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Abstract: The functional properties of shape memory alloys (SMAs) may be affected by the material size and thus is
important for designing micron-sized devices. Here the diameter-dependent size effect was demonstrated in Ni-Mn-Ga
fibers with diameters of 15, 41, 53 and 70um. The effect of fiber diameter on the shape memory effect (SME) and
superelasticity (SE) was systematically studied. The results showed that all Ni-Mn-Ga fibers exhibited good stress
assisted thermal cycles and SE, both diameter-dependent. For stress assisted thermal cycles, the temperature
hysteresis of martensite transformation (MT) and sensitivity of MT temperature vs stress increased with increasing fiber
diameter. While for SE, the stress hysteresis, temperature dependence of critical stress and energy dissipation capacity
decreased with increasing fiber diameter. Thermodynamic analysis revealed that the diameter-dependent effect may be
attributed to the different heat exchange and frictional work dissipation capacities related to the specific surface areas
that affected the thermal- or stress-induced MT processes. Such diameter dependence in Ni-Mn-Ga micro-fibers needs
to be considered for the design and application in micro-sized devices.
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1. INTRODUCTION

Microelectromechanical systems (MEMS) require
small-sized sensors and actuators for applications in
various fields [1-3]. The development of multifunctional
smart materials and related miniaturization technology
has created a new generation of smart micron-sized
MEMS devices [4]. Among these smart materials,
shape memory alloys (SMAs) have attracted wide
attention because of high output power density, good
shape memory effect (SME) and superelasticity (SE)
[5-8]. In particular, MEMS devices integrated with
micron-sized SMAs may exhibit special properties for
potential applications in new highly compact precise
sensors, actuators, shock absorbers and energy
conversion devices. It is well known that the functional
properties, such as SME and SE, are closely related to
the martensite transformation (MT) induced by external
temperature change or stress. Consequently, a
systematic study on the size effect of MT in SMAs may
play an important role in the design of micron-sized
devices [9].

In this work, an in-depth study was conducted on
the diameter dependence of stress assisted thermal
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cycles and SE in Ni-Mn-Ga alloy micro-fibers. Ni-Mn-
Ga alloys belong to a kind of ferromagnetic shape
memory material [10, 11], which can be driven by
temperature change or a magnetic field. Compared
with traditional SMAs, Ni-Mn-Ga alloys showed the
advantages of very fast response speed and high
efficiency under a rotating magnetic field [12-16].
Small-sized Ni-Mn-Ga alloys, such as micro-fibers,
exhibit application prospects in many smart micro-
devices in MEMS systems. However, there is a lack of
systematic study on the phenomenon and mechanism
of size effect in Ni-Mn-Ga fibers. Here, this work
focused on the stress assisted thermal cycles and SE
properties of Ni-Mn-Ga fibers with diameters ®15-70
pm prepared by melt-spinning [17]. The diameter
dependence of stress assisted thermal cycles and SE
in Ni-Mn-Ga micro-fibers was demonstrated and may
be explained by the different heat exchange and
frictional work dissipation capacities related to the
difference specific surface areas based on the
thermodynamic analysis. The results may help in the
design of Ni-Mn-Ga fibers in micron-sized devices.

2. MATERIALS AND METHODS

Ni-Mn-Ga master alloy ingots with composition of
Niso sMns 9Gazy s (data indicate mass percent, wt.%)
were prepared by vacuum arc melting and casting into

© 2023 Zeal Press
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copper mold. The ingots were repeatedly melted five
times before casting to ensure the homogeneity of the
composition. Ni-Mn-Ga micro-fibers were prepared by
a melt-spinning technique, during which different
diameter fibers were obtained by adjusting the feeding
rate of the parent ingot and the spinning speed. The
obtained fibers usually exhibited a fairly wide-range of
diameter distribution. In this work, only four kinds of
fibers with smooth surface and diameter ®15, 41, 53
and 70 ym (named as D15, D41, D53 and D70,
respectively) were selected to study the stress assisted
thermal cycles and SE.

The stress assisted thermal cycles and SE tests
were conducted on a dynamic mechanical thermal
analyzer (DMA, Netzsch 442E) using a tensile mode.
The length of the tensile specimens has a length of
10mm. The stress assisted thermal cycles were carried
out at a temperature range -10~80°C under various
loads (see Table 1). The heating and cooling rates
during cycles were 5°C/min. The SE test was carried
out at temperatures above the martensite starting
temperature (Ms) under various bia-stresses. During
SE cycle, the loading rate was 0.02 N/min while the

unloading rate was 0.04 N/min. Details of the
experimental parameters are listed in Table 1.

3. RESULTS

3.1. Stress Assisted Thermal Cycles in Ni-Mn-Ga
Fibers

Figure 1 shows the stress assisted thermal cycles of
Ni-Mn-Ga fibers with diameters 53 ym (D53) and 41
pm (D41) under a temperature range -10~80°C and
loads 0.1-0.35 N. The cyclic curves of D53 fiber under
different loads are shown in Figure 1a. As the load
increases, the maximum strain and MT critical
temperatures increase. At the same time, the residual
strain increases with increasing load, which is related
to occurrence of irreversible defects (e.g. dislocations
or stabilized residual martensite) during multiple cycles.
On the other hand, the defects generated at low stress
can provide martensite nucleation sites for subsequent
MT at high stress, also inducing the right shift of
transformation temperatures (i.e. stabilization of parent
phase) [18].

Figure 1b shows nine cyclic curves of D41 under
load 0.15 N (68 MPa). With increasing cycles, the

Table 1: Stress Assisted Thermal Cycles and Superelastic (SE) Test Parameters in Niso3Mn2s.9Gaz2s Micro-Fibers with
Different Diameters (° Single-Cycle; b Multiple Cycles)

Diameter (pm)

Stress Assisted Thermal Cycles Test Load (N)

SE Test Temperature (C)

15 (D15)

0.1,0.2,05°

28, 30, 32, 35

41 (D41) 0.15°

53 (D53 )

0.1,0.15,0.2,0.25,0.3,0.35°

28, 30, 32, 35, 37, 40, 42

70 (D70) 0.05,0.2°

30, 32, 35, 38
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Figure 1: Stress assisted thermal cycles of Ni-Mn-Ga fibers with different diameters. (a) D53 under loads of 0.1-0.35 N, (b) D41

under load of 0.15N.
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Figure 2: Linear fitting plots of MT temperatures in fibers D15 and D53. (a) Ms, My, (b) As, Ar.

transformation temperatures remain almost
unchanged; that is to say, the fiber exhibits a stable
stress assisted MT behavior during multiple cycles.

The MT temperatures (Ms, M; As, Ay, and
temperature hysteresis (AT) obtained from the stress
assisted thermal cycles were statistically analyzed.
Figure 2 shows the linear relationship between MT
temperatures and external stress in fibers D15 and
D53. The MT temperatures show a liner relationship
with stress, which follows the Clausius—Clapeyron (C-
C) relation. The sensitivity of MT temperatures to stress
can be represented by the slope of the fitted C-C plots.
As shown in Figure 2a, the slope of the Ms and M; of
D15 is 0.0283 and 0.0110°C/MPa, respectively, while
that of D53 is 0.1013 and 0.0326°C/MPa, respectively.
Similar trend also happens for As and A; in D15 and
D53 fibers, as shown in Figure 2b. Obviously, the
sensitivity of MT temperatures to stress (i.e. the slope
of the C-C curves) in D15 fiber is smaller than that of
D53 fiber.

The MT hysteresis is defined as the difference
between As and M ie. AT=As-M; The larger the
hysteresis during MT, the larger the driving force
required for MT. When defects such as dislocations are
produced during MT, the hysteresis tends to increase.
Figure 3 shows the stress dependent AT of fibers with
different diameters. The amplitude of stress variation
AT of fibers with the same diameter is significantly
smaller than that of fibers with different diameters.
Obviously, the AT in large diameter fibers is larger than
that in smaller ones. So, both MT temperature
sensitivity and AT of fine fibers are smaller than those
of larger diameter fibers, confirming the diameter
dependence in Ni-Mn-Ga micron fibers.
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Figure 3: MT hysteresis (AT) as a function of external stress
during stress assisted thermal cycles in fibers D15, D41 and
D53.

3.2. SE in Ni-Mn-Ga Fibers

Figure 4 shows the superelastic curve of D15 fiber.
Figure 4a shows the SE curves at different
temperatures. The critical superelastic plateau stress
increases with increasing temperature. In addition, the
recoverable strain during unloading process is higher at
high temperature, e.g. the residual strain decreases
from 0.75% at 28°C to about zero at 35C. The stress
hysteresis also decreases with increasing temperature.
The reason for such temperature dependence may be
attributed to accumulated elastic energy during stress
induced martensite transition (SIMT), which acts as the
driving force for strain recovery. However, the storage
elastic energy is not enough to fully recover the strain
when the temperature is too low, which produces some
residual strain. At high enough temperatures, the
storage elastic energy may promote full strain recovery,
resulting in a decrease in residual strain and stress
hysteresis [19, 20].
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Figure 4: Superelastic (SE) curve of fiber D15. (a) SE curves at different temperatures; (b) 10 consecutive SE cycles at
temperature 32°C (1St and 2% plots not shown here as they are unstable).

Figure 4b shows the superelastic cycle curve for 10
consecutive cycles at 32°C. It is noted that the
superelastic curves gradually stabilize after multiple
cycles. In addition, the SE stress remains basically
unchanged, indicating that repeated cycles can
improve the stability of the SE behavior.

The abovementioned results clearly imply that the
SE stress and stress hysteresis exhibit size
dependence. Figure 5 shows the linear fitting plots of
SE critical stress as a function of temperature in D15,
D53 and D70 fibers. As expected, the SE stresses
increase linearly with temperature, where the slope
(do/dT) represents the sensitivity of SE stresses to
temperature. It is noted that, the temperature
dependent SE stresses decreases with the increase of
fiber diameter in different diameter fibers of D15, D53
and D70. From the extrapolation of the linear
relationship curves, the MT temperatures can be
obtained. For example, the Ms of D15 and D53 fibers
are 23.3°C and 26.7°C respectively, which is consistent
with the results obtained from the stress assisted
thermal cycles.
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Figure 5: Linear fitting plots of SE stress as a function of
temperature in fibers D15, D3 and D70.

The stress hysteresis (Ao) during SE process
obtained at different temperatures in D15 and D53
fibers is displayed in Figure 6. It can be seen that the
Ao in D15 is 55-60 MPa, much larger than that of D53
fiber (20~23 MPa). In addition, the change of
hysteresis with temperature is very small for each fiber.
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Figure 6: Temperature dependent SE stress hysteresis (Ao)
in fibers D15 and D53.

The energy dissipation of SMAs is closely related to
the critical stress and Ao during SE process [21]. Here,
AE;4 is defined as the energy dissipation of 1% strain
per unit volume in SE cycle. Considering the difference
of MT temperatures, only the data of superelastic
temperatures more than 10°C away from the
transformation temperature are analyzed. The AE;q of
D15, D53 and D70 fibers are analyzed and the results
are shown in Figure 7. It can be seen that AE;y in
fibers with different diameters all exhibit a linear
dependence on temperature. In addition, AE;s
decreases with increasing temperature, but showing
different rates in different diameter fibers. The
sensitivity of AE to temperature can be expressed by
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the slope of the fitted straight line dAE;./dT. Among
them, the dAE;,/dT of D15 fiber is the largest (-
9.48x10* J/im®), followed by D53 (-4.22x10* J/im®), and
that of D70 (-3.17x10* J/m®) is the smallest. Obviously,
the dAE;4/dT of fibers is diameter-dependent.
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Figure 7: AEy and linear fitting diagram in fibers D15, D53
and D70.

4. DISCUSSIONS

4.1. Diameter Dependence of MT in Ni-Mn-Ga Fibers

The driving forces of MT mainly include chemical
and non-chemical free energy. The non-chemical free
energy mainly consists of interface energy, surface
energy, elastic storage energy, etc. According to ref.
[22], the rate of Gibbs free energy during MT of a
sample under stress can be described as:

G=[AGa+adi+ Gds+Ea] f+Ex|f|-6d

(1)

During forward MT, the strain rate in the positive
transformation €>0 and the change rate of martensite
volume fraction >0. While during backward MT, <0
and €<0. AGy=G"- G*,,=AH-TAS is the change in
chemical free energy per unit volume at temperature T.
When T>Arand no stress is applied, the austenite state
is more stable AG., >0. & is the interface energy per
unit area, and A; is the interface density. AVSFstM.stA is
the surface energy difference between martensite and
austenite per unit area, and Ay is the specific surface
area of the fiber. Eg is the increment of elastic energy
per unit volume during MT process. Ey is an irreversible
change in free energy, usually considered as the
energy dissipation driving the interface in the form of
frictional work. Most of Ej is dissipated by thermal
energy, while a very small portion is dissipated in the

form of sound waves. Obviously, the chemical energy,
interfacial energy, surface energy and elastic storage
energy increase with increasing content of martensite
phase during forward MT, and recover with the
decrease content of martensite phase during reverse
transformation.

For fibers with different diameters, the grain
boundary energy and elastic storage energy per unit
volume are basically the same, but the surface energy
per unit volume is much different. The smaller the
diameter, the higher the specific surface area of the
fiber. Due to the relatively small latent heat of MT, the
contribution of surface energy can be ignored.
However, the free surface can provide a large number
of defects and pinning points for interface movement
during MT process.

For multiple stress assisted thermal cycles, the
forward and reverse MT are temperature induced. As a
result, the heat transfer capacity [22] is an important
factor affecting the MT process of SMAs because
frictional work is mainly dissipated in the form of heat
and also because the first-order MT process can
release and absorb the latent heat via heat transfer in
the inner part of a fiber. The calculation formula for the
Biot number during heat transfer of a Ni-Mn-Ga fiber
with a diameter (D) can be described as:

Bi=hL./k=Dh/4k (2)

In Equation (2), Lc=D/4 is the ratio of volume to
surface of a fiber, thermal conductivity k=90 W/(mK),
and convection heat transfer coefficient hz‘IOW/(mZK).
As the fiber diameter is on the micrometer scale (10'6
m), the B; of all samples are extremely small, indicating
that the heat transfer in fibers of different sizes is
extremely fast relative to the convective heat transfer
on the surface. Therefore, the temperature in the fibers
may be considered the same, and heat transfer is
mainly limited by the convective heat transfer on the
surface. Therefore, it is necessary to consider the size
dependence of thermal energy dissipation. When a
fiber undergoes MT and generates a certain amount of
heat, the heat equilibration is:

g—4WT-T=)/ D—pCoT =0 3)

In Equation (3), q is the heat generated during MT,
T.. is the room temperature, p is the fiber density, and
C, is the specific heat capacity of a fiber. A portion of
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the heat generated by MT is consumed by fiber cooling
and heat release into the external environment.
Assuming that the rate of heat generated during MT
process is constant, from t=0 to t,, the rate of heat
change q=Q./ty, where f, represents the MT time,
which is inversely proportional to the loading rate or
strain rate; Qq is the total heat generated during MT
process, including the latent heat and irreversible
energy dissipation, in which the irreversible energy
dissipation is only a small fraction of MT latent heat.
Thus, the temperature of a fiber during MT process is:

th T t
T(t)=T-+=——[l-exp(——
(®) oCr to[ p( T)] (4)
The transfer of heat energy per unit volume varies
over time is as follows:

0(0)= 24— 211 - exp(- Dy (5)
to T

The thermal time constant 7 in Equation (4) and (5)
can be defined as r=DpC,/4h. The density and specific
capacity of fiber is p=1800 kg/m® and C,~460 J/(kgK),
respectively, 7is about 2.07 x 10*Ds. For D15, D53 and
D70 fibers, 7 is 0.3, 1.1 and 1.5 s, respectively.
Therefore, the larger the fiber diameter, the higher the
thermal time constant, meaning that the rate of heat
dissipation is relatively low. Similarly, the rate of heat
absorption is also relatively low.

So, the finer the fiber diameter, the faster the heat
exchange rate between the fiber and surrounding
environment. Thus, the fiber can release or absorb
heat in a more effective manner, leading to a small
thermal hysteresis during MT. Therefore, the MT
temperature hysteresis of D15 fiber is small, while that
of D53 fiber is relatively larger. As MT is affected by
both temperature and bia-stress, D53 fiber shows more
sensitive to stress since the heat transfer of D53 fibers
is slower compared to that of D15 (see Figure 2).

4.2. Size Effect of SE in Ni-Mn-Ga Fibers

For superelastic cycling at a certain temperature,
the forward and reverse MT are induced by stress,
where stress plays a leading role. According to
Equation (1), the stress hysteresis follows Equation (6):

A-M M—A

YE, [ HTAS) (T 5y
(6)

A->M _ M-4

(o o e=E,

where ¢ is the maximum strain in the SE process. At a
constant temperature, the sum of the last two terms in
Equation (6) is zero. Then equation (7) can be
obtained:

A->M M—A

)81=E‘fr +Eh‘ (7)

(O.A%M _ GMAA

According to Equation (7), the stress hysteresis is
mainly related to the frictional work in the SE process,
which is mainly dissipated by the interfacial motion.
The stress hysteresis is also related to the occurrence
of defects during SE. Since free surface can provide a
large number of defects and pinning points for interface
motion, the magnitude of SE stress hysteresis is
affected by the specific surface area of free surface.

Fibers with smaller diameters exhibit a larger
specific surface area, which can provide more surface
defects and pinning points. Consequently, more
frictional work and larger stress hysteresis can be
created in D15 fiber rather than D53 fiber. Due to the
combined influence of temperature and stress on SE
process and the timely heat exchange in fine fibers, the
do/dT of D15 fiber is the maximum, while that of D70 is
the minimum (see Figure 5). As the energy dissipation
of frictional work is dissipated via heat exchange, the
AE;4 of smallest diameter D15 fiber has the largest
decrease rate with temperature, i.e. the dAE;,/dT is
the maximum (see Figure 7).

5. CONCLUSION

The stress assisted thermal cycles and SE of Ni-
Mn-Ga micron-fibers with diameters 15, 41, 53 and
70um were experimentally studied and theoretically
analyzed based on the thermodynamic behavior. The
diameter dependent temperature hysteresis of stress
assisted thermal cycles and stress hysteresis in SE
processes were demonstrated. The main conclusions
can be drawn as follows:

(1) Ni-Mn-Ga fibers with different diameters
exhibited good stress assisted thermal cycles and SE.
The MT temperatures increased with the increase of
applied load during thermal cycles and SE. Stable MT
temperatures of stress assisted thermal cycles and
critical stress of SE were obtained during multiple
cycles under a constant load.

(2) For stress assisted thermal cycles of fibers with
different diameters, a diameter dependence of the
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temperature hysteresis existed during forward and
reverse MT. The temperature hysteresis and the stress
sensitivity of SE temperature in D53 fiber were larger
than D15 fiber since larger diameter fiber exhibited a
lower heat transfer rate.

(3) For the SE of fibers with different diameters, Ao,
do/dT and dAE;,/dT increased with decreasing fiber
diameter because smaller diameter fibers exhibited a
larger specific surface area and thus higher
defects/pinning points and heat transfer capacity.
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