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In this study, heat-responsive shape memory thermoplastic polymer blends were developed using

a solution blending technique. The blends consisted of maleic anhydride grafted SEBS (SEBS-g-MA)

as the elastomer phase and poly(caprolactone) (PCL) as the switch phase. The investigation focused

on understanding the effects of blend composition on morphological and mechanical properties.
Blends containing 40 and 50 wt % of PCL (SEBS60 and SEBS50, respectively) exhibited a co-continuous
morphology. Increasing the PCL content led to higher Young’s modulus and storage modulus at room
temperature, while decreasing the creep strain. Shape-memory tests demonstrated promising results,
with shape fixing ratios (R reaching up to 98.54% and shape recovery ratios (R,) up to 84.01%. Notably,
the SEBS60 blend displayed the best shape-memory performance, achieving an R;value of 97.15% and
an R, value of 76.29%. Cyclic shape-memory tests for the same blend maintained R;values above 96%

and R, values above 82%.

Smart materials form an important part of modern material
research. Stimulant-sensitive polymers are materials that can
significantly change their properties such as shape, mechanical
properties, phase separation, optical properties, electrical proper-
ties, surface and permeability [1]. Among smart materials, shape
memory polymers (SMPs), have a unique feature of changing their
shape with help of a stimulus such as heat, chemicals, electricity,
light and magnetic field [2]. The shape-memory effect relies on
molecular movements at the micro scale. Heat-sensitive shape-
memory polymers have stable molecules and restricted molecular
movements when they are in their permanent shapes at low tem-
peratures. The molecular motions increase at high temperatures,
and in this case, when an external force is applied, the molecules
are arranged to move to a lower entropy level by deformation. This
entropic level is blocked and the temporal shape is fixed when the
temperature is lowered. As the temperature is increased again, the
molecular movements restart and the original shape is regained
with the increase of entropy [3]. The temperature at which the
temporary shape is retained is called the shape-fixing tempera-

ture (Tj,), and the temperature at which the permanent shape is
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recovered is referred to as the shape transition temperature (T,,,)-
These temperatures used in the shape memory effect are the melt-
ing temperature or the glass transition temperature, depending on
the structure of the SMP [4]. The shape memory performance of a
SMP is evaluated using shape fixing ratio (Rf) and shape recovery
ratio (R,) [5-7]. The Ryindicates the ability of the polymeric system
to maintain its temporary shape during the shape fixation process,
and R, indicates the ability of the SMP to return to its permanent
initial shape [8]. SMPs can be produced by two different methods
as polymer synthesis and polymer blend preparation [9]. Multi-
block copolymers, one of the basic classes of SMPs, consist of at
least two different segments [10]. One of these segments is the
elastomer segment with high T, or T,,, and this component pro-
vides strength to the material above the transition temperature
(1,
lower thermal transition temperature and enables the temporary

rans)- The other component is the switch segment, which has a
shape to be fixed. Synthesizing these multi-block copolymers is
a difficult and complicated task, although it allows the develop-
ment of novel SMPs. Compared to synthesizing block copolymers,
the preparation of polymer blends containing an elastomer and a

switch component is more feasible. The production of polymer
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blends is more diverse and the effect of environmental factors is
lower during synthesis. On the other hand, shape memory perfor-
mance can be easily determined by changing the blend composi-
tion [11]. Although covalently cross-linked rubbers can be used
as the elastomer component responsible for shape recovery in the
production of shape memory polymer blends, they are impos-
sible to recycle and cause solid waste generation. As an alternative
to these materials, thermoplastic elastomers (TPEs) offer advan-
tages such as reprocessibility and recyclability [12]. Thermoplas-
tic elastomers are copolymers composed of hard and soft blocks
and exhibit phase-separated structures. The phases that make up
TPEs are connected to each other by covalent bonds in the form
of blocks or grafts. One of the phases has a high melting or glass
transition temperature and is rigid at room temperature. The other
phase consists of flexible chains with a low glass transition tem-
perature and exhibits elastomeric properties at room temperature.
Styrenic block copolymers (SBC), one of the most widely used
TPEs, are triblock copolymers in A-B-A structure. Here, the block
indicated by A is the hard phase polystyrene and B is the elasto-
meric block [13]. Poly (styrene-b-ethylene-butylene-b-styrene)
(SEBS) block copolymer is a thermoplastic elastomer consisting
of an elastomeric ethylene-butylene block in the middle and a
rigid polystyrene block on both sides. The SEBS exhibits properties
similar to conventional vulcanized rubbers at room temperature
with this structure, but can be processed like thermoplastics at
high temperatures because it does not have chemical crosslinks.
Maleic anhydride grafted SEBS (SEBS-g-MA) is obtained by graft-
ing polar maleic anhydride groups on nonpolar SEBS molecules.
With this chemical structure, SEBS-g-MA can also interact with
polar molecules compared to SEBS [14, 15]. PCL is a fully bio-
compatible and biodegradable semi-crystalline polymer and with
these properties it is often used for biomedical purposes [16-18].
On the other hand, it is frequently used in the development of
shape memory polymeric materials with its relatively low melting
temperature and high toughness properties [19]. In the literature,
shape memory polymer blends of PCL prepared with styrenic elas-
tomers are quite limited. Abdallah et al. prepared a blend of PCL
(40%) and styrene-butadiene-styrene (SBS) (60%) and investi-
gated effect of enzymatic hydrolysis of the blend on mechanical
and shape memory properties [3]. It is reported that the crystal-
linity degree, glass transition, and melting temperatures of PCL
phase rise as M, of PCL drops after the enzymatic hydrolysis of
the blend. They also found that the R, value of the PCL/SBS blend
dropped as the Mw of PCL decreases. In another study of a PCL-
based shape memory polymer blend using SBS elastomer [20],
morphological and mechanical tests revealed a phase-separated
morphology. The PCL started to develop a continuous phase after
a 30% content level while its use in 70% caused “phase inversion”
Based on the results of the shape memory tests, the optimal SMP
blend was developed with an optimized morphological design that
included SBS elastomer as the major continuous phase and PCL as
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a switch polymer as the minor continuous phase. Peng et al. pro-
duced 3D printable Recently, the only study using SEBS-g-MA and
PCL together has been the production of carbon nanotube rein-
forced polymer nanocomposites with electro-active shape memory
properties [21]. The thermo-responsive shape memory blends
were also prepared with SEBS-g-MA elastomer and PCL switch
component at different compositions via melt mixing method. The
semicrystalline PCL as switch polymer was reported to keep the
temporary shape of the blend below its T,,, (60 °C) used as the T,
of the SMP blend, and melt at 60 °C. The blend containing these
components in equal amounts exhibiting co-continuous mor-
phology resulted in maximum recovery and fixing ratios in shape
memory performance test. In another study, Peng et al. compared
the compression molding and 3D printing methods for shaping
shape memory polymer blends of SEBS/PCL, which they prepared
using the melt blending technique. They reported superior shape
memory performance when using the 3D printing method and
noted that the produced material exhibited self-healing proper-
ties at 80 °C [22].

In this project; the production of thermo-responsive shape
memory SEBS-g-MA/PCL blends was carried out by solu-
tion mixing method unlike the abovementioned studies about
thermo-responsive PCL/SBS or PCL/SEBS blends produced via
melt mixing technique. In the production of shape memory pol-
ymer blends, PCL semi-crystalline polymer was used as switch
polymer. It was thought that polar maleic anhydride functional
groups on SEBS-g-MA polymer which is the elastomer compo-
nent of the blend could interact with the PCL polymer having
polar character. The blends were subjected to tensile tests and
thermo-responsive shape memory test in tensile mode and the
results were discussed in relation to the morphological proper-
ties of the blends and the blend composition. Dynamic mechani-
cal analyses as well as creep performance tests of the blends
were also done. Moreover, cyclic shape memory properties,
temperature dependent shape recovery performances, shape
memory of “U” shaped sample containing bending deforma-
tion as well as self-healing behavior of representative blend were

also investigated.

Morphological characterization of SEBS-g-MA/PCL
blends

The distribution of polymer phases in the blend was determined
by SEM analysis. The analyses were performed after etching the
PCL phase from the cryo-fractured sample surfaces via diox-
ane. The SEM images of SEBS-g-MA/PCL blends are given in
Fig. 1. The cavities in the images belong to etched PCL phase
separated from the SEBS-g-MA elastomer phase. As it can
be seen in the images, due to the incompatibility of the poly-

mer components, all of the blends exhibited phase-separated
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morphology. However, it can be seen that the PCL phase shows
a homogeneous distribution within the SEBS-g-MA phase in
all of the blends. In Fig. 1(a)-(c) (SEBS90, SEBS80 and SEBS70,
respectively), it is seen that the PCL phase was distributed dis-
continuously in the SEBS-g-MA phase and the size of the PCL
domains increase with increase in the amount of PCL. In the
SEBS60 blend [Fig. 1(d)], the PCL seemed to transform from
discontinuous distribution morphology to a co-continuous mor-
phology and similar morphology was observed for the SEBS50
polymer blend [Fig. 1(e)]. Obtaining co-continuous morphol-
ogy in the blends is important for shape memory performance.

Generally, the best shape performance effect in polymer blends

Acc.V SpotMagn Det WD }———— 10um
100KV 30 5000x SE 102

is obtained in those with co-continuous morphology in which

both phases can reflect their own properties.

DSC analyses of SEBS-g-MA/PCL blends

The DSC curves of the prepared SEBS-g-MA/PCL blends are
presented in Fig. S1 (Supplementary Material File) and the
results are tabulated in Table 1. DSC data for neat PCL were
taken from a previous study [23]. In the blends, both the melting
temperature and crystallization degree (X_) of pure PCL showed
a slight decrease in the presence of SEBS-g-MA (Table 1). This
may be due to the inhibition of the crystallization process of

PCL molecules by SEBS molecules as a result of the interaction

)
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Figure 1: SEM images of SEBS-g-MA/PCL blends (a) SEBS90, (b) SEBS80, (c) SEBS70, (d) SEBS60 and (e) SEBS50.
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of PCL with polar maleic anhydride groups of SEBS-g-MA (Figs.
S2 and S3, Supplementary Material File) [24-26]. The decrease
in melting temperature and crystallinity can be attributed to the
interactions between the polymers forming the polymer blends
(Figs. S2 and S3, Supplementary Material File) [27]. In terms of
thermal transitions of the SEBS-g-MA, it was found that PCL
does not affect the Tg, ¢ and the Tc,4 of the ethylene-butylene
block as well as the Tg,,, 4 of the polystyrene block (Table 1). The
melting temperature of the ethylene-butylene block (19.33 °C)
increased slightly in the blends may have resulted from the
restricted molecular movements of the ethylene-butylene chains
as a result of the interactions of the polar groups of PCL with the
MA groups of the SEBS-g-MA (Figs. S2 and S3, Supplementary
Material File).

Since all of the SEBS-g-MA/PCL blends completed their
melting processes before 60 °C (Fig. S1), this temperature value

was chosen as the shape transition temperature (T,,,,,) to be

trans.
used in the thermo-responsive shape memory behavior.

The crystallization temperature (T,) of pure PCL (22.82 °C)
shifted to higher temperature values as amount of SEBS-g-MA
in the blends increases and reached 28.34 °C in the SEBS50
blend [Fig. S1(b) and Table 1]. The increases in the crystalliza-
tion temperature of PCL in the blends may be ascribed to the
polystyrene phase of the SEBS-g-MA, which is in solid form at
crystallization temperature of the PCL, acting as a nucleating
agent for the molten PCL molecules.

Another parameter important for the heat-triggered shape
memory property is the shape-fixing temperature (T}, ), at which
the transition of the switch component from the molten state

to the solid state is completed and fixes the temporary shape of

the material. Since all the SEBS-g-MA/PCL blends completed
their crystallization above 10 °C, the Tj, at which temporary
shape was fixed in the heat-triggered shape memory tests, was
selected to be 10 °C.

Tensile properties of SEBS-g-MA/PCL blends

The stress—strain curves of the SEBS-g-MA/PCL blends are pre-
sented in Fig. S4 (Supplementary Material File), and the cor-
responding test results are shown in Table 2. Tensile data for
neat PCL were taken from a previous study [23]. These polymer
blends demonstrated high elongation at break values, elongat-
ing well beyond their original dimensions even at high draw-
ing rates. They exhibited lower elongation than neat PCL but
higher elongation than neat SEBS-g-MA elastomer, indicating
that the phases are homogeneously dispersed in the blends. The
SEBS90 blend exhibited a lower modulus (12.9 MPa) compared
to that of SEBS-g-MA (18.5 MPa). This can be attributed to the
interactions between the MA groups of SEBS-g-MA and PCL
(Figs. S2 and S3, Supplementary Material File) in this particular
composition, which may prevent clustering of the polystyrene
blocks acting as physical crosslinking regions for the ethylene-
butylene phases, thus reducing the stiffness of the matrix. In
other compositions, as the amount of PCL (the rigid compo-
nent in the blend) increased, the modulus value also increased.
The highest modulus value was obtained in the SEBS50 blend,
reaching 58.5 MPa.

All of the tensile strength values of the polymer blends took
place within the range of those of the neat polymers, indicat-

ing the existence of interactions between polymer components

TABLE1: The results of DSC

analyses. Materials T,(EB)(°C) T,(EB)(°C) T.(EB)(°C) T,(PS)(°C) T, (PCL)(*C) T (PCL)(°C) X (PCL)(%)
SEBS-g-MA —55.32 19.33 0.30 89.55 - - -
SEBS90 —55.01 21.41 0.35 89.60 54.62 24.68 36.96
SEBS80 —-54.32 22.15 0.31 89.22 56.48 25.41 36.09
SEBS70 -54.79 22.25 0.97 89.20 56.06 25.99 35.55
SEBS60 —55.46 22.41 0.77 89.55 56.77 27.94 35.30
SEBS50 -55.33 22.65 0.94 89.77 57.49 28.34 35.05
PCL -64.89 - - - 57.22 22.82 40.19

TABLE2: Tensile test data of SEBS- Elongation at

9-MA/PCL blends. Materi Elastic modulus (MPa) Tensile strength (MPa) break (%) Toughness (Nmm)

aterials

SEBS-g-MA 18.5+£3.0 6.72+0.18 77413 12,796 £100
SEBS90 129+2.1 9.49+0.04 112918 23,127 £674
SEBS80 20.2+0.9 9.16+£0.25 105837 23,266+ 905
SEBS70 329+29 10.02+0.61 938+57 22,468 +3029
SEBS60 414139 11.31+£0.27 1020£21 31,174+£3610
SEBS50 58.5+0.7 12.35+0.21 1035+£19 35,274+ 1446
PCL 156.0+3.7 30.16+0.64 137916 85,908 +2380
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(Figs. S2 and S3, Supplementary Material File) and preventing
early breakage. Likewise, all of the toughness values were found
to be between the values of the pure polymer components. The
toughness value of neat SEBS-g-MA (12,795.90 Nmm) increased
with the increase in PCL amount and reached 35,274.49 Nmm
in the SEBS50 polymer blend.

Creep properties of SEBS-g-MA/PCL blends

Creep tests of SEBS-g-MA/PCL materials were performed under
1 MPa stress and at 25 °C. The creep deformation vs. time curves
are presented in Fig. 2(a) and the test results are tabulated in
Table S1 (Supplementary Material File). Creep data for neat PCL
were taken from a previous study [23]. It was found that neat
PCL exhibits the lowest creep strain and the highest strain recov-
ery [Fig. 2(a), Table S1] which can be ascribed to more elastic
character of the PCL at 25 °C, as compared to SEBS-g-MA found
at rubbery phase due to its EB phase with much lower T,. The
creep strain for the blends reduced as the amount of PCL, which
is the hard component in the blend, increased except SEBS90
blend. This can be ascribed to restricted molecular movements
of the SEBS elastomer by rigid PCL regions, slowing down the
deformation of the SEBS molecules. Accordingly, the lowest
creep strain was obtained in the SEBS50 blend. On the other
hand, the higher creep strain of the SEBS90 blend compared
to the neat SEBS-g-MA polymer can be explained by the lower
elastic modulus of this polymer blend than SEBS-g-MA elas-
tomer (Table 2). All the blends exhibited permanent deforma-
tions that increased in direct proportion to the creep strains they
performed. Strain recovery percentages did not tend to change
depending on the compositions, and all polymer blends showed
greater than 80% recovery to their initial dimensions.

The creep analysis was repeated for the representative
SEBS60 blend at temperatures of 35 and 45 °C. The related creep

curves are given in Fig. 2(b) and the results of the analyses are

a —— SEBS
—— SEBS 90
—— SEBS 80
——SEBS 70
—— SEBS 60
—— SEBS 50
---PCL

Strain (%)

Time (min)

presented in Table S2 (Supplementary Material File). As can
be seen from the curves, the creep deformation increased with
increase in the test temperature. As a result of the increase in
the mobility of polymer molecules with the increase in the tem-
perature, the softening of the material caused higher creep strain
and permanent deformations accordingly. At 45 °C, a tempera-
ture close to the melting temperature of PCL, higher strain may
occur due to the gradual increase in the energy of the PCL mol-

ecules and even some small crystals might have melted.

Dynamic mechanical properties of SEBS-g-MA/PCL
blends

Figure S5 (Supplementary Material File) shows Tan § vs. tem-
perature and E’ vs. temperature curves of SEBS-g-MA and PCL
polymers. The DMA data for neat PCL were taken from a previ-
ous study [23]. The storage modulus-temperature and damping
parameter-temperature graphs of SEBS-g-MA/PCL polymer
blends are given in Fig. 3(a) and (b), respectively, and the results
of the analyses are given in Table S3. The SEBS-g-MA is a tri-
block copolymer and therefore has two different glass transition
temperatures (Fig. S5).

The glass transition temperature of the elastomeric ethyl-
ene-butylene block and that of the hard block polystyrene block
was found to be — 49.3 and 90.61 °C, respectively. The T, of
PCL was determined as — 50.21 °C (Table S3). The decrease in
E' of the PCL above 50 °C (Fig. S5, Supplementary Material
File) is due to its melting transition at 57 °C (Table 1). All the
polymer blends exhibited a single-step modulus drop and one
tand peak (Fig. 3) since the glass transition temperatures of the
ethylene-butylene block of SEBS and of PCL are very close to
each other. In the polymer blends, the soft phase (EB) showed
very few changes for its glass transition temperature (Table S3).
The SEBS90 blend exhibited the lowest storage modulus and the
highest damping at room temperature (25 °C) (Table S3), which

b10—

9 P —25°C
oo | --=--35°C
8- ’," : ---45°C

-7 |

7 //’ :

Pt '

g 6 , X

2] !

Time (min)

Figure2: Creep test curves: (a) Creep curves of SEBS-g-MA/PCL blends and (b) Creep curves of SEBS 60 blend obtained at different temperatures.
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Figure 3: (a) Storage modulus vs. temperature and (b) Tand vs. temperature curves of SEBS-g-MA/PCL blends.

is in agreement with its lowest Young’s modulus (Table 2) and
the highest creep strain (Table S1) results. The lowest damping
values in the glass transition region were obtained in the blends
of SEBS60 and SEBS50 with the higher amounts of PCL and
co-continuous morphologies. This may be ascribed to the rigid
PCL phase restricting the movements of the ethylene-butylene
elastomer segments of SEBS which limits their damping abili-
ties. The storage moduli of the blends at 25 °C tended to increase
directly with the amount of PCL while their damping values
changed inversely with the amount of PCL (Table S$3). This can
be explained by the increased amounts of the crystalline struc-
ture at 25 °C with increase in PCL phase in the blends resulting
in enhanced hardness and so restricted molecular movements
reducing the damping performance. At 60 °C, which is above the
melting temperature of PCL, sudden decreases were observed
in the storage modulus values of the polymer blends compared
to neat SEBS-g-MA as a result of melting of the crystal blocks
of the PCL in the blends [Fig. 3(a)].

Thermo-responsive shape memory analyses
of SEBS-g-MA/PCL blends

The thermo-responsive shape memory properties of the blends
were investigated with the TMA instrument. First, the blends
were heated to 60 °C as the shape transition temperature (Ty,p)
then they were subjected to 40-50% deformation at a constant
force. After they were cooled to 10 °C (Tj,), the temporary shape
was allowed to stabilize and then the applied force was removed
to determine the material’s temporary shape fixing ratio (Ry).
The samples in their temporary shapes were again heated up to
60 °C and the shape recovery was monitored and at the end of
the analyses, the shape recovery ratios (R,) were calculated using
the permanent deformation values on the materials.

The thermomechanical graphs from which the thermo-
responsive shape memory performances of SEBS-g-MA/PCL

©The Author(s), under exclusive licence to The Materials Research Society 2023

polymer blends are determined, are given in Fig. 4 and the
Ryand R, values obtained from the graphs are presented in
Table 3. In two-phase polymer blend systems consisting of
elastomer and switch components, in general, shape recov-
ery capability improves as the amount of elastomer phase
increases and shape fixing performance improves as the
amount of switch polymer phase increases [9]. It was found
that the R, ratios of SEBS-g-MA/PCL blends increased in
direct proportion to the amount of PCL (Table 3). The low-
est Ry was achieved for SEBS90 with 63.44% and the high-
est Ry was obtained in SEBS50 blend with 98.59% (Table 3).
As the PCL content in the blend increased, the ability of
the switch polymer phase to resist the entropic retraction
force of the SEBS-g-MA elastomer improved and the poly-
mer blends were able to maintain their temporary shapes to
higher extents. On the other hand, as the amount of SEBS-
g-MA in the blend increased, the shape recovery ratio (R,)
values improved except for SEBS90 blend. The lowest R, was
obtained in SEBS50 blend with 74.85% and the highest one
was achieved in SEBS80 blend with 84.01%. The lower R, ratio
of the SEBS90 blend may be due to the fact that the initial
deformation of this polymer blend is carried out by applying
a higher force compared to other blends. The majority of the
deformation applied to the SEBS 90 blend, which contains
a small amount of molten PCL, may have occurred on the
SEBS molecules. During the deformation, the PS blocks in
the SEBS elastomer, which form a physical cross-link for the
EB blocks, may have lost their positions by separating from
each other and as a result of the relaxation of the molecules,
the elastomer phase may have lost its properties and therefore
a lower R, ratio may have been obtained due to the decrease
in the retraction force it will use for shape recovery [28]. It
is known that apart from the effect of the composition of

the components, the morphology of the components in the
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Figure4: Thermomechanical shape memory curves of SEBS-g-MA/PCL blends: (a) SEBS 50, (b) SEBS 60, (c) SEBS 70, (d) SEBS 80 and (e) SEBS 90.

blend is also of great importance on the shape memory per-
formances of SHP blends. Polymer blends with co-continuous
morphologies allow both the elastomer component and switch
component to retain their unique properties within the blend,

so optimum shape memory performances are often achieved

TABLE3: Shape-memory properties of SEBS-g-MA/PCL polymer blends.

Materials R¢ (%) R (%)
SEBS 50 98.59 74.85
SEBS 60 97.15 76.29
SEBS 70 92.34 78.31
SEBS 80 80.87 84.01
SEBS 90 63.44 78.17

©The Author(s), under exclusive licence to The Materials Research Society 2023

in compositions with this morphology. The co-continuous
morphology is divided into (1) matrix elastomer phase and
continuous switch phase and (2) matrix switch phase and con-
tinuous elastomer phase. It was reported that the systems in
which the elastomer phase is the matrix and the continuous
switch phase is distributed within this matrix exhibit better
shape memory performances [20]. Among the blends, the
SEBS60 has the same type co-continuous morphology with
continuous PCL phase dispersed in the SEBS-g-MA elastomer
phase. The optimum R;and R, values were obtained in this
blend as compared to those of other SEBS-g-MA/PCL blends
produced.

Finally, the SEBS60 blend, which exhibits optimum shape
memory with 97.15% shape fixing and 76.29% shape recovery
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ratios, was selected as the best performing blend and this com-
position was used for the further performance tests given in the
following parts.

Shape memory properties of SEBS-g-MA/PCL polymer
blends.

The potential of the SEBS60 as the representative blend to
reproduce the shape memory properties was determined by
thermomechanical analysis repeated cyclically three times. The
analysis curve is presented in Fig. 5(a) and the Ryand R, ratios
obtained for each cycle are given in Table S4 (Supplementary
Material File). In the analysis performed, although the same
force was applied for each cycle, the deformation on the sam-
ple gradually increased. This increase in deformations is due to
stress softening in cyclic deformations in elastomers or relaxa-
tion known as the Mullins effect. The Mullins effect is a phenom-
enon observed in elastomers (rubber-like materials) that exhibit
a reduction in mechanical properties after being subjected to
cyclic loading or deformation. This effect is characterized by
the occurrence of various molecular-level changes, such as dis-
entanglement, bond breakage, and molecular shifts within the
elastomer molecules [29, 30]. The shape fixing and shape recov-
ery performances of the blend in each cycle were compared and
it was seen that as the number of cycles increases the R;value
increases while the R, value decreases (Table S4). This change
in the ratios also proves that SEBS-g-MA molecules relax as the
number of cycle increases. It can be stated that stress softening
occurs during deformation, leading to a reduction in the retrac-
tion force applied by the SEBS phase on the PCL phase during
shape fixing, and resulting in a higher ratio of temporary shape
fixing. On the other hand, due to the decrease in the retraction
force provided by the elastomer phase, the ability to return to
the permanent shape decreased and R, values decreased during
the shape recovery process. The reason for the higher R, val-
ues obtained for cycle test (Table S4) in comparison with the R,

value given in the Table 3 for the same blend can be due to the
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fact that lower permanent deformations occur as a result of the
application of lower strains on the material in the cyclic shape
memory analysis.

In order to determine at which temperature the SEBS60 as
the representative blend performs how much shape recovery,
a stepwise shape memory analysis was performed by waiting
for 15 min at every 5 °C increase between 40 and 65 °C. The
thermomechanical graph of the analysis performed is given
in Fig. 5(b) and the shape recovery ratios obtained are given
in Table S5 (Supplementary Material File). It is clear from the
figure that the SEBS60 blend started its first shape recovery at
50 °C, where it recovered 0.98%. At 55 °C, the shape recovery
reached 62.02% as most of the PCL crystals melted. At this tem-
perature, the shape recovery could not be completed because

not all crystals melted. When the T, was 60 °C, one more step

rans
occurred and 77.39% recovery was achieved. At 65 °C, although
there was no formation of a new shape recovery step, indicating
that 60 °C is appropriate as the shape transition temperature, the
shape recovery improved further, reaching a value of 79.43%.
Another thermo-responsive shape memory analysis was
conducted for the SEBS 60 blend using a sample deformed
in a “U” shape. For the analysis, a sample with dimensions of
5.0x0.5x0.1 cm? [Fig. 6(a)] was immersed in hot water at 65 °C
for 30 s and then taken out. The heated sample was deformed
into a “U” shape with arms spaced 1 cm apart using a 3D printed
mold. While the applied load was maintained, the sample was
submerged in cold water at 10 °C to preserve the temporary
shape. It was observed that the cooled SEBS 60 blend maintained
its temporary “U” shape [Fig. 6(b)]. Subsequently, the sample in
its temporary shape was placed inside an oven at 65 °C, and the
recovery process from the temporary shape to the permanent
shape was monitored. The images of the shape recovery process
are shown in Fig. 6(c). The SEBS60 blend completely recovered
its permanent shape from temporary “U” shape within 330 s. In

this analysis, a higher shape recovery was achieved compared to
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Figure5: Shape memory performances of SEBS 60 blend under various conditions (a) cyclic shape memory behavior and (b) stepwise shape memory

analysis.
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the shape recovery rate obtained from the TMA device (Table 3).
This difference can be attributed to the variation in deforma-
tion between the two analyses. During the TMA test, the sample
underwent long-term deformation in the tensile shape, while for
the “U” shape, the sample was subjected to short-term bending
deformation. The higher permanent deformation obtained dur-
ing the tensile deformation might be due to the untangling of
the SEBS-g-MA molecules and the loss of their positions over
each other as a result of the deformation process, leading to
higher permanent deformation. Consequently, the return of
elastomer molecules to their original high-entropy states in the
TMA device might have been more challenging, resulting in
a decreased shape recovery ratio. Recovery process of SEBS60
blend is given as Video S1 (Supplementary Material File) as sup-
plementary material.

Self-healing behavior
The self-healing ability of the SEBS60 polymer blend, as the repre-

sentative sample, was analyzed, and related photographs and opti-
cal microscope images are presented in Fig. 7. In the analysis, the
sample with dimensions of 10.0x 1.0 x 0.1 cm?® was first damaged
by creating a 0.8 cm deep notch using a utility knife [Fig. 7(a)].
Subsequently, the damaged sample with the surfaces of the notch
touching each other was placed in an oven at a temperature of
70 °C, a temperature above the melting temperature of the PCL
phase and below the glass transition temperature of the PS blocks
of the SEBS-g-MA, and allowed to self-healing for 5 min. The
sample was then cooled to room temperature [Fig. 7(b)]. The self-
healing sample was observed to bend around the notched area, and
the damaged area surfaces remained connected without separating
from each other, forming a cohesive structure. The sample dem-
onstrated its ability to repair itself successfully [Fig. 7(c)]. In the
optical microscope images, it is observed that the notched surfaces,
which were separated in the damaged area [Fig. 7(d)], merged after
the self-healing process [Fig. 7(e)]. However, the damaged area

© The Author(s), under exclusive licence to The Materials Research Society 2023

Figure 6: Shape recovery performance of “U-shaped” SEBS 60 blend (a) Permanent shape, (b

) Temporary shape, and (c) Shape recovery at 65 °C.

did not completely disappear. This is due to the fact that the self-
healing process was carried out at a temperature well below the
flow temperature of the SEBS-g-MA polymer. As a result, only the
PCL phase in the blend melted and actively participated in the self-
healing process, while the SEBS-g-MA phase did not reach its flow
temperature and did not contribute significantly to the healing.
To determine the self-healing property of the SEBS60 poly-
mer blend, tensile tests were conducted at room temperature with
a speed of 500 mm/min using notched and self-healed samples.
The stress—strain curves for the analysis are presented in Fig. S6
(Supplementary Material File), and the analysis results are given in
Table S6 (Supplementary Material File). In the stress—strain curves,
it was determined that the elongation at break of the notched sam-
ple, which was 8.70%, increased to 74.94% after the self-healing
process. Furthermore, the tensile strength improved from 3.18 to
5.17 MPa. The toughness value, which is a measure of the energy
required for the material to fail, increased from 73.17 to 1376.66
Nmm. Based on the improvements achieved in the mechanical
properties, it can be concluded that the PCL phase acted as an
active healing agent for the polymer blend by melting at 70 °C. The
results indicate that the SEBS60 polymer blend demonstrates self-
healing behavior, where the PCL phase at 70 °C acts as an active
repair agent, leading to significant improvements in mechanical

properties after the self-healing process.

Conclusion

Static and dynamic mechanical properties as well as thermo-
responsive shape memory capabilities of polymer blends having
various ratios of SEBS-g-MA and PCL were investigated within
the context of this study. The solution blending approach was
utilized to create the SEBS-g-MA/PCL blends, with the expecta-
tion that favorable interphase interactions would occur between
the polar groups present in both polymers. The blends with
component ratios of 50/50 and 60/40 (SEBS-g-MA/PCL) dis-
played co-continuous morphologies, while others exhibited a
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Figure7: Self-healing application of the SEBS60 blend: (a) Damaged (notched) state, (b) Self-healed state, (c) Bent condition of the healed specimen, (d)
Microscope image of damaged (notched) specimen, and (e) Microscope image of self-healed specimen.

discontinuous distribution of the PCL phase in the SEBS-g-MA
matrix. The SEBS50 blend, with higher PCL content, achieved
the maximum tensile modulus. All blends demonstrated higher
elongation compared to SEBS-g-MA but lower elongation than
pure PCL. The addition of the hard PCL component reduced the
creep deformation in the blends due to the restricted molecu-
lar motions of SEBS molecules by PCL domains. Notably, the
SEBS50 and SEBS60 blends with co-continuous morphologies
and higher PCL concentrations exhibited the lowest damping
values at their glass transition temperatures, attributed to limited
mobilities of the SEBS chains within the abundant hard PCL
phases. Thermo-responsive shape memory analyses revealed
that the SEBS60 blend displayed optimum shape fixing and
shape recovery values of 97.15 and 76.29%, respectively. This
blend demonstrated the ability to maintain its temporary shape
and entirely recover to its permanent shape. Additionally, the
SEBS60 blend exhibited shape memory repeatability for at least
three cycles and showcased self-healing behavior. Self-healing
characterization on a sample of SEBS60 revealed a remarkable
increase (1780%) in toughness compared to a notched sample.
Based on its superior thermoresponsive shape memory proper-
ties, the SEBS60 blend was identified as the best composition.
Moreover, SEBS-g-MA/PCL shape memory polymer blends
hold potential for applications such as self-healing materials
and actuators. These findings highlight the potential of SEBS-
g-MA/PCL blends as heat-responsive shape memory materials
with a diverse range of applications, including smart textiles and
biomedical devices. The tunable morphological and mechani-

cal properties of these blends position them as promising

© The Author(s), under exclusive licence to The Materials Research Society 2023

candidates for various practical applications requiring shape-
memory behavior. Further exploration and optimization of these
blends offer exciting prospects for innovative solutions in mate-

rial design and engineering.

Experimental
Materials

The SEBS-g-MA thermoplastic elastomer with a commercial
code FG 1901, containing 30% polystyrene and 1.4-2% maleic
anhydride, and having a Shore A hardness of 71, was obtained
from Kraton (Texas, USA). The PCL polymer (PCL-6500) with a
molecular weight of 50,000 g/mol was provided by Juren Chemi-
cal (Yueyang, China). Tetrahydrofuran (THF) was supplied by
Merck (Darmstadt, Germany).

Preparation of shape memory SEBS-g-MA/PCL blends
by solution mixing

Blends of SEBS-g-MA/PCL polymers with various composi-
tions were prepared using the solution mixing method, with
the assistance of THF as a solvent. The polymers were mixed
with THF at a weight-to-volume ratio of 1/5 and stirred with
a magnetic stirrer for three hours until they were thoroughly
dissolved. The resulting polymer solutions were then poured
into Teflon molds measuring 10x 10 cm?® and dried for 24 h at
room temperature in a fume hood. This process resulted in the
formation of films for each composition, with approximately 1
and 0.3 mm thicknesses. The film samples with a thickness of
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0.3 mm were used for creep and shape memory tests, while the
ones with a thickness of 1 mm were utilized for tensile testing,
self-healing, and SEM (Scanning Electron Microscope) analyses.
Table S7 (Supplementary Material File) provides information on

the compositions and codes of the polymer blends.

Characterization

Scanning electron microscopy (SEM) was used to examine
the morphological characteristics of the polymer blends. The
samples were broken under liquid nitrogen to preserve their
structure and then immersed in dioxane solvent to etch the PCL
phase and reveal the phase distribution of the PCL polymer in
the blends. The etching process was carried out for 15 min at
room temperature. After etching, the SEBS-g-MA/PCL blends
were dried for 24 h at 35 °C in a vacuum oven. After the drying
process, the samples were further prepared for SEM analysis by
coating them with a thin layer of platinum. The coated samples’
surfaces were monitored a scanning electron microscope (SEM)
(ESEM-FEG/EDAX Philips XL-30 microscope, Philips, Eind-
hoven, The Netherlands).

The DSC-Q200 (TA Instruments, USA) differential scanning
calorimeter (DSC) instrument was employed to determine the
transition temperatures and the degree of crystallization in the
blends. The heating and cooling rates used during the analysis
were set to 10 °C/min, and the measurements were carried out
under a nitrogen atmosphere. The analyses consisted of three
steps, and endothermic transitions were identified during the
second heating cycle. To calculate the crystallization percentage
of PCL in the blends, Eq. 1 was utilized.

AHy 1
= X — x 100 (1)
AHyp W

Cc

In the equation, X, represents the crystallization percentage,
AH; represents the melting enthalpy determined by the analy-
sis, and Hp, represents the melting enthalpy of a polymer that
is entirely crystalline. W as the weight fraction stands for the
amount of the crystalline polymer in the mixture by weight.
The PCLs AHj, value was used as 139.5 J/g [9]. The DSC ther-
mograms are given in Supplementary Material File (Fig. S1).

Fourier-transform infrared (FTIR) analyses were done out
with a Perkin Elmer 1600 FTIR-ATR spectrophotometer (Mas-
sachusetts, USA). The FTIR spectra together with their discus-
sion are presented in the Supplementary Material File (Figs. S2
and S3).

The tensile properties of both neat polymers and the polymer
blends were tested at room temperature using a 1 kN capacity
Zwick/Roell (Zwick, Germany) universal test machine. The tests

were conducted at a drawing rate of 500 mm/min. Rectangular

©The Author(s), under exclusive licence to The Materials Research Society 2023

samples with dimensions of 10x1x0.1 cm? were used for the
analyses.

The creep behavior of the polymer blends and neat polymers
was investigated using a thermomechanical analysis (TMA)
device (TMA7100, Hitachi, Japan) at 25 °C. In the creep tests,

3 were

rectangular samples with dimensions of 5x2x0.3 mm
used. The samples were subjected to a 15-min period of 1 MPa
stress, after which the stress was removed, and a subsequent
15-min period of strain recovery was conducted. To study the
effect of temperature on the creep behavior of a representative
blend, the same process was repeated at 35 and 45 °C.
Dynamic mechanical analyses of the SEBS-g-MA/PCL poly-
mer blends were conducted using samples with dimensions of
5.0x2.0x0.3 mm?>. The tests were performed at a frequency of
0.1 Hz and in tension mode using a thermomechanical analyzer
(TMA) (TMA7100, Hitachi, Japan) equipped with an electrical
cooling system. The analyses were carried out over a tempera-
ture range of — 62 to 70 °C, with a heating rate of 3 °C/min.
Using the thermomechanical analysis (TMA) instrument
(TMA7100, Hitachi, Japan), the samples with dimensions of
5.0x2.0x0.3 mm? were used for the thermo-responsive shape
memory analyses of the polymer blends. Tensile mode and the
force control process were used during the test. Four stages were
conducted to apply the test method; (a) The first stage (deforma-
tion): The test sample was heated to 60 °C, which is the shape tran-
sition temperature (T,,.) identified by DSC analysis, just above
the T, of PCL, and left there for 1 min until the temperature
achieved equilibrium. The sample was then subjected to a strain
(e,,) value which is between 40 and 50% by exerting force at a
stationary speed, (b) The second stage (shape fixing): By keeping
the applied force on the deformed sample, it was cooled to 10 °C,
which is the shape-fixing temperature (Tj,), where PCL crystalliza-
tion was complete. After waiting at this temperature for five min-
utes, the temporary shape was gained, (c) The third stage (removal
of force): The fixed amount of deformation (sf) at which the mate-
rial could maintain its temporary shape was calculated in this stage
by removing the force applied to the sample at Ty, temperature and
waiting for 5 min, (d) Fourth stage (Shape Recovery): The fixed-

shape sample was heated to 60 °C (T,,,,;) at a heating rate of 10 °C,

rans
and the material’s ability to regain its original shape was evaluated
after 40 min. Following the shape recovery stage, the material’s
permanent deformation (strain) (e,) was calculated. Afterward,
using Eqgs. 2 and 3, the values of the blends’ shape recovery ratio

(R,) and shape fixing ratio (Rf) were determined [31].

Em — Er

R, = 100
= @
f
Ry = — x 100 (3)
Em
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Also, the chosen polymer blend underwent three cycles of
the thermo-responsive shape memory test, and during each
of those repeats, changes in the polymer’s capacity to retain
shape were assessed. The shape recovery ratios were calculated
by waiting 15 min for each temperature with a 5 °C difference
between 40 and 65 °C to find how much shape recovery the
polymer blend provides at which temperature.

The self-healing capacity of the chosen blend was ascer-
tained using a utility knife to cut a notch of 10.0x 1.0 x 0.1cm?
on the sample. The notched sample was placed in an oven set
to 70 °C for 5 min while in contact with the notch surfaces,
after which it was removed and allowed to cool to room tem-
perature. Using notched and self-healing specimens, tensile
tests were carried out at room temperature with a drawing

rate of 500 mm/min.
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