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Abstract: Both poly(methyl methacrylate) (PMMA) and NiTi possess shape memory and biocompat-
ibility behavior. The macroscale properties of PMMA-NiTi composites depend immensely on the
quality of the interaction between two components. NiTi shape memory alloy (SMA) and superelastic
(SE) sheets were spin coated on one side with PMMA. The composite was prepared by the spin
coating method with an alloy-to-polymer-thickness ratio of 1:3. The bending stiffness and radius
of curvature were calculated by using numerical and experimental methods during thermal cycles.
The experimental radius curvatures in actuation have good agreement with the model. The change
in shape results from the difference in coefficients of thermal expansion between PMMA and NiTi.
Actuation temperatures were between 0 and 100 °C for the SMA-PMMA composite with a change
in curvature from 10 to 120 mm with fixed Young’s modulus of PMMA at 3 GPa, and a change in
Young’s modulus of NiTi from 30 to 70 GPa. PMMA-NiTi composites are useful as actuators and

sensor elements.

Keywords: curvature; radius; shape recovery; NiTi; PMMA; thermal cycles

1. Introduction

Thermo-responsive shape memory polymers are those which have the capability of
changing their shape from temporary phase to a permanent shape upon application of an
external thermal stimulus. Advantages such as highly tunable properties, lower density,
easier processing, and lower cost provide great potential for applications in biomedicine,
intelligent textiles, and aerospace engineering. PMMA is the scientific name for the syn-
thetic polymer commonly known as acrylic glass, which is transparent, light weight and
carries the property of shape memory behavior. Shape memory materials can recover their
original shape after being severely and quasi-plastically distorted when the right stimulus
is applied [1]. This phenomenon is known as the shape memory effect (SME), and it has
been found in several material systems, including alloys, polymers and ceramics [2—4]. The
procedure to fix the temporary distorted shape is known as programming within the shape
memory materials. Polymers with SME properties are considered shape memory polymers
(SMP). Thermal stimulus is applied to induce the shape memory effect in SMP materials.
Thin films composite of NiTi alloys have attracted a lot of intention in biomedical industries
due to their unique properties of shape memory effect and superelasticity with deformation
capability, damping capacity, and biocompatibility [5-9]. Shape memory effects can be
classified into one-way shape memory effect and two-way shape memory effect (TWSME).
In low temperature regions, after an SMA is loaded and unloaded, some residual strain
remains. However, if the temperature is raised to a specific temperature, the residual strain
vanishes and the SMA returns to its original shape. This phenomenon is known as the
one-way shape memory effect. The two-way shape memory effect (TWSME) represents
a reversible spontaneous shape change during the cooling and heating process. This is
the consequence of reversible phase transformations observed without application of any
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external force. The shape memory effect of NiTi alloy and PMMA are shown in Figure 1a,b.
In shape memory alloys at twinned martensitic finish temperature (T; < M), which allows
phase transformation from martensite to detwinned martensitic form for deformed shape
as temporary form. Upon heating, reverse phase transformation occurs from detwinned
martensite to austenite, which allows the restoration of the original shape (T, > Af) and
also allows cooling at room temperature to martensite phase (T; < Mg). This phenomenon
is described for NiTi alloy as one-way shape memory effect in Figure 1a.

a - p—
@ original shape of NiTi ® ret,
Original shape of PMMA —_—
T,< M, &
- -
Deforming L B e I
T, < M, Heating | T>T,
i Deforming
iHeating ! :’
: Cooling T<T,
T,> A : Enta,
2 f: Shape set Entangled structure

{ ..Recovered shape of NiTi__; f
Cooling l l ng

Heating T>T,

Original shape of NiTi @

One-way —— Recovery of PMMA

Figure 1. (a) One-way shape memory effect of NiTi alloy; (b) Shape change and recovery of PMMA.

PMMA has revealed shape memory properties to some extent. PMMA foil could be
able to bend on external load and return on release of load. The polymer heated above
the glass transition temperature softens and can be deformed to a temporary shape and
then return to its original shape upon cooling. Like shape memory alloys, shape memory
polymers (SMPs) are attracting attention for their use in wearable displays and biomedical
applications, due to their good biocompatibility and excellent moldability [10-12]. PMMA
is considered one of the shape memories alloys that has the advantage of being lightweight
with excellent shape recovery due to their low density [13]. The heating response of
polymer above the glass transition temperature (Tg) makes deformation easier, since the
polymer converts into a rubbery state followed by unloading to remain to constrain the
distorted shape is largely maintained. Since NiTi and PMMA share several properties such
as shape memory behavior, deformability, and bio-compatibility, they are good candidates
for a thin-film composite. Several attempts have been made toward the application of
integrated NiTi polymer composite in the fields of robotics, micro fluids, and pneumatic
application. In biomedical industries, NiTi is used in various sectors of the human body. It
is widely used in electronic skin, neurogrid and robotic hand [14-17]. Additionally, NiTi
is applied in the fields of sensors and actuators, e.g., in E-capsules, micro-needles, and
bladder actuators [9,18,19]. Shape memory composites are transformed by applying an
external force at a high temperature, and the shape is temporarily fixed when it cooled.
Later the composite returns to its original, permanent shape at a temperature above the
glass transition temperature. The shape change results from the difference in coefficients
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of thermal expansion and from the change of Young’s modulus and of the coefficient of
thermal expansion in the NiTi SMA [20].

The limited rigidity and processing conditions for NiTi alloys create an obstacle for
wide application in biomedical industries. However, as PMMA polymer is biocompatible
with lower density, this allows for easy processing steps, lower cost, and good formabil-
ity [21-23]. Nevertheless, due to the polymer behavior of PMMA have inferior mechanical
properties relative to NiTi alloy and the use of PMMA by itself to engineering application
is limited. To combine both behaviors of alloy and polymer in an integrated manner for the
formation of a composite, we have attempted to optimize the fabrication of NiTi-PMMA
composite by a spin coating method, and we have analyzed shape memory performance as
the function of physical properties and the function of thermal cycles.

The spin coating method is commonly used as an easy, fast, and controllable method
for the formation onto substrates of high-quality PMMA resistance [24-26]. The spin
coating with follow-up curing condition controls the coating thickness with a surface
morphology of PMMA film on NiTi substrate of shape memory alloy (SMA) and super
elastic (SE). Simultaneously, the concentration of PMMA polymer and various processing
condition of the spin coating method allows uniform deposition of polymer films on the
NiTi surface. In addition to that, the adhesion contact surface between NiTi and PMMA
needs to be the subject of investigation. In this work, we implemented lines on the NiTi
surface created by solid-state laser based on our previous findings [27-29]. The PMMA
film coating is applied by spin coating for the deposition of films of uniform thickness
and surface roughness. Toluene is frequently used as a solvent to dissolve PMMA in
fundamental spin coating studies.

One of the interesting features of the NiTi-PMMA composite is thermally induced
shape change. The fully reversible shape change in neat NiTi sample upon thermal cycling
is called TWSME [30,31]. This effect is not an intrinsic property of shape memory alloys
(SMAs) such as NiTi but must be induced through various procedures. Most commonly,
the TWSME in NiTi or other SMAs is obtained through thermomechanical training [32,33].
Some other non-conventional ways of obtaining the TWSME are explained. The TWSME
was induced by hydrogenation applied at the inner side of bent NiTi ribbons [34]. Addition-
ally, the TWSME was obtained in Ni-rich NiTi shape memory ribbons by the combination
of the all-round treatment and the R-phase transformation [35-38]. The TWSME in Fe-28.8
at.% Pd melt-spun ribbons arise due to a compositional gradient across the ribbon from
the wheel contact side to the free contact side [39]. The TWSME is usually related to
internal stress developed during a TWSME training procedure. In the case of NiTi—polymer
composites, internal stress created at the composite interface due to a difference in the
coefficients of thermal expansion and/or constrained shape recovery of NiTi is behind the
reversible thermally induced shape change [40,41].

In this article, we investigate processing parameters for optimized coating deposition
of PMMA film on NiTi surface with subsequent physical properties of the composite. The
quality of PMMA film deposition and interface adhesion leads to the overall behavior of
composite as the function of thermal cycles is examined. The shape memory effect of a
composite in heating and cooling cycles with the radius of curvature is investigated by
experimental method.

2. Materials and Methods
2.1. Fabrication of Composite System by Spin Coating Method

PMMA polymer powder is diluted with toluene in two different ratios 1:12 and
1:24 g/mL of concentration for spin coating deposition on NiTi surface. NiTi sample is
designed in rectangular shape of 30 mm x 3 mm x 0.1 mm size, with follow-up laser
engravings with a spacing of 100 um in longitudinal direction [42,43]. The surface of the
NiTi sample was patterned by laser engraving using marking laser ROD 20, NNM 18020V 01,
NARRAN, s.r.o. The type of laser used is a pulsed fiber ytterbium laser with diode-pumped
machine. The effect of laser fluency energy was 20% of the maximum power 4 W, with a
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frequency of 20 kHz and a laser pulse length of 100 ns along the length of the NiTi. The
laser engraving on NiTi surface causes the PMMA film to adhere on the NiTi surface by an
interlocking mechanism. The spin coating was performed by the Laurell WS-400-6NPP spin
coater with 650 series controller program software. The spin coating process is represented
in a schematic diagram in Figure 2. The polymer solution of PMMA with toluene dissolved
in two ratios, 1:12 and 1:24 g/mL, and was left for 12 h with a magnetic stirrer for uniform
mixing. The concentration is added dropwise for the spin coating method for deposition of
the film according to optimized parameters. The composite is post-baked at 80 °C, for 12 h,
on a hot plate inside the furnace to release internal stresses and improve bonding between
NiTi surface and PMMA film. Spin coating and post-processing conditions are determined
parameters for obtaining PMMA films whose surface morphology either appears to be
featureless or dominated by pinholes and defects [44—46]. On altering the concentration
of PMMA powder with toluene solution, a thin film of PMMA is obtained on the NiTi
surface. Table 1 represents the optimized parameters for uniform coating on the NiTi
surface. Both shape memory alloy (SMA) and superelastic (SE) sheets are chosen for NiTi
sample. The SMA-NiTi sample exhibits martensite phase at room temperature and is able
to hold deformed shape with applied external force. However, SE-NiTi exhibits austenite
phase at room temperature and springs back upon release of external force. Samples were
obtained from the supplier SAES Getters group, Germany. The desired specimen was cut
from the bulk commercial sample (78 mm x 360 mm) by laser cutting.

‘ Spin up Thinning of a liquid film

4’}/—’1/)/*1( )

Solldlﬁed region Saturation of solidification
D, (-, (®»
( __) ) (), ( )
‘n N ‘-
- =

Figure 2. Spin coating deposition of PMMA on NiTi strip.

Table 1. Parameters for uniform coating of PMMA on NiTi surface by spin coating method and
corresponding observation.

Spin Coating Parameters

PMMA: Toluene (g/mL) (Speed, Time of Duration) Sample Thickness (mm) Observation
1:12 (SE) Speed: 3200 rpm, t: 30 s 0.216 =+ 0.034 Samples with pinholes
' Speed: 500rpm, t: 30 s 0.376 £ 0.052 Sample thickness improves
1:24 (SMA) S eig?i%biogpsnééisg Seed. 0.240 4 0.023 Sample with fewer pinholes
peed b 2 8 opeed: 0.232 + 0.030 fewer pinholes
500rpmt: 5
1:24 (SE) Step 1 + 2: Speed: 200 rpm, t: 0.492 4 0.048 Thickness improves with

405+ 500 rpm, t: 20 s better surface quality

Both composites are cured at 80 °C to maintain homogeneity and uniformity of
polymer layers and to release the residual stress.
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2.2. Characterization of NiTi and Composite System Using Various Techniques

Surface features of NiTi and composites were examined by a Zeiss Imager Z1 Optical
Microscope (OM, Zeiss, Oberkochen, Germany). Differential scanning calorimetry (DSC)
analysis was carried out by DSC 25 (TA Instruments Trios v5.1.1.46572, New Castle, DE,
USA) for the determination of the phase transition and glass transition temperature. The
sample was heated at 10 °C/min from room temperature up to 150 °C and then maintained
for one minute at this temperature, followed by cooling down at same rate to —100 °C.
The thermo-mechanical response of the composite was investigated by thermo-mechanical
analysis (TMA) using a LINSEIS L75 Cryo (Linseis, Sel, Germany) to observe the deflection
in terms of displacement during the cooling and heating cycles. The displacement of the
NiTi sample and its corresponding composite, on one and both sides, were considered
at fixed load of 100 and 200 mN. The temperature was chosen in the range of —100 °C
to +150 °C. The samples are cooled initially up to —100 °C with follow up heating up to
150 °C to observe the transformation peaks.

3. Results
3.1. Surface Morphology of PMMA Films Spin Coated on NiTi Substrates

The surface of NiTi sample is rough and inhomogeneous, as shown in Figure 3a;
however, the coating on this surface does not remain in an adhering state as a function
of time. After curing, the PMMA film easily peels off from the NiTi surface. However,
engraving lines by laser allows better adhesion of the PMMA film on the NiTi surface.
The surface of the NiTi with lines is shown in Figure 4b. The NiTi surface can be seen
through the transparent PMMA layer (Figure 3c,d). Composites were fabricated at a speed
of 500 rpm for 30 s, at 8.3 mol %, showing better results than at 3200 rpm. However, on
decreasing the concentration of a solution from 8.3 to 4.2 mol %, the quality of coating
improves and is more tunable concerning control pinholes and defects. The ratio of the
thickness between substrate NiTi to the deposition of PMMA film is 1:3. The post-baking
process is more effective in the SMA-based composite compared to the SE composite, which
releases internal deformation in SMA compared to SE.

(a) NiTi surface (b) Laser engravings on NiTi (c) Top PMM‘W*?‘ N';' - ’__.
TS s surface - surface ,‘ “"" o R
» -

R N v .
Wy r"tl,‘ﬂét; P
AT

T

(d) Béttom' NiTi surface through' ll (¢) PMMA along the Iongrtudmal
transparent layer of PMMA view

» ;% Iii r\'

Figure 3. Image of PMMA coating on the NiTi substrate. (a) NiTi surface texture; (b) NiTi surface with
laser line; (c) polymer-coated surface (transparent PMMA layer on the surface back surface); (d) front
surface; (e) visual observation in longitudinal lines; (f) deposition of PMMA in horizontal lines.
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Figure 4. DSC curves (a) SMA, SMA_Laser_lines, SMA_PMMA (1_side), SE, and (b) SE_Laser_lines
for SE_ PMMA (1_side) composites.

3.2. Thermal Response of Individual Components of the Composite

The transformation temperatures of SMA and its corresponding composites, SE-NiTi
samples, and its corresponding composites samples are shown in Figure 4a,b. Both SMA
and SE samples are received (SE_NiTi, SMA_NiTi), the samples with laser engravings
(SE_Laser_lines, SMA_Laser_lines) and corresponding PMMA film (SE_PMMA(1_side),
SMA_PMMA(1_side)) coating on one side transform the temperature range from —100
to 150 °C. On cooling, samples show the presence of R phase and martensite phases for
both SMA and SE samples. On heating, the austenite phase forms with a return to the
original phase. The SMA_NiTi sample shows a martensite finish temperature (My) of
—4.35 °C, which overlaps with sample laser engravings (SMA_laser_lines) and with the
PMMA coating on one side (SMA_PMMA(1_side)). The austenite finish temperature (Ay)
falls within 76.41 °C for sample and composite of PMMA with glass transition temperature
(Tg) of 95.23 °C. There is an overlap in the transformation temperature of the SE sample
and its laser-annealed SE sample and corresponding composites. On cooling phase, start
the R-phase transformation from 13.30 °C in the as-received SE sample to the composite,
and simultaneously, on heating, the austenite finish temperature (A¢) is 14.45 °C in the
composite. The transformation temperature is summarized in Table 2. The NiTi samples
with two static loads were investigated via thermo-mechanical analysis as the function
of temperature. Figure 5a,b display the change in displacement for SE and SMA samples
at two different loads of 100 and 200 mN. The sample shows change in displacement in
bending position with fixed load of 100 and 200 mN at cooling and heating temperature.
The samples return to original position after heating above the phase transformation
temperature and above austenite finish temperature [27]. The shape recovery during
heating shows the hysteresis behavior of the sample. SMA sample shows significant change
in the displacement and hysteresis curve from —400 to —1600 um. However, the SE-NiTi
samples show less deformation with changing in applied load from 100 to 200 mN. The
change in displacement varies only 200 pm.
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Table 2. Transformation temperatures and enthalpies of NiTi and composite samples. (As such, the
temperature accuracy of the Discovery DSC is £0.025 °C, equivalent to the repeatability).

Sample R (°O) Re(CO M (PO M((°O) A;(°O) Af(°O) j:tllia(ljlg) If:tl\};[aszg) l\ljn—:}z‘;ag)/;)
SE-NiITi 13.30 —28.18 —58.71 —84.41 —26.47 14.45 2.7 2.0 10.7
SE-Laser-lines 13.30 —28.18 —58.71 —84.41 —26.47 14.45 2.7 2.0 10.7
SE-PMMA 13.30 —28.18 —58.71 —84.41 —26.47 14.45 2.7 2.0 10.7
SMA-NITi 63.07 37.37 37.37 —4.35 37.02 76.41 4.7 6.6 18.0
SMA-Laser-lines 63.07 37.37 37.37 —4.35 37.02 76.41 4.7 6.6 18.0
SMA-PMMA 63.07 37.37 37.37 —4.35 37.02 76.41 4.7 6.6 18.0

The R-phase is found in nitinol, a shape memory alloy. It is a martensitic phase in nature, but it is not the
martensite that is responsible for the shape memory and superelastic effect. Rs: R-phase start temperature; Ry:
R-phase finish temperature; Ms: martensite phase start temperature; M: martensite phase finish temperature; As:
Austenite phase start temperature; As: austenite phase finish temperature.

200 ' ' ' ' ' b) SE_TMA ' ' ' '
) SMA_TMA _ o ©)SE-
—— Load 200 mN Load 200 mN
=200+ || oad 100 mN .
— ) ’é -500 - Load 100 mN
5 -400 1 =
E‘ -600 § £
£ £ -1000 - ]
@ -800 - { 8
= 8
. -1000 - . [
2 & -1500 - i
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-1400 - i
-2000 - ]
-1600 - J
T T T T T ¥ T v T ¥ T v T ¥ T ¥ T ¥
-150 -100 -50 0 50 100 150 -150 =100 -50 0 50 100 150
Temperature (°C) Temperature (°C)

Figure 5. (a) SMA; (b) SE-NiTi shows thermo-mechanical analysis at two different loads of 100 and
200 mN.

3.3. Thermal Response of Composite as a Function of Heating and Cooling Cycle

The thermal response of composite of SMA-PMMA and SE-PMMA systems was
investigated using heating-cooling cycles [47,48]. SE-PMMA composite shows a curved
shape in hot cycles; however, the shape returns to a flat shape in cold cycles. However, the
response of the SMA-PMMA composite shows completely reverse behavior compared to
SE-PMMA composite. SMA-PMMA composite shows flat behavior at hot cycles (shape
at 100 °C) and bent behavior in cold cycles (shape at 0 °C). SMA and SE-NiTi show no
deformation because of the uniform coefficient of thermal expansion across the volume
in the homogenous sample without any external load. The composite with polymer-
coated NiTi shows the thermal response of the bending movement as the function of
temperature in hot and cold cycles in Figure 6a—d. The radius of curvature from these
cycles is calculated and plotted as the function of the number of cycles. It has been observed
that with the number of cycles, there is a high fluctuation of the radius of curvature in the
SMA-PMMA composite [49,50]. The change in curvature of the radius is calculated and
plotted in Figure 7.
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(a) SE_hot_shape ( 100 °C) (b) SE_cold_shape (0 °C) ..~

Figure 6. Shape recovery SE and SMA-PMMA composite (a—d) as the function of thermal cycles
(heat, 100 °C and cold, 0 °C shape).
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Figure 7. Radius of curvature as the function of the number of cycles for SE and SMA-PMMA composite.

The dependency of the interlayer stress on the variable properties of PMMA-NiTi
sample can be estimated by the following expression [51]

_ [(1—Vz)+(1—1’1)§’73]ElT12
C 31 =) (A=) (X +y)yL2

o )
where z is the sample deflection, L is the length of the sample, E is the Young’s modulus,
T is the thickness, # = T»/T1 is the thickness ratio, { = E;/E; is the modulus ratio, v is
the Poisson’s ratio, and subscripts 1 and 2 stand for NiTi and PMMA, respectively. Based
on Equation (1), the interlayer stress and the Young’s modulus of the deposited layer can
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be easily determined [52]. Table 3 represents the interlayer stress values of composites at
various cycles that derived from Figure 7.

Table 3. Interlayer stress for various composites with PMMA at various cycles.

Cycle Number
Sample Case Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
(Stress in MPa) (Stress in MPa) (Stress in MPa) (Stress in MPa) (Stress in MPa)
SMA_PMMA (100 °C) 0.54 4+ 0.001 0.81 £ 0.002 0.52 4 0.001 0.81 4 0.002 0.84 4 0.003
SMA_PMMA (0 °C) 0.71 4+ 0.004 0.73 4+ 0.004 0.62 4+ 0.003 0.73 4+ 0.004 0.8 £0.01
SE_PMMA (100 °C) 1.26 + 0.008 1.24 £+ 0.008 1.23 £ 0.008 1.27 £+ 0.008 1.29 £+ 0.008
SE_PMMA (0 °C) 0.61 4 0.003 0.73 £ 0.004 0.72 4 0.004 0.53 4 0.002 0.44 £+ 0.002

Displacement (um)

400

3.4. Thermomechanical Behavior of Composite with Multiple Cycles

Thermomechanical behavior of SMA and SE-NiTi undergoes a three-point bending
test by using a thermomechanical analyzer with a static load [53-55]. The investigation was
performed on a static position with a constant load of 100 MN. The thermal cycles were
varied for the SMA-NITi in the range of —50 to 150 °C (Figure 8a), whereas temperature
was varied for the SE-NiTi in the range of —100 to 100 °C (Figure 8b). To refine the
response, the cycles were performed twice for each NiTi sample. Figure 8a,b represent the
thermomechanical response of NiTi samples for both SMA and SE and their displacement
(Delta L, pm) as the function of time and temperature.

150

200

=200

-400 -

=600

=800

SIMA 5 i T T T T T T T T T T 200
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L 100 150
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Lso © = e
g |
e T o @
o = 8 50 3
o O =100 Q
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L =50 .2 @ &
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=100
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0 10,000 20,000 30,000 40,000 50,000 0 10,000 20,000 30,000 40,000 50,000 60,000
Time (s) Time (s)

Figure 8. (a,b) Displacement and temperature profile for SMA and SE (5_cycles) as a function of time.

The multiple responses of the NiTi sample and composite system are performed in
thermal and thermo-mechanical performance. SMA-NiTi underwent five thermal cycles
to observe any shift in transformation temperatures. It has been observed that there is no
shift in transformation temperatures on repeat of five cycles (Figure 9a). However, the
thermo-mechanical response of SMA-NiTi samples shows there is a significant change
in displacement of Delta L = —200 um from 1st cycle to 5th cycle has been observed.
Simultaneously SMA-PMMA composite samples show a change in displacement as the
function of thermal cycles (Figure 10b). The sample returns to its original position during
the heating cycle. There is a slight change in Delta L = —50 um from 1st cycle to 5th cycle.
There is a reduction in the change in behavior of the SMA-PMMA composite observed
compared to SMA-NiTi sample. It may result due to bilayer of SMA and polymer PMMA
in the composite system. The difference in CTE between SMA-NiTi and polymer is used as
a lagging force for the deformation during thermal cycles (Figure 9C).
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Figure 9. SMA multiple cycles (5th) for (a) DSC for SMA-NiTi, (b) TMA for SMA-NiTi, and (c) TMA
for SMA-PMMA composite displacement as function of temperature.

Simultaneously multiple responses for five cycles in the SE-NiTi samples and SE-PMMA
composites were investigated by the thermal, thermo-mechanical response as the function
of thermal cycles. Thermal cycles for SE-NiTi samples show no change in transformation
temperatures during five cycles (Figure 10a). There is a strong overlap in the response of
thermal peaks. The thermomechanical response of the SE-NiTi sample at 100 mN load
shows the change in displacement. The displacement change varies as the function of
multiple cycles is significant between the NiTi surface and PMMA in the SE-NiTi sample
(Figure 10b). The change in displacement from 1st cycle to 5th cycle varies in the range
of AL = —300 pm. This may result in the accumulation of plastic strain during multiple
cycles. However, the samples return to their original position without a shift in heating
cycles. However, the SE-PMMA composite shows a slight change in displacement behavior
during the thermomechanical cycles. There is a shift in heating cycles, there is remaining
residual stress in the composite during multiple cycles, and it does not return to its original
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position. This response is observed in Figure 10c in the SE-PMMA composite system as the
function of thermal cycles.
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Figure 10. SE multiple cycles (5th) for (a) DSC for SE-NiTi, (b) TMA for SE-NiTi, and (c) TMA for
SE-PMMA composite displacement as a function of temperature.

The DSC response of the SMA-NiTi sample and corresponding SMA samples with
laser annealing and SMA-PMMA composites. However, the SE-NiTi sample and the
sample with laser line and composites have a drastic change in transformation temperatures
with a shift of more than +50 °C.

Simultaneously NiTi-PMMA also has lower enthalpies of the A—+R, R—+M and
M—A transformations. However, SE-PMMA composite shows similar in enthalpy in
the SMA-PMMA composite [56,57]. The bent shape change and radius of curvature for SE
and SMA composites are significant, with zero change (flat position) corresponding to the
infinite position of the sample. An increase in radius of curvature of SMA-PMMA compos-
ite is observed as the function of the number of cycles (see Figure 7). Thermomechanical
cycles with a static load condition of the NiTi sample show it recovered back to its original
state without any change in displacement during heating. However, there is a slight shift
in the original position in the case of composites that may be due to residual stress at the
interface between the polymer and NiTi [58-60]. The interfacial stresses calculated for the
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composite at various cycles show strong fluctuation in values of stress for the PMMA-SMA
composite at various cycles that correspond to the behavior of the shape change in Figure 8.
However, the composite of PMMA-SE shows significant change in internal stress from the
cooling to heating cycle that is well interpreted from the numerical findings from Table 3.

4. Conclusions

NiTi-PMMA composite samples could be able to change in shape with a temperature
change. We have observed and measured that the curvature of the composite changes as a
function of temperature. The experimental findings prove the dependency of the shape
change and radius of the curvature to the temperature of thermal cycles. This may happen
due to the accumulation of residual stress at the interface between the NiTi and polymer
systems in the composite. The residual stresses arise due to differences in the combined
parameters of Young’s modulus and CTE between NiTi and PMMA in the composite. The
thermomechanical response of NiTi samples, both SE and SMA, shows recovery to the
original position during thermal cycles at a constant load. However, the composites show
a shift in position that may develop due to the accumulation of residual stress with the
number of cycles.
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