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Abstract

In this study, covalently cross-linked network strategy has been applied to prepare new triple-shape memory polymers (TSPs)
based on poly(r-lactide) (PLA)/poly(e-caprolactone) (PCL) blends. The TSPs were fabricated by adding di-cumyl peroxide,
with triallyl isocyanurate as a coagent for performing the cross-linking reaction. The differential scanning calorimetry (DSC)
analysis demonstrated that all the PLA/PCL blends show two melting points (T, pcy and Ty, py 4), Which can be employed
as the transition temperature (T, to induce triple-shape memory behavior. The scanning electron microscopy (SEM)
analysis indicated that there are two immiscible morphologies: co-continuous structure and matrix-droplet. The influence of
temperature on the crystalline phase changes was analyzed by X-ray diffraction at various temperatures. The results revealed
that during the heating—cooling cycle, the degree of crystallinity decreased when the temperature increased and at higher
temperature, the crystallization peaks of PCL disappeared. Multiple thermal-mechanical tests were performed and the results
showed that the composition ratio of the two phases plays an important role in the triple-shape memory behavior. The results
confirmed that the excellent shape memory behavior was obtained for the sample containing 50 wt% PCL.
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Transition temperature

Introduction

The shape memory polymers (SMPs) are regarded as smart
materials that are able to respond to an external stimulus,
such as heat, light, magnet, or electricity and so on [1-5].
Thermally-induced SMPs are more common [6, 7]. Most
of these polymers have a permanent shape provided by
the physical or the chemical cross-linking network, which
determines the fixed shape and can act as net-point, while
the soft polymers a with suitable melting temperature or
crystallization have a temporary shape and are responsible
for shape recovery [8, 9]. In the other words, the transition
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temperature of a switch polymer is lower than that of the net-
point, thus, the hard phases can act as the net-points, while
the soft phases act as the switches [10, 11]. In general, for
thermally-induced SMPs, the reversible thermal transition
includes the glass transition temperature (T,) [12, 13] or the
melting temperature (T,,) [14-17].

Recently, the multiple-shape memory polymers
(MSMPs) have attracted much attention because they can
memorize two or more temporary shapes in one shape
memory effect (SME) cycle [18-21]. The MSMPs can be
created by incorporating two or more different thermal
transitions in one system [22-24]. The first example of
MSMPs can be traced to Lendlein and co-workers, who
created the triple-shape memory polymer [19]. One of
the first cross-linked MSMPs was Nafion, a cross-linked
fluoropolymer with chemical functional groups and which
was able to show the multiple-shape memory behavior due
to several thermo-mechanical programming steps and the
broad glass transition temperature [6, 25]. There are two
well-known strategies for designing MSMPs. The first is
to incorporate two or more thermal transitions (switching
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temperatures) into the systems; the second is to introduce a
broad glass transition temperature range [26, 27]. It is wor-
thy to note that the multi-step fixation and recovery is the
main reason for the creation of MSMPs based on at least
two reversible phase transitions with well-separated hard
and soft phase with different switching temperatures [27].

However, nowa-days, the renewable polymers have
received extensive interest as an alternative to the tra-
ditional petroleum-based polymer because of the envi-
ronmental problems the latter create [28—31]. Currently,
there has been a great interest in the development of high-
performance biodegradable polymers, such as polylactide
(PLA), poly (e-caprolactone) (PCL), starch, cellulose, and
chitosan. They have been extensively used for a wide range
of applications because of their thermoplastic, biodegrad-
able, and biocompatible properties. Among them, PLA and
PCL received special attention. They can be used in many
fields, including their biological and medical applications
as an alternative source of the commercial polymer [32,
33].

One of the simplest ways to prepare the MSMPs is by
polymer blending [34]. The type of blends usually consists
of amorphous and crystalline/semi-crystalline polymers.
An effective strategy is to blend these polymers with many
selective polymers. This is also a convenient way to obtain
new materials which have high performance. Among them,
the PLA-blend-PCL materials are very interesting because
they are two biodegradable polymers with a large range of
mechanical properties and biodegradability. In addition,
when the rubbery PCL with a slow degradation rate mixes
with the glassy PLA with a high degradation rate, the blend
can show better toughness and the tensile strength increases.
Thus, blending them together is one of the efficient strategies
for creating a new biocompatible blend [35]. The property
supplementary between these two biocompatible polymers
is very important to their blend materials.

From the literature review of polymer blends, the rea-
son behind the dependence of phase morphology on shape
memory properties and also, the shape memory mechanism
are still not clear [36]. So, we fabricated a new type of triple-
shape memory polymer blend, which can be easily prepared
to achieve superior shape memory properties. This blend
includes two immiscible ingredients with a well-separated
transition temperature. To study the shape memory mecha-
nism, the samples were prepared with various phase mor-
phology due to their immiscibility.

This study is motivated by the current research in the field
of MSMPs that have biomedical applications. In this work,
the PLA/PCL blends with various composition ratios were
prepared by solution mixing and by introducing cross-link-
ing linkages. The switching temperatures were chosen based
on the melting points of the two phases. The influence of
the blend ratio on the morphology, thermal properties, and

triple-shape memory behavior was studied and discussed
in detail.

Experimental
Materials

Poly (L-lactide) (PLA) was supplied by NatureWorks. LLC.,
USA (grade 3251D, D-isomer 2%, M,, = 123,000 g mol ™!,
M,, = 218,000 g mol™") with a MFI=35 g/10 min and den-
sity=1.24 g cm™>. Poly (e-caprolactone) (PCL) was sup-
plied by Sigma-Aldrich (grade 200, M, = 80,000 g mol~",
M,, = 97,000 g mol ™). N,N-Dimethylformamide (DMF) was
purchased from Merk Chemical Co. and was dried using a
solvent purification system from Glass Contour. Dicumyl
peroxide (DCP), used as a radical initiator, was supplied by
Hercules Korea Chemical Co., Ltd and the triallyl isocyanu-
rate (TAIC) used as a cross-linker was purchased from GO
YEN Chemical Industrial Co., Ltd., Taiwan.

Sample Preparation

The binary PLA/PCL blends were obtained as described:
before the solution-blending, the PLA and PCL were dried
overnight under vacuum at 80 °C and 50 °C, respectively, to
minimize the water content. Typically, the PLA/PCL blends
with a concentration of DCP (1.5 wt%) and TAIC (2 wt%)
were prepared by using DMF as a solvent. The PLA and
PCL were completely dissolved in the dry DMF at a con-
centration of 100 mg ml~! at 70 °C, followed by stirring
for 4 h to obtain the homogenous PLA/PCL solution. To
obtain well-dispersed radical initiator and cross-linker in
the blend, DCP and TAIC were at first dissolved in absolute
and dry DMF and then, added to the blend. After that, the
solvent was evaporated at high temperature for about 3 h,
and then the blend film was obtained. The film was further
dried at 50 °C in a vacuum oven for 4 days to remove the
solvent completely. Three different PLA/PCL formulations
were prepared. The mass ratios of the prepared samples were
70/30, 50/50, and 30/70, denoted as PLA70/PCL30, PLAS50/
PCL50 and PLA30/PCL70. The melt-processed blends were
then molded as a sheet for the DMA analyses (typical thick-
ness 1 mm) by compression-molding with the following pro-
cedure to suppress any bubbles: drying at 50 °C overnight,
preheating at 150, 170 °C for 5 min, then 10 min at 80,
190 °C at 30 MPa, and cooling at O °C.

Characterization
Differential scanning calorimetry (DSC) measurements were

performed using a DSC 2010 from TA Instruments under
nitrogen flow. The melting temperature and the degree of

@ Springer



634

Journal of Polymers and the Environment (2019) 27:632-642

crystallinity of PLA were evaluated with the following pro-
cedure: the sample was first heated at a rate of 5 °C min~! to
250 °C, kept at this temperature for 5 min to erase any ther-
mal history, and cooled to —30 °C at a cooling rate of 5 °C
min~!. The sample was then reheated at a rate of 5 °C min™"
to 250 °C. The melting temperature (T,,) was determined at
the inflection point. The degree of PLA crystallinity (X,)
was measured by deducing the cold crystallization enthalpy
(AH,,) to the melting enthalpy (AH,,), normalized by the
PLA amount (w) in the sample, and by considering a melt-
ing enthalpy of 93 J g~! for 100% crystalline PLA (AH,)
[34, 35].

AH, AH,,

%X, =
o w X AH,

x 100 (D)

The gel content (G%) was determined by the amount of
insoluble material in chloroform, using the following steps
(since the standard for determining the G% of the PLA/PCL
blend is not available, we had to use the standard of PE for
measuring the gel content of the blends): all the samples
were cut into pieces, then swollen and extracted with chlo-
roform at room temperature for 72 h. The masses of the
original samples (m,) and the dried, extracted samples (m,)
were recorded. The gel content was calculated by following
formula [37].

my
G% = — x 100 )

m,

The morphological fracture of the unetched samples was
investigated by using a scanning electron microscope (SEM)

Fig.1 The thermo-mechanical
cycles of the triple-shape
memory effect (TSE) of the
PLA/PCL blend
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(VEGA-II, XMU, Tescan, Czech Republic) with 20 kV
accelerating voltage. To reach the brittle fracture, the sheet
samples were broken in liquid nitrogen.

The fractured surfaces of the samples were also etched
with acetic acid for 24 h at room temperature, in order to dis-
solve the PCL phase in the samples containing 50% and 70%
PCL. For the sample containing 30% PCL, dichlorometh-
ane was used to dissolve the PLA phase. The morphologies
were also investigated by using a Nova NanoSEM 450 field
emission gun SEM (FEG-SEM), (FEI, USA) with 15 kV
accelerating voltage.

A sputter coater was used for both samples, to coat the
fractured surface with gold for enhancing conductivity.

The X-ray diffraction (XRD) analysis was performed on
a Philips X’Pert PRO Diffractometer with Cu (Ka) radia-
tion. The XRD spectra were recorded at 40 kV and 10 mA
with scanning angle from 26 =10-40° at a scanning speed
of 2° min~L.

For triple-shape memory testing, a shape memory char-
acterization of the samples was cut from the compression-
molded sheets into rectangular specimens of approximately
20 mm X5 mm X I mm dimensions. All the thermomechani-
cal cycles were carried out with a stress-controlled DMA
Q800 from TA Instruments, in film tension mode. The test
program in triple-shape memory effect (TSE) cycle is sche-
matically illustrated in Fig. 1. In step 1, the sample (shape
A) was first heated to a high temperature Ty;,, (165 °C) and
kept for 10 min under a low tensile stress of 0.001 N to
allow stress relaxation before extending. Then, the stress-
controlled uniaxial stretching was applied. The stress was
kept constant during subsequent quenching. In step 2, the
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sample was cooled to a middle temperature T ;4 (70 °C) to
fix the first temporary shape obtained in step 1. After the
release of the external stress, the sample reached a shape
B. In step 3, similar to step 1, after being kept for another
10 min at T,;4 the sample was extended again. In step 4,
after cooling the sample to a low temperature T, , (0 °C), a
shape C was obtained upon releasing the stress. In step 5, a
free strain recovery was performed under continuous reheat-
ing to T, at 5 °C min~ " to return to shape B. Finally, in step
6, when the sample was further reheated to Ty, its original
shape was recovered. The six TSE cycles were examined.
The shape fixity ratio R; and shape recovery ratio R, were
calculated according to Eqgs. 3-7 [38].
&wm &
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strain of recovered shape B in step 5 and &7, is the engi-

Results and Discussion
Cross-Linking Linkage
Cross-linking linkage can occur in the amorphous segments

of semi-crystalline polymers [39, 40]. Therefore, there is a
great opportunity for the cross-linking of polymeric chains

in the mobile amorphous phase, to be obtained when there
is a time delay between the formation of the crystallites and
the beginning of the cross-linking reaction [41]. TAIC is
widely used as an efficient cross-linking agent. It can gener-
ate radicals when its double bond is broken and the polymer
networks can be obtained by free-radical cross-linking. By
adding DCP to the blend in presence of TAIC, proxy radicals
are formed by the decomposition of DCP. Then, the proxy
radicals absorb the hydrogen of the PLA and PCL chains in
order to form macroradicals of them. The double bonds of
the allyl groups in TAIC are cut off and between the PLA
and PCL molecules, the chemical cross-links are formed
simultaneously [42, 43]. In order to confirm the formation
of the cross-linking linkage in the PLA/PCL phases, the gel
content tests were carried out. The G% of the samples is
listed in Table 1. As can be seen, all the samples showed
approximately the same gel content (% 98%), meaning that
the cross-linking had been successful in the samples. In
addition, it seems that the PLA phase had a better response
to the applied cross-linking system. Cross-linking the PLA
chains in the amorphous phase increased the cross-linking
linkages at the ends of the chain and prevented them from
decomposition at the melting point. It also helped preserve
large amounts of the long crystallizable PLA segments in
the beginning of the crystallization in order to increase the
crystallization ability in the cooling cycle [40, 42], while in
the crystalline phase, the chain segments do not take part in
the reaction.

Phase Morphology

It is useful to start with a description of the morphology of
the phases due to its crucial rule in other properties. Figure 2
shows the SEM micrographs of the fractured surfaces of
the various PLA/PCL blends in etched and unetched forms.
As can be seen in Fig. 2a, the domain and morphology of
the sample containing 70 wt% PLA is a droplet-matrix with
droplets of the PCL dispersed in the continuous matrix of
PLA. The average size of the dispersed particles was around
5 um and its distribution is shown in corner of the image.
Due to the immiscibility between the two components, the
sample showed the phase separation and clear, weak inter-
facial adhesion. The same morphology was reported in
previous works [33, 35]. With increasing the PCL content
to 50 wt%, the PCL phase would turn from a droplet-like

Table 1 The gel content results of the prepared PLA/PCL blends

Sample name Gel content (%)

PLA70/PCL30 99.5
PLA50/PCL50 98.7
PLA30/PCL70 97.2

@ Springer
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Fig.2 The SEM images of the fractured surfaces of PLA/PCL blends. a PLA30/PCL70. b PLAS0/PCL50. ¢ PLA70/PCL30. The left images
were for the unetched samples and the right images were FEG-SEM for the etched samples
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dispersion phase to a continuous phase. In other words, both
continuous and droplet-matrix morphologies were observed.
However, it seems that the morphology is more similar to
a droplet-matrix with bigger size of spherical droplet phase
(Fig. 2b). It is proposed that phase inversion could occur in
the region of 50 wt% PLA. In the sample containing 70 wt%
PCL (Fig. 2c¢), the droplets of PLA were dispersed in the
PCL matrix and it seems that the phase inversion occurred
behind this blend ratio. The phase morphology analysis
helps us to understand the triple-shape memory mechanism
of the PLA/PCL blends.

Thermal Properties

In this work, the melting temperatures of PLA (T, p; 4) and
PCL (T, pcy) serve as the transition temperature (T,
for inducing triple-shape memory. DSC was employed to
investigate the thermal behavior of the samples. Figure 3
shows the DSC thermograms of a typical sample of PLA50/
PCL50 before and after cross-linking. As can be seen, for the
non-cross-linked sample, there are two endothermic melting
points of the PCL and PLA crystalline phases. In addition,
the cold-crystallization of PLA was also observed for the
sample. For the sample containing 50 wt% of PCL, the cold
crystallization enthalpy (AH p; ) and melting enthalpy
(AH,, pp4) of the PLA phase and crystalline enthalpy
(AH_ pcp) of the PCL phase were decreased after cross-
linking, and also, there is no crystalline exothermic peak of
PLA. It was found that the crystallization behavior of sample
is affected by cross-linking, the melting enthalpy and the
crystallization enthalpy of the phases decreased after the
cross-linking. It means that the PLA crystallization kinetics
is low and under the applied test condition, no crystallization

Before cross- linking
—— After cross- linking

Heat Flow (Exo up)

20 == T T T T T T T
0 50 100 150
Temperacture (OC)
Fig.3 The DSC curves of typical sample before and after cross-link-

ing (samples with composition ratio 50 wt% PLA act as representa-
tive examples)

happened. Moreover, the results show that the cross-linking
may limit the movements of the chains, which reduces the
crystallinity of the phases.

Figure 4 illustrates the DSC curves of the blends with
different composition ratio in the cooling (a) and heating
scans (b). The obtained data are summarized in Table 2.
Considering the cooling step, one can find that there was no
crystallization peak of PLA, which means that the incorpora-
tion of PCL couldn’t enhance PLA crystallization kinetics,
as expected. With increasing the content of PCL from 30 to
50 wt%, the melting temperature (T ;) and melting enthalpy
(AH,,) of both the polymers decreased. At the same time, the
change in the exothermic peak of PLA was imperceptible.

Looking at the Table 2, one will find that the crystal-
lization percentage of PLA in the blends is around 5%,
indicating the quasi-amorphous state of the material after
compression-molding. As shown in Table 2, with increasing
the content of the PCL, the crystallinity of PLA decreased,

"""" PLA70-PCL30
PLAS50-PCL50

= == =PLA30-PCL70

Heat Flow (exo up)

v T v T v T
0 50 100 150 200

Temperature ('C)

"""" PLA70-PCL30
PLAS0-PCL50
""" PLA30-PCL70

Heat Flow (exo up)

. . . . . . |
0 50 100 150 200
Temperature ('C)
Fig.4 The DSC curves of the PLA/PCL blends with different compo-

sition: a cooling scan and b second heating scan. Heating and cooling
rate: 5 °C min™!
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Table2 PLA crystallinity and cold crystallinity percentage, the melting temperatures (T,,) and enthalpy of PLA/PCL sheets as a function of

PCL content recorded from DSC at 5 °C min™!

% PCL Xepra' (%) T per, °C) T pra °C) Tepra CC) Tepcr CC) AHepra (T g™) AHppa (g™
0 6.99 - 160.03 100.31 - 10.22 12.14

30 5.28 51.08 159.07 99.27 20.77 9.87 11.82

50 1.42 50.98 158.56 97.67 22.59 8.51 9.16

70 1.28 51.86 157.13 94.76 24.28 3.83 4.66

100 - 52.48 - - 25.67 - -

*Evaluated by the second heating scan, taking into account the relative amount of PLA in the sample and by taking a melting enthalpy of 93 J

g~! for 100% crystalline PLA

indicating that the crystallization of PLA is hindered by the
presence of PCL, in agreement with the improved miscibility
between the phases after increasing the PCL content.

Shape Memory Behavior

As mentioned earlier, the melting points of the crystal-
line phases were chosen as the transition temperatures
(Tans) and triple-shape memory was induced at T pcp.
and T, p; o, which allow them to have two temporary
shapes without any interposition. The triple-shape mem-
ory properties of all the samples were investigated under
a controlled-force mode in film tension. In this section,
PLAS50/PCLS50 was chosen as the typical sample and the
programming temperatures were chosen as follows: Ty,
= 165 °C (T, pa +5 °C), which ensures that both the
PLA and PCL phases show a good motion in this tem-
perature, T, ;y = 70 °C (T, pcp. + 15 °C, T, ppa — 40 °C),

Fig.5 Triple-shape memory
programming for the sample

shape fixity step

which certifies that the rigid amorphous fraction (RAF)
of the PLA phase controls the movement of the PLA chain
compared to the mobile amorphous phase (MAP), which
means that there is limited movement due to the lower
free volume. The RAF is the consequence of the severe
restrictions on the amorphous chain segment mobility, as
a result of the fixation of the polymer chain to the crys-
talline lamella [44]. Unlike the MAP, the RAF does not
relax at the glass transition. However, it devitrifies in a
temperature region located between the glass transition
and the fusion. In the PLA, the devitrification domain
of RAF is close to its formation temperature (i.e., the
temperature of cold crystallization) [45, 46]. For this rea-
son, we hypothesized that at this temperature (70 °C),
the PLA phase is in a glassy state while the PCL phase
is in a molten state. T}, = 0 °C, at this temperature both
the PLA and PCL phases are frosted. The typical triple-
shape memory behavior of the sample PLAS5S0/PCL50 is

shape recovery step
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depicted in Fig. 5 in which the variations of strain, stress,
and temperature versus time are shown. The results of the
triple-shape programmed cycles for all the samples are
summarized in Table 3. As can be seen at the first switch-
ing point (165 °C), 18% strain was reached under a low
constant stress of 0.1 MPa, while at the second switching
point (70 °C), the strain was increased by 31% under a
high stress of 3 MPa. A stress-free recovery was then
performed under continuous heating conditions with iso-
thermal steps at 70 °C and 165 °C. With a careful scrutiny
of the recovery cycles, the triple-shape memory behaviors
could be derived.

The fixity ratio (R;) and the recovery ratio (R,), accord-
ing to Eqs. 3-7 were determined from these data. From
Table 3, we can understand that the R; and R, were
strongly influenced by the composition ratio of the PCL
phase. In the shape fixity program, the R; of shape A—B
(R¢ a_,p) decreased from 93 to 74% and Ry, decreased
from 91 to 71%, as the PCL content increased from
30 to 70%. Ry s_,p is determined by limiting the chain
movements of the PLA in the cooling step. It means that
by decreasing the content of the PLA, its free volume
decreased, so the shape fixity dominates the worse. As
for Rgp ., the results corresponded to the crystallization
of the PCL phase.

During the recovery, in the first step, with increasing
the PCL content, the R, C—B (R, _,) increased from
73 to 91% while R, -, of all the samples were above
82%. At the second recovery in the fifth and sixth steps
(R, p_,A), the shape recovery was affected by the PCL
phase and decreased with the increase in the PCL con-
tent. In other words, at this temperature, the PCL phase
is completely melted and decreases the recovery ratio.

Shape recovery from C to B relates to the chain move-
ment of the PCL phase, but the recovery in the second
step from B to A shape depends on the flexibility and
motion of the PLA phase. The high value of the fixity
in these steps is related to the presence of the solidified
PLA at this temperature, which helps to fix the applied
deformation. This behavior indicates that the PLA/PCL
blend could stash triple shapes upon a specific program-
ming step.

The results of the cyclic thermo-mechanical tests are
presented in a three-dimensional (3-D) plot of tempera-
ture, stress, and strain as X, Y, Z axis respectively for
PLAS50/PCL50 in Fig. 6.
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Fig.6 A representative 3-D plots for cyclic thermo-mechanical result
for triple-shape memory behavior of PLA5S0/PCL50

The Mechanism of Triple-Shape Memory Properties

Figure 7 shows all the imagined schematic variation of the
two phases in the triple-shape memory programming for the
two obtained morphologies (droplet-matrix and co-continu-
ous). As mentioned in the morphology section, our system
had two immiscible phases consisting of soft and hard phases
at stretching temperatures. The role of the soft phase with a
lower melting point is switching and reversing the temporary
shape, while the hard phase with higher melting temperature
acts as a fixing phase and determines the permanent shape.
These two phases control the shape recovery and shape fixity,
respectively.

For the droplet-matrix morphology, at high temperature
(Thign), both the phases were elongated, while in Ty, the
PLA didn’t show any significant change and only the PCL
was elongated. By cooling the blend to T, ,,, both phases were
frozen and were not able to change. At the co-continuous mor-
phology, the same trend of variation was observed for the two
phases. Since in this morphology, the two phases co-exist on a
larger scale, which effects were highlighted on the triple shape
memory behavior.

It can be concluded that for the droplet-matrix (PLA70/
PCL30 blend) in Fig. 7a, when the PCL content was too low,
the blend exhibited weak shape recovery performance but

Table 3 Triple-shape memory

performance of the PLA/PCL Sample name Ry am (%) R pc (%) R cp (%) R, g (%) Ri o1, ca (%)

blends recorded from the cyclic  pp.A70/PCL30 93.42 91.35 73.85 81.76 79.69

g:fgﬁ;med‘amcal tests carried by A S0/PCL50 85.59 88.88 80.49 79.80 89.96
PLA30/PCL70 74.71 71.63 91.22 73.45 93.54
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Fig.7 The mechanism of the triple-shape memory effect of PLA/PCL blends: PLA70/PCL30, PLA5S0/PCL50 and PLA30/PCL70
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good shape fixity. This indicates that the effect of the revers-
ible phase was small in comparison to the fixed phase, due to
its low concentration. In the sample containing a high PCL
content (PLA30/PCL70) (Fig. 7c), the blend showed good
shape recovery but the deformation was not kept constant and
the stress was not stored in the system, leading to bad shape
fixity. When the blend ratio was 50/50, the system exhibited
the best shape memory properties, which were related to the
co-continuous morphology (Fig. 7b).

The X-ray Diffraction (XRD)

The XRD analysis was used in order to obtain a clear evi-
dence for the formation of the crystallites in both the phases.
Crystallization has a vital role in the performance of shape
memory. So, the status of the crystallinity was monitored
at increasing temperatures (at 25 °C, 70 °C, 80 °C, 90 °C,
100 °C and after cooling, at 25 °C again). Figure 8 shows
the X-ray diffraction patterns of the samples at the afore-
mentioned temperatures. As can be seen in Fig. 8a, at 25 °C,
there are two diffraction peaks at 20=16.4° and 18.6°, which
are correspondent to the PLA crystal and there are two peaks
at 20=21.6° and 23.8°, which are related to the crystalline
phase of PCL [33, 47]. With increase in the temperature,
the intensities of the peaks related to the PCL decreased
and completely disappeared at 100 °C. After cooling, and
applying the XRD test at 25 °C, the peaks of the PCL crys-
talline phases appeared and the intensity of the peaks related
to the PLA increased. It can be concluded that the crystal-
lization behavior of the PLA was enhanced at the presence
of the PCL and facilitated the shape fixity. This trend was
also observed in the other samples. In the sample contain-
ing 50 wt% PCL, the decrease in the intensity of the PCL
peaks was more than the other samples at a higher tem-
perature. The absence of the crystalline phase of the PCL at
this temperature caused better shape recovery in triple-shape
memory behavior.

Conclusion

In this study, the cross-linked samples based on the immis-
cible PLA/PCL blends at different composition ratio were
prepared with the solution mixing method in the presence
of DCP and with TAIC as a cross-linker. The triple-shape
memory effect was induced on the samples and the shape
fixity and recovery were determined as the main character-
istic indices. The following results can be drawn from this
research: the results of the DSC analysis revealed that the
crystallization behavior of the PCL and PLA phases was
affected by the cross-linking and the composition ratio in
the samples. In addition, the appearance of two-separate
thermal transition T, pcy and Ty, py 4 Were confirmed by the
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(a)

Cooling to 25 °C

[

Intensity (counts)
" 1 L
=
>
(5

25°C
Ay
T T T T T 1
10 15 20 25 30 35 40
20 ()
T (b) PLA phase  PCL phase

-

Cooling to 25 °C

100 °C

Intensity (counts)
" n 1 "
=
<>
o

- 70 °C
T A")'I‘A phase + PCL phase
4 Y o
M 257
T T T T T 1
10 15 20 25 30 35 40
20 ()
4@ PLA phase B P(l phase
\ ¥ N
i ’/ ) Cooling to 25 °C
1 ooN— 100 °C
T A— 90 °C
2 _______JN 80 °C
=
=
o
<
g
£ 70 °C
= PCL phase
T PLA phase -
25°C
T T T T T T T T T 1
10 15 20 25 30 35 40

20 ()

Fig.8 The X-ray diffraction patterns of a PLA70/PCL30, b PLA50/
PCL50 and ¢ PAL30/PCL70 blends at increasing temperatures
(25 °C, 70 °C, 80 °C, 90 °C, 100 °C, and 25 °C)

DSC, revealing that the PLA/PCL blends are immiscible in
all composition ratios. The SEM micrograph of the sam-
ples depicted that the dominant morphology in the samples
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PLA70/PCL30 and PLA30/PCL70 was the droplet-matrix
type, while in the 50 wt% PCL, a mixture of the droplet-
matrix and the co-continuous morphology was observed.
The triple-shape memory performance for all the samples
was reasonable. The results show that the shape fixity was
strongly influenced by the PLA content. However, the shape
recovery was affected by the PCL content because of the
chain mobility of the PCL phase. From the results, it can
be observed that the blend containing 50 wt% PCL demon-
strates excellent shape fixity and shape recovery. During the
heating—cooling cycle, the level of crystallinity decreased
with an increase in the temperature and with further increas-
ing of the temperature, the crystallization peaks of PCL
disappeared.
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