mn,,Ga,3 Heusler alloy: (a) edge of
ribbon, (b) prototype of actuator, (c) prior to deformation and (d) after deformation.

sion emerges. The compression of one layer of the
bimorph composite causes stretching of the elastic
(passive) layer and, hence, bending of the composite
as a whole. When the temperature becomes lower than
the martensite transition point, the elastic layer causes
pseudoplastic stretching of the SME layer that exhibits
the martensite transition. Thus, the SME layer
appears to be pseudoplastically extended and the ini-
tial linear shape of the composite is restored.

Note that the controlled bending of the composite
with SME is greater than the bending of a conven-
tional bimetal plate by several orders of magnitude and
is greater than the bending of the material with two-
way shape memory by at least an order of magnitude.
In practice, the controlled deformation of the
bimorph composite is limited by strength parameters

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS

of the elastic layer. The application of such an efficient
system with preliminary stressed composites with
SME allows new functional solutions and provides
quantitative improvement of existing devices. We
choose the composite actuator, since the correspond-
ing technology makes it possible to fabricate a device
with extremely small sizes. We only make assumptions
on the limiting sizes of the composite microactuator
with SME, since the physical limits of the manifesta-
tion of the martensite transition and SME related to
the size of the alloy sample remain unknown.

1.3.2. Fabrication of microsamples of the
Nis;Mn,,Ga,;/Pt composites. A detailed procedure of
the fabrication of composite SME microactuators
based on rapidly quenched Ti,NiCu alloys can be
found in [41]. Several specific features of the process
Vol. 62

No.7 2017
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Fig. 3. Microphotographs that illustrate fabrication of the Nis3Mn,4Ga,3;/Pt composites: (a) Pt deposition on the surface of the
rapidly quenched alloy and (b) etching of the Nis3Mn,4Ga,3/Pt bar on two sides with the aid of the ion beam.

Fig. 4. Microphotographs that illustrate fabrication of the Nis3sMn,4Ga,;/Pt composites: (a) etching of channels under compos-
ite at an angle of 45° on both sides and (b) view at an angle of 45° (note the presence of martensite domains).

must be taken into account for the Nis;Mn,,Ga,; alloy
[8, 18, 46, 47]. The procedure consists of several
stages. At the first stage, a ribbon with a thickness of
30—40 um is produced with the aid of rapid melt-
quenching. At the second stage, the pseudoplastic ten-
sion isinduced in the alloy. Then, a thin rectangular Pt
layer is deposited on the cleaned surface of the RMQ
alloy with SME using ion-stimulated deposition to
form the elastic layer (Fig. 3a). The longer side of the
rectangle is parallel to the stretching axis. A composite
beam is cut from the volume of the alloy ribbon
(Fig. 3b). The microsample is obtained with the aid of
etching of the surface of alloy at an angle of 45° on both

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS

sides of the rectangular Pt stripe (Figs. 4a and 4b).
Finally, the Omniprobe manipulator (Fig. 5) is used to
transport the composite and fix it on the end surface of
the silicon substrate (Fig. 6).

2. EXPERIMENTAL PROCEDURE

2.1. One-way SME in the Presence of Thermal
and Magnetic Fields

The thermomechanical properties of rapidly
quenched Nis;Mn,,Ga,; ribbons are studied using the
method that is based on the application of a ridged
Vol. 62
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| A )

Fig. 5. Transportation of the prototype of microactuator
using the Omniprobe manipulator for fixing on silicon
plate.

(@)

=
.
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Fig. 6. Microactuator fixed on the silicon plate using the
ion-stimulated deposition of Pt.

(b)

Fig. 7. (a) and (c) Pseudoplastic bending of the rapidly quenched Nis3Mn,4Ga,; alloy ribbon in the ridged press due to austen-
ite—martensite transition and (b) and (d) recovery of the original linear shape after heating.

press [41] that exerts pressure at several points and
makes it possible to fabricate a wave-shaped sample
(Figs. 7a—7d).

The initially linear ribbon in the austenite state is
placed into the ridged press. The external pressure is
provided by a spring or weight that presses the upper
part to the lower part. The bending of the ribbon is

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS

estimated using the measured displacement of
the ridges. When the temperature of the press with the
sample becomes lower than the starting point of the
martensite transition Mg, the ribbon is strongly
deformed. In the presence of external force, the shape
is recovered when the temperature exceeds point Ay
Thus, the one-way SME is observed. It is known that
2017

Vol.62 No.7



814

(@)

FIB or SEM vacuum chamber

lon
or electron

Microactuator
with nanoforceps

Laser beam

DILMIEVA et al.

(b)

Fig. 8. (a) Experimental scheme for the SME study in submicron samples of the Nis3;Mn,,Ga,s alloy and (b) photograph of the

working chamber of the FEI STRATA 201 FIB ion microscope.

relative deformation € upon bending of a thin ribbon
(compression and stretching at the inner and outer
surfaces, respectively) is related to radius of curvature
R and thickness #4:

€ =h/2R. (D

The cylindrical shape of the press limits the curvature
of ribbon at the point of maximum bending and,
hence, protects the fragile ribbon against breaking in
experiments. The magnetically controlled SME is
studied in the presence of the fields of up to 8 T. The
measurement system with the ridged press made of
nonmagnetic materials is placed in the Bitter solenoid.

2.2. SME in the Nis;Mn,,Ga,; Submicron Samples

The SME in the Nis;Mn,,Ga,; submicron samples
is studied using the FEI STRATA 201 FIB ion micro-
scope with the Omniprobe nanomanipulator and
diode laser placed in the working chamber of the ion
microscope (Fig. 8). The sample attached to the end of
the Omniprobe nanomanipulator is placed in the
chamber of the ion microscope. The radiation of the
diode laser is used for heating [8].

2.3. Thermally Controlled SME
in the Nis;Mn,,Ga,y/ Pt Composite Sample

In the experiments on the thermally controlled
SME, the composite sample is placed in optical
microscope (Fig. 9) equipped with a heater and ther-
mocouple. The heating leads to bending, and cooling
makes it possible to restore the original (linear) shape of
the sample. The process is detected using a digital cam-
era, and the images are used to determine the curvature

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS

of actuator versus temperature. Then, the relative defor-
mation is calculated with the aid of formula (1).

2.4. Magnetically Controlled SME
in the Nis;Mn ,,Ga,5/ Pt Composite Sample

The results of [13] show that the SME in the
Nis;Mn,,Ga,; alloy is possible in the presence of rela-
tively strong magnetic fields. The needed magnetic
field is determined by two parameters: field sensitivity
of the martensite transition (slope of the dependence
of temperature of the martensite transition on the field
(dTy/dH) and width of the temperature hysteresis of
the martensite transition (AT),). Quantity d7),/dH is
calculated using the Clapeyron— Clausius formula

dT,,/dH = —AMT/A, )

where AM is the variation in the magnetization of alloy
due to the transition, 7},is the mean transition tempera-
ture, and A is the latent heat. For the Nis;Mn,,Ga,; alloy,
derivative d7T/dH is about 0.8°C/T and the tempera-
ture hysteresis of the martensite transition is A7 =
6—8°C. Thus, the needed magnetic field is 8—10 T.
Such a field can be generated only with the aid of Bit-
ter solenoids or superconducting magnets. In the
experiments, we use Bitter solenoids of the Interna-
tional Laboratory of High Magnetic Fields and Low
Temperatures (Wroclaw, Poland) [48] (Fig. 9). The
actuator is placed on a table and irradiated using two
LEDs. The motion of the actuator is monitored with
the aid of a specific optical microscope made of non-
magnetic materials. In the presence of the magnetic
field, the magnetically controlled SME is detected
using a video camera. Then, we determine the relative
Vol. 62
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Fig. 9. Scheme of the setup for the study of magnetically induced deformations of the microactuator with SEM.
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Fig. 10. Thermoeleastic properties of the rapidly quenched Nis3Mn,4Ga,s in the presence of magnetic field: (a) plot of deforma-
tion vs. temperature in the presence of a field of 1yH = (1) 6 and (2) 0 T and (b) plot of deformation vs. magnetic field at a constant
temperature of 7= 56°C.

bending using formula (1) as in the experiments with  of the Nis;Mn,,Ga,; Heusler alloy in the presence of a

the thermally controlled SME. magnetic field of uoH = 6 T and in the absence of the
field. It is seen that the hysteresis curve is shifted in the

3. EXPERIMENTAL RESULTS presence of the field towa'lrd' increasipg temperatures

by about 56°C. Such a shift is approximately equal to

3.1. One-way SME in the‘P resence of Thermal the width of the temperature loop of the hysteresis of
and Magnetic Fields the martensite transition. Thus, a reversible martensite

Figure 10a presents the temperature dependences transformation with respect to the field and the mag-
of the deformation of rapidly quenched ribbon made netically controlled reversible deformation of the rib-

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS  Vol.62 No.7 2017
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(b)

Fig. 11. Two-way SME and superplasticity in the submicron sample of the NiszMn,4Ga,3 alloy: (a) martensite state and
(b) graphical image of variations in the position of strained sample.

bon due to on—off switching of a field of 6 T can be
implemented in practice if the initial temperature of
the sample is close to A,= 56°C. Figure 10b shows the
deformation versus field at a constant temperature of
T = 56°C. The reversible magnetically induced defor-
mations are 1.4%. The martensite—austenite and aus-
tenite—martensite transformations are obtained for
90% of the sample.

3.0

1‘0 L L L L L J
55 60 65 70 75 80 85

Fig. 12. Plot of relative deformation of composite microac-
tuator € vs. temperature 7.

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS

3.2. SME in the Nis;Mn,,Ga,; Submicron Samples

In the course of manufacturing, a submicron sam-
ple is significantly deformed by more than 10%. Even
substantially lower deformation leads to the damage of
the 3D sample, and, hence, we may conclude that the
submicron sample exhibits superplasticity [49].

The experiments on SME in the Niy;Mn,,Ga,;
submicron samples yield the following results. The
heating/cooling does not lead to the restoration of the
original (linear) shape, which indicates the absence of
the one-way shape memory. However, the sample
exhibits reversible variation in the relative deformation
(i.e., two-way shape memory). Figures 1la and 11b
show the sample in the martensite state and a sketch of
the deformed sample, respectively. For the two-way
SME, the controlled deformation is calculated to be
Ae = 0.5% and the maximum relative deformation of
the submicron sample is € > 10%. Such a deformation
is several times greater than the deformation of the
original samples with a thickness of about 40 um. The
superplasticity allows training of the rapidly quenched
ferromagnetic alloys with submicron sizes that is
needed to reach the two-way SME.

3.3. Thermally and Magnetically Controlled SME
in the Nis;Mn ,,Ga,3/ Pt Composite Sample

Dependence €(7) (Fig. 12) shows that the con-
trolled bending of the composite sample is no less than
1.5 £ 0.2%. Such a result corresponds to a deflection
of 2 um for the free end of the microactuator.

Vol. 62
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Fig. 13. Plot of relative deformation of composite microac-
tuator € vs. magnetic field A at a constant temperature of
T=63°C.

The study of the magnetically controlled SME
shows that the deflection increases with an increase in
the magnetic field. At a maximum possible field of
WoH = 8 T, the deflection is 1.5 um and a deformation
is no less than 1.8% (Figs. 13 and 14). Note that the
sample shape is incompletely recovered in the absence
of the magnetic field owing to the fact that the sensi-
tivity of the Nis;Mn,,Ga,; alloy is insufficient for the
complete reversible martensite phase transition at a
constant temperature of 7= 63°C in the presence of a
field of 8 T.

4. DISCUSSION

Metamagnetic Heusler alloys of the Ni—Mn—1In,
Ni—Mn—Ga, Ni—Mn—Sb, Ni—Mn—Sn, and Ni—
Mn—In—Co families are promising for applications in
sensor and actuator technology and microsystem

(@)

817

technology due to relatively high sensitivity of the
martensite transformation and SME to the magnetic
field. The corresponding discussion can be found in
[12, 25, 50—52] but the problem of randomness of
alloy structure that leads to the broadening of the mar-
tensite phase transition and a decrease in the sensitiv-
ity remains wunsolved. The rapidly quenched
Nis;Mn,,Ga,; alloy that has been studied in this work
is the best alloy with respect to a combination of the
functional and working parameters.

The selective ion etching makes it possible to
obtain submicron alloy samples and the correspond-
ing bimorph composites. Unexpectedly, the training
of submicron alloy samples easily leads to significant
two-way shape memory whereas the one-way shape
memory is suppressed. This circumstance can be due
to unaccounted effects (e.g., amorphization of the
near-surface layer of alloy, which substantially affects
the thermomechanical properties).

The experiments show that the layered
Nis;Mn,,Ga,; /Pt composites exhibit gigantic ther-
mally and magnetically controlled deformations.
Technological solutions and physical conclusions
that have been obtained for the Ti,NiCu/Pt compos-
ites in [14, 53] are valid for the composites under
study. Deformations of greater than 1% have been
obtained due to the on—off switching of the magnetic
field at constant temperature close to the room tem-
perature. The magnetically controlled SME can be
used to develop devices and instruments that work in
natural biological media and make it possible to solve
problem of micromanipulation of living biological
objects. The problems of material science that
remain unsolved are development of an alloy with a
relatively high sensitivity to magnetic field and nar-
row hysteresis of martensite transformation, selec-
tion of temperatures of the martensite transition in
the vicinity of temperatures of living biological
objects, and improvement of functional properties of
alloys and composites [54].

(b)

Fig. 14. Experiment on magnetically controlled SME in the optical microscope in the presence of a magnetic field of uyH = (a) 0

and (b) 8 T at a constant temperature of 7= 63°C.
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CONCLUSIONS

(i) Thermoelastic and magnetomechanical proper-
ties of the rapidly quenched Nis;Mn,,Ga,; alloy have
been studied using the dilatometric method, and mag-
netically controlled SME has been demonstrated in
the presence of a Bitter-solenoid field of 8 T.

(ii) The method of the focused ion beam has been used
to fabricate submicron samples of the Nis;Mn,,Ga,; alloy.
The submicron samples exhibit superplasticity, and
training makes it possible to implement two-way shape
memory. The thermally controlled SME has been stud-
ied in the chamber of an FEI FIB STRATA 201 ion
microscope under diode-laser irradiation.

(iii) The method of the focused ion beam has been
employed for fabrication of the Nig;Mn,,Ga,;/Pt
composites. Reversible deformations under diode-
laser irradiation have been demonstrated for such
samples in the chamber of the ion microscope.

(iv) Magnetically controlled deformations of the
Nis;Mn,,Ga,;/Pt composites have been observed
using the optical method in the presence of a Bitter-
solenoid field of up to u,H = 8 T. The reversible defor-
mations are no less than 1.8%.
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