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ABSTRACT

Thermo-mechanically responsive shape memory alloys (SMA) with
high strain generation have shown remarkable properties particularly, the
shape memory effect when use as an actuator. However, in practical
applications, it is difficult to characterize the shape memory behaviour due to
the complex coupling interaction between load and temperature that resulted
in dynamic nonlinear hysteresis. The actuation capability of SMA is
depending on the heat control mechanism of SMA. Herein, a comprehensive
study is established for Flexinol NiTi wire using induction heating and
compared to established data to reveal the feasibility of induction heating for
SMA thermomechanical characterization. A precise regulated heat control
chamber utilizing inducting heating to control the non-linearities in
temperature measurement was used to control the heat transfer mechanism of
SMA. Temperature-induced shape memory effect of Flexinol NiTi wire with
preloads ranging from 5N to 25N were evaluated in terms of the phase
transformation temperatures, thermal hysteresis and the generated strains.
With increasing preloads, the phase transformation temperatures and
transformation strain also increased, while the thermal hysteresis decreased.
The strain-temperature curves during thermal loading at different loads
demonstrated a prominent shape memory effect using induction heating. The
experimental results signified that induction heating offer a regulated
temperature control and faster heating capability, thus become a promising
heating technique for SMA thermomechanical characterization.

Keywords: Shape memory alloy, Shape memory effect, Load, Temperature,
Induction heating

I. INTRODUCTION

Nickel titanium (NiTi) is a commercially available
shape memory alloy (SMA) that has two prominent
functional properties which are shape memory effect
(SME) and superelasticity (SE) [1,2]. Both reflects the
ability of the material to restore deformation due to
mechanical and thermal loading, respectively as a result of
mutual reversible solid to solid thermoelastic
transformation from martensite phase to austenite phase
[3]. The martensite phase can exist in two variants namely
twinned and detwinned martensite. The ability to produce
restoring force and displacement promotes innovative
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design application of robot arms, adaptive wings, SMA
embedded in concrete column, sensor, actuator and
reinforced SMA composites [4]. Primary challenges on
employing SMA as actuators mainly focus on controlling
its nonlinear behaviour through regulated temperature
control to ensure precise SMA thermomechanical
characterization is attained [5]. Feasible heat activation
integrated with applied stress and temperature is crucial to
attain a reliable shape memory effect, thus achieving the
desired actuation with stable hysteresis. Most reported
work SMA characterization conduct temperature
activation through electric heating such as Joule heating
[6,7] and different cooling method such as natural air
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cooling [8], air cooling [9] and liquid cooling [10]. Both
these factors resulted in irregular hysteresis shape due to
improper temperature control [11], thus influences the
phase transformation temperatures and transformation
strain. Therefore, a reliable thermomechanical
characterization via experimental approach using
induction heating needs to be established in order to
optimize the use of wire in actuator applications.

In this study, a commercial SMA wire produced by
Dynalloy, Inc., USA, whose trade name is Flexinol was
loaded from 5 N to 25 N using loading setup with
dedicated enclosed heat control chamber and, comparing
those results with those obtained by Differential Scanning
Calorimetry (DSC) at zero preload (load free) condition.
This step is to compare the phase transformation
temperatures obtained from both methods. Since, data
measurement is very crucial in macroscopic approach, a
precise regulated heat control chamber to control the non-
linearities in temperature measurement is paramount to
loading setup. In this study, the effect of preloads on the
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observable properties such as phase transformation
temperatures, thermal hysteresis and transformation strain
were analysed. It can also compensate for the inaccuracy
characterization developed via existing unregulated
heating methods and therefore can provide more feasible
heat control scheme and thus higher accuracy in the
characterization of SMA response.

II. MATERIALS AND METHODS

2.1 Material

Nickel titanium wire alloys with 50% nickel and
titanium compositions respectively were used in this study.
This wire is commercially known as NiTi Flexinol made
by Dynalloy, Inc., USA with a diameter of 0.3048 mm and
can provide a maximum pull force of 25N as
recommended by the manufacturer [12]. The wires were
cut into length of 300 mm for the use as specimens in the
experimental work as shown in Figure 1.
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Figure 1 Flexinol SMA actuator wire
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2.2. Differential scanning calorimetry (DSC)

In this study, differential scanning calorimetry (DSC)
test was carried out to determine the phase transformation
temperatures of NiTi wire at zero preload condition. The
peculiar responsive behaviour of wire at exothermic and
endothermic peaks during the thermal cycle was observed
in this test. A small piece of wire sample with 42.64 mg
was cut out with 2 mm in height for DSC test. In this
course of study, a Perkin Elmer Jade DSC equipment was
used according to the ASTM standard [13]. The applied
heating and cooling rate were 10°C/min respectively and
the test was conducted between 0°C to 100 °C and held at
0°C and 100°C for 5 minutes respectively.

2.3. Experimental setup with induction heating

The effect of different preloads on the strain response
of NiTi wire at different temperature levels were evaluated
using a specially designed aluminium frame that
accommodates the placement of the wire in a heat chamber
and hanging dead weights at one end as shown in Figure
2. At the centre of the frame, a 300 mm length Flexinol
wire is attached to a fixed base and extended upwards
through movable frictionless roller which was fixed with
load cells via spool grips. The preload was applied by
hanging dead weights to the end of bearing and roller. The
dead weight also acted as the bias force needed to stretch
the SMA wire back to its original length when in the
cooling cycle. The Flexinol wire went through a
specifically designed heat control chamber with induction
heating that is capable of providing a contactless and

Displacement

uniform temperature distribution along the length of the
wire up and temperature can be controlled up to 0.01°C
sensitivity. The temperature-induced cycle involved in
heating from ambient to 90°C and cooling at a constant
rate of 5°C/min [14] for each preload. The frame was also
instrumented with a load cell and laser displacement
sensor to measure the force and displacement and readings
are acquired using LabView with National Instrument
Data Acquisition System (NI DAQ).

It is important to mention here that a specialized
induction heating method that capable of providing
uniform homogenous heating and cooling cycles with
precise temperature control and contactless heating is the
main contributing factor to the accuracy of the strain
produced by the SMA wire. This chamber consists of an
induction coil in which the SMA wire is inserted and an
electromagnetic field is induced to generate heat in the
wire. The drawbacks of the more common approach of
Joule heating resulted in incorrect hysteresis size and
shape which leads to inaccurate phase transformation
temperatures. A feedback controller system is integrated
with the chamber to regulate the temperature profile
precisely. A user interface specifically programmed to
control and monitor the temperature of specimen was used
to measure the temperature data of wire and connected to
heat chamber via Bluetooth connection. Discussion on the
potential of induction heating system as a means of
effective and homogenous heating method due to efficient
heat transfer rate was also previously reported [15].
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Figure 2 Experimental set-up for loading configuration with induction heating

2.4. Derivation of the typical features of SME from

strain-temperature diagram

In this section, the derivation of the typical feature of
SME from the strain-temperature diagram is demonstrated
in Figure 3. The features are the amount of transformation
strain, phase transformation temperature, thermal
hysteresis and the irrecoverable strain if exists. The phase
transformation temperature is the temperature required to

induce the reorientation of the crystalline structure of
Flexinol wire. The temperature difference between the
heating and cooling cycles is represented as the thermal
hysteresis [16]. The ideal equilibrium curve for hysteresis
loop is defined as temperature difference of the material at
50% austenite transformation during heating cycle and
50% martensite transformation during cooling [16,17]
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Figure 3 Typical features of SME [2]

III. RESULTS AND DISCUSSION

3.1 Phase transformation temperatures from DSC
testing
In this study, the phase transformation temperature of
Flexinol wire at zero preload is determined to identify at
what temperature the wire is activated or induced for phase
transformation without any preloads. The DSC curve in

Figure 4 presented phase transformation temperatures of
the wire with austenite start temperature, 4, = 82.37°C,
austenite finish temperature, 4,/= 89.08°C, martensite start
temperature, M, 44.36°C, and martensite finish
temperature, M= 32.14°C. The tangent lines constructed
to each start and finish of each peak with reference to the
baseline heat flows was used to determine the start and
finish of each transformation.
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Figure 4 DSC results for NiTi Flexinol Wire

There were two exothermic peaks observed in Figure
4 upon cooling corresponding to the forward martensitic
transformation. The transformation changes from cubic
lattice known as B2-austenite into twinned martensite
known as monoclinic B19’-martensite with martensite

peak temperature of 38.02°C. There is presence of R-
martensite transformation in between with peak
temperature of 43.33°C. This is due to the contribution of
the internal load which initiated the crystallographic lattice
orientation [18]. However, upon heating there is only one
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endothermal peak corresponding to the reverse martensitic
transformation from B19’-martensite to B2-austenite with
peak temperature of 84.91°C. This implies that the internal
loads stabilize during the reverse phase transformation.
Herein, the discussion on the microstructure change is
based on the similar reported works in Table 1.

Table 1 Phase Transformation Temperature of NiTi
Flexinol Wire from Reported Works

Reported ° ° As Af
work | MCO MO | o) | g
Current 4436 32.14 82.37 89.08
work
Danish et.
al. [19] 36.12 25.26 74.59 81.62
Granberry
et al [20] 420 253 660 7
Abdelaal
[21] 32 - o i
Potapov
et.al [22] 4 20 > 5

The material states of the wire in Figure 4 depicts the
phase transformation temperatures at zero preloads, which
will be referred as baseline values when preloading is
introduced. Herein, the DSC result does not give accurate
and reliable prediction of real-time phase transformation
temperatures that is dynamic in nature due to the existence
of variations in loading and temperature.

Table 2 Comparisons of Testing Parameters of NiTi
Flexinol Wire from Reported Works

Reported work | Sample size | Temperature range
Current work 42.64 mg 0°C to 100°C
Danish et. al.

120] 27.5mg -

Gran'%;rlr]y ctal . -125°C t0 125 °C

Abdelaal [22] - 20°Cto 115 °C

Table 1 outlined the inconsistencies of the DSC
results with similar reported works that also established
the phase transformations for Flexinol in accordance to the
same standard testing method. The comparison of current
DSC results with the average of other published works
shows 1.87% in M, 7.6% in M, 18.78% in 4, and 12.69%
in Ay percentage differences in the transformation phases.
This might due to different annealing rate, different
holding time, material composition, location of sensors
and processing conditions (which in this case is the same)
as well as sample mass and temperature range as outlined
in Table 2. However, DSC method based on established
standard like ASTM F2004-05 is still considered a
valuable tool for purpose of material screening. The
influential factors were specified in certain range of values
in the standard, thus resulting in the inconsistencies in the

transformation temperatures. For example, the mass of
specimen stated in the standard is between 20 mg to 50 mg,
which varies the total surface area of specimen and affect
the heat absorption and heat release by the specimen. This
implied that the associated influential factors discussed
above were not clearly explained or described in the
ASTM F2004-05, thus reduce the accuracy and precession
of DSC results for similar material. Therefore, a viable
experimental method employing loading setup connected
with induction heating method to measure phase
transformation temperature is explained in the next section.

3.2 Phase transformation temperature at different
preloads

SME in this section is described as the complete cycle
of the contraction of wire with heating and extension of
wire with cooling. When the preload is increased, the
relationship between the strain amplitude and phase
transformation cycle is shown in the Figure 5. There is a
significant upward shift in strain amplitude and
distinguished right shift in phase transformation
temperature with increasing preloads. This means that the
deformation ability of Flexinol wire increases
continuously during the thermal cycle, and could provide
enough strain response to restore the deformation at
different applied preloads. The increasing of preloads
varies the shift of the SME loop which is associated with
phase transformation temperatures.

Results in Table 3 showed that with increasing
preloads, all four phase transformation temperatures
increase as well. Increasing preloads increases the strain
and the resultant storage energy. Therefore, more time is
required by the wire to be activated in order to induce the
phase transformation occurrences with the presence of
preloads. This also implies that more heat energy is
required to induce the activation states of the wire which
was deformed by the preloads. This thermal cyclic
phenomenon is due to the orientation of the crystalline
lattice structure [23] of Flexinol wire that varies differently
during the heating and cooling phase with the presence of
preloads [24]. However, compared to the DCS result for
zero preloads, the trend in Table 3 shows that the
martensitic phase transformation temperatures increasing
with increasing preloads, whereas the austenitic phase
transformation temperatures decreasing with increasing
preloads. For this observation, it was anticipated that the
presence of preloads might decrease the build-up and
storage of elastic energy [25], thus requires less heat
energy to induce the activation states of the wire [26].

To put this shift of phase transformation temperature
together into perspective with the presence of preloads, a
trendline for the result presented in Table 3 is constructed
as shown in Figure 6. It highlights the relative correlation
of phase transformation temperature with the increment of
preloads. Note that the change on the phase transformation
temperatures is approximately less than 1°C for every 1 N
increment. At a maximum of 25 N preload, the change in
phase transformation temperatures is between 10 to 16° C.
The changes will directly affect the size of the hysteresis
loop that is critical to determine the generated actuation
strain. The linear trendline can be extended to cross the y-
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axis for the determination of the phase transformation
temperature at zero preload which is also reported in Table
1. In comparison to the DSC results, the zero preload
results obtained via hysteresis is significantly lower for the
austenite transformation temperatures. This could be due
the higher stored elastic strain energy [27] which resulted
faster initiation of reverse transformation due to less
heating [28]. In addition, the trend associated to the change

Increasing transformation strain
with increasing preloads
5 L 3
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in austenitic temperatures with the increasing applied load
is indefinite. Therefore, given the disparity in phase
transformation temperatures provided by DSC test, the
experimental methods with induction heating in this study
would be required to understand interplay between phase
transformation temperatures and other transformation
properties.
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Figure 5 SME Behaviour of NiTi Flexinol Wire at Different Preloads

Table 3 Phase transformation temperature of NiTi
Flexinol wire

Ms Mf As Af
(°0) (°C) (°0) (°C)
0 (extrapolated) | 44.4 28 46.4 57

Load (N)

5 48 34 50 60
10 50 36 52 62
15 54 38 56 64
20 58 48 60 68
25 60 50 62 70

3.3 Effect of different preloads on the thermal

hysteresis

The transformation strain which refers to the
actuation length or amount of stroke produced in the wire
may be critical information required to ensure the
feasibility of wire for a given engineering application. In
this section, the effect of preloads on the thermal hysteresis
and the amount of strain generated are presented in Figure
7. Herein, the similarity in the shape of the hysteresis for
all preloads that strongly suggest the effectiveness of the
heating and cooling using induction method.

The shape of the thermal loops for all the different
preloads were similar with A T gradually decreasing from
14.4°C to 9.5°C as shown in Figure 7 with increasing
preloads. The gradual decrease is associated with total
change in martensitic and austenitic phase transformation
loops. Note that in the Table 4, the change in martensite
loop is greater than the change in austenitic loop with
increasing preloads. This indicates that the greater change
in martensite loop might due to the dissipation of stored
elastic energy during forward transformation caused by
plastic deformation [24]. For the reverse transformation, it
is smaller due to the build-up and storage of elastic strain
energy which decrease with increasing preloads [24,25].
The presence of preloads further increases the amount of
heat dissipated in martensitic loop and decreases the
amount of heat absorbed in austenitic loop. This
phenomenon narrowed the width of the thermal hysteresis
loop, thus increase the amount of stroke generated by the
wire. Besides that, the thermal hysteresis for all the
preloads were close loops with no permanent residual
strain. This is because the strain generation is within the
yield strength of the wire. Therefore, in practical actuator
application, it is recommended that preloads are
introduced with the nature of preloads must be below the
yield strength of wire so that it does not change the length.
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Figure 7 Phase Transformation Temperatures of NiTi Wire at Different Preloads

Table 4 Thermal hysteresis and transformation
strain of NiTi Flexinol wire

Weight ATg ATRr Hysteresis | Strain
(N) (W9 (W9 (9] (%)
5 14.00 10.00 14.40 3.02
10 14.00 10.00 13.10 3.47
15 16.00 8.00 11.50 3.58
20 10.00 8.00 10.00 3.78
25 10.00 8.00 9.50 3.97

The relationship between the thermal hysteresis and
amount of strain generated is shown in Figure 8. The
amount of stroke generated by the wire is inversely
proportional with the thermal hysteresis with increasing
preloads. This trend is associated with the change in the
dislocation loops of the phase transformation. Dislocation
of loops is propagated by the elastic stored energy within

the interface loops [28] resulting in the generation of strain
by wire [29]. This propagation further modifies the
internal load of wire within the loops by energy absorption
and energy dissipation. In this study, the increase in energy
dissipation increases the internal load in martensitic loop,
whereas, the decrease in energy absorption decreases the
internal load of the wire in austenitic loop. These changes
narrowed the hysteresis loop [25] and increases the
amount of stroke generated by the wire during the thermal
cycle [27].

Herein, a smaller thermal hysteresis is critical
requirement for actuator design as it influences the
response time and frequency actuator [30]. This inverse
relation implies that higher preload is favourable to
optimize the stroke generated. Close study of strain-
temperature curve for SMA wire subjected to thermal
cycle and preloads reveals that the wvariation of
transformation temperatures with increment of preloads
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significantly influences the strain response in the shape
memory effect behaviour of SMA wire which is critical
especially for actuation applications. Table 5 shows the
comparison of maximum attainable stroke of established
study with other heating methods. The maximum
attainable stroke is almost 4% using induction heating and
this is also suggested by Dynalloy Inc. in the technical note

45

o
o

Transformation strain (%)

of the Flexinol wire that further reinforced the reliability
of the test method adopted in the current work. On
contrary, other heating techniques exhibited less than 4%
maximum stroke and strongly implied that inaccurate
actuation obtained due to the improper temperature control,
thus resulting in incorrect hysteresis size and shape.

16
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10

Thermal hysteresis (°C)
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Transfromation strain (%)

—e— Hysteresis (°C)

Figure 8 Relationship between Thermal Hysteresis and Transformation Strain

Table 5 Comparison of maximum attainable stroke
with other heating techniques

Heating methods Maximt:;ﬁsr;(ic;rmation
Induction heating 40
(current study)
Joule heating [31] 2.0
Electrical heating [32] 3.0
Hot water/liquid [33] 2.5

In conclusions, induction heating method capable to
actuate SMA wire accurately depending on the desired
applications. In many applications, the actuator wire in
structural elements probably will undergo dynamic
loadings, requiring an accurate yet practical estimation of
the effect of preloads on the performance and functionality
of the actuator for long term use. Even though the stroke
does not undergo a large change due to the preload, but the
significant shift in activation temperatures requires
changes to be made in the setting of the targeted activation
temperature of the actuator. Therefore, with the
application of feasible and regulated induction heating
method, a precise actuation is achieved.

IV. CONCLUSIONS

In this study, the reliability of the induction heating
is demonstrated via the resultant similar shaped hysteresis
that were obtained from the thermal cycles of various
preloading. The effectiveness of heating and cooling by
induction heating is proven through the prominent
hysteresis shape and well-established trend of the phase
transformation temperature and load. The phase
transformation obtained with DSC in zero stress condition
is different compared to the one obtained with the presence
of preloads due to influential factors such as material
composition and processing conditions, location of
sensors, sample mass and temperature range. This led to
inaccurate  prediction of phase transformation
temperatures in practical dynamic condition. Besides that,
it was shown that the phase transformation temperature
increases with increasing preloads. Conversely, with
increasing preloads, the thermal hysteresis is inversely
proportional to the transformation strain. This influences
the stroke generation of SMA wire which is a critical
information for designing an actuator for given
engineering application.
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