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Abstract. This study deals with investigating the morphological, mechanical, dynamic-mechanical, and shape memory properties of novel Polycaprolactone (PCL)/polypropylene carbonate (PPC)-based nanocomposite blends reinforced with GlycidylIsobutyl-functionalized polyhedral oligomeric silsesquioxane (G-POSS) nanoparticles. Scanning Electron Microscopy
images of blends revealed droplet-matrix morphology with distinct domains where increased PPC content led to increased
number and size for PCC droplets. Introducing nanoparticles by compatibilizing the blends changed the droplet-matrix morphology to a co-continuous one and consequently improved mechanical and shape memory properties. Distribution of
nanoparticles up to 5 wt% remained uniform for samples with higher PPC contents. The shape memory analysis results revealed that the shape memory properties were highly dependent on the mixing ratio of polymers and nanoparticles content.
Besides, introducing the nanoparticles caused a considerable reduction in the recovery time. Finally, the composition with
a PCL/PPC ratio of 20/80 as well 5 wt% G-POSS content was suggested as the sample with optimum shape memory properties with Tg = 35 °C, fixity ratio = 98%, recovery ratio = 95%, and the remarkable recovery time of 17 seconds, enjoying
the elastic modulus of 772 MPa, the tensile strength of 85.2 MPa, and elongation at break of 450% that shows the high potential of this blend for different applications, especially in the biomedical field.
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1. Introduction

adding nanoparticles, or using both methods. The
shape memory effect is bestowed to polymers through
physical or chemical cross-links. These cross-links
are either intrinsic or are introduced or improved
through processes such as synthesizing, blending
with other polymers, or adding nanoparticles [3].
Compared to performing synthesis, mixing is a more
effective method to prepare SMPs for more feasible
processability [4]. These cross-links are formed in
SMPs through permanent components (PC) responsible for memorizing the initial shape and the switching components (SC) that are responsible for retaining the temporary shape [3]. In shape memory blends,

Shape memory polymers (SMPs) have always enjoyed a great interest between shape-memory materials due to properties such as high recovery strain,
desired processability, biocompatibility, low preparation costs, and programmable glass transition temperature (Tg) [1]. Despite the advantages of SMPs for
diverse biomedical applications, they do not possess
good mechanical properties [2]. The mechanical properties of SMPs could be improved using methods
such as blending with a polymer with higher mechanical properties and preparing polymeric blends, preparing shape memory polymer composites (SMPCs) by
*
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the Tg of the component that plays the role of SC in
that temperature range determines the Tg of the blend.
Polymers and nanocomposites used in SMPCs for
biomedical applications need to be biocompatible.
Polyglycolic acid (PGA), poly l-lactic acid (PLLA),
polylactic acid (PLA), polycaprolactone (PCL), polyhydroxyalkanoates (PHAs), and polypropylene carbonate (PPC) are among these biocompatible polymers [5–11]. The effect of incorporating biocompatible nanoparticles such as silica, colloid gold, TiO2
nanoparticles, gold nanoparticles, and polyhedral
oligomeric silsesquioxane (POSS) on morphological, thermal, mechanical, and shape memory properties of some of the blends of these polymers are previously studied [12–18]. One of the problems facing
the researchers is the immiscibility of polymers in
blends, which sometimes lead to phase separation
and, as a result, the loss in mechanical and shape
memory properties of blends. One of the methods of
solving this problem is adding nanoparticles to improve the compatibility and miscibility of the two
polymers [2]. When the distribution of nanoparticles
in the polymeric blend is favorable, and nanoparticles
lead to increased compatibility between two polymers at the interface of two immiscible polymers,
the shape memory properties could be enhanced
along with the mechanical properties [19–21].
Between biocompatible polymers, PCL, which is a
semicrystalline SMP with a Tg of about –60 °C, melting temperature of about 60 °C, the elastic modulus
of 200–400 MPa, high processability, low toxicity,
hydrophilicity, and high strain at break that has been
studied for biomedical applications such as drug delivery, sutures, stents, and tissue engineering [5, 22–
27]. This polymer has been researched blended with
materials such as PLA, PPC, polymethyl vinyl siloxane (PMPS), Epoxidized Natural Rubber, PVS, and
polyethylene glycol [10, 28–33]. For instance, Liu
et al. [27] blended PCL and PVS that are miscible
and prepared a blend with the triple-shape-memory
property. They reported that the crystalline domains
of PCL, as well as physical constraints, acted as the
PC and the amorphous PVC, and the amorphous domains of PCL acted as the SC in high and low switch
temperatures, respectively. For PCL and bisphenol Abased polybenzoxazine (PBA-a) blends, Schäfer et
al. [34] reported that free PCL tended to phase separate, which led to discontinuous phases in the blend.
A lower crystallinity due to the absence of free PCL
led to a less stabilized network and, accordingly, to
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a lower material stiffness. PCL has also been blended with epoxy with a bio-based curing agent, viz.
cashew nut shell liquid as bio-related smart materials, and it was observed that an increase in the PCL
content up to 20 wt% considerably improved the
shape memory response [35]. Accordingly, this polymer was chosen as one of the components of the
polymer blend for the current study.
Nonetheless, PCL does not enjoy high mechanical
properties and has a Tg of –60 °C. For the prepared
blends to have an operational shape memory effect
for biomedical applications, the transition temperature of their SC needs to be between room temperature and physiological temperature and higher mechanical properties compared to PCL to improve the
mechanical properties of PCL. In this study, PPC,
which is an amorphous polymer with a Tg in the
35 °C range, the elastic modulus of 700–800 MPa,
and elongation at break of 500–600%, was chosen
as the SC [36]. PCL/PPC blends are previously studied by Zheng et al. [50], and it was reported that they
had a high recovery and shape fixity ratio at about
35 °C. They concluded that in the blends based on
these two polymers, semicrystalline PCL played the
role of PC and PPC played the role of SC. Since this
blend was proved to be biocompatible, stent samples
based on the optimum composition of PCL25/PPC75
were prepared that showed a short recovery time of
about 25 seconds. Nevertheless, the properties of
these polymers have not been reported in the presence of nanoparticles.
Preparing nanocomposites containing biocompatible
POSS particles and their functionalized types, as well
as investigating their properties, have been of interest to many researchers [37–40]. PCL/POSS SMPCs
are previously investigated, and an improved property for PCL is reported in the presence of the functionalized types of this nanoparticle [24, 41–45].
Nonetheless, the transition temperature of these
SMPCs is in the 60 °C range, which renders their
shape memory property inapplicable for biomedical
applications [38, 43-45]. It should also be mentioned
that, according to the literature, functionalized POSS
nanoparticles are capable of improving the recovery
time [46]. Therefore, to prepare the SMPCs, POSS
nanoparticles functionalized with GlycidylIsobutyl
(G-POSS) was chosen to be added to the PCL/PPC
blends between available biocompatible nanoparticles, which has been investigated in many pieces of
recent studies in which cage-like molecular structure
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Figure 1. The molecular structures of (a) POSS and (b) G-POSS.

a density of 1.24 g/ml, as well as glass transition and
melting temperatures of 25–40 °C and 58–60 °C, respectively. Glycidyllsobutyl POSS (G-POSS) was
purchased from Hybrid Plastics, Hattiesburg, USA
(product #: EP0418). It had a density of 1.14 g/ml and
a refractive index of 1.47. All chemicals were used
as received without further purification.
PCL and PPC pellets were dried in an oven at 40 °C
for 12 hours. Then, the weight ratios of PCL100/PPC0,
PCL80/PPC20, PCL60/PPC40, PCL40/PPC60,
PCL20/PPC80, and PCL0/PPC100 of the polymers
were measured, and the compounds were subjected
to melt blending in an internal mixer (Rheomix
Haake, USA) at 150 °C and 100 rad/min for 5 min.
After subtracting the intended weight ratios of nanoparticles, the G-POSS weight fractions of 1, 3, and
5% were added. The process continued for 3 min.
The resulted melt was taken out and cooled in the
form of pellets. All blends were given the same processing treatment. Prepared blends were again dried
at 40 °C in a vacuum oven for 12 hours before further processing. Table 1 shows weight fractions and
codings. Accordingly, the first number in each code
shows the PCL content, the second one shows the
PPC content, and the last number shows the G-POSS
content. For instance, the PL10-PC0-GP0 sample has
a 100 wt% PCL content and 0 wt% PPC and G-POSS
content, and the PL2-PC8-GP5 sample has a 20 wt%
PCL content, an 80 wt% PPC content, as well as
5 wt% G-POSS content.
The produced pellets were subjected to compression
moulding at 150°C for 5 min. Dumbbell-shaped specimens with a thickness of 1 mm were fabricated for
tensile and shape memory tests in accordance with
ASTM D638 Standard. Rectangular samples with dimensions of 50 mm × 5 mm × 0.5 mm were produced for DMA tests. Since PPC absorbs moisture,
the PPC-containing specimens were kept in a glass
container exposed to silica gel as a desiccant before
they were tested.

is present that comprises silicone-oxygen frame
linked to organic groups, which make them compatible with polymers, as well as an organic-nonorganic
hybrid [47]. Figure 1 depicts the molecular structures of POSS and G-POSS, with particle sizes of
approximately 2–5 nm.
This study aimed to evaluate the effects of incorporating G-POSS nanoparticles into PCL/PPC blends
on the morphology, mechanical properties, mechanical-dynamic properties, and shape memory properties as these compounds seem to be of high potential for biomedical applications [48]. Since
PCL/PPC blends are not miscible, an agent that
could improve the compatibility of their blends concerning the chemical structure of both polymers and
said agent could be favorable [49]. No report of any
nanoparticles added to PCL/PPC blends is found in
the literature. Moreover, according to the mechanical properties of blends studied in past pieces of
research, the shape memory properties, fast recoverability, biocompatibility, and the temperature
range where these blends could be utilized [50], the
likely positive effects of G-POSS nanoparticles on
these properties were investigated, and the sample
with most desired shape memory properties was
suggested. Finally, according to the results obtained
from the analysis, a suitable candidate for further
investigations for medical applications will be suggested.

2. Experimental details
2.1. Materials and methods
PCL (Mn: 80 000 g/mol) was obtained from Sigma
Aldrich, Taufkirchen, Germany, in granular form. It
had a density of 1.145 g/ml, a melt flow index 2.01–
4.03 (g/10 min) (160 °C/5 kg), as well as glass transition and melting temperatures of –60 °C and 58–
60 °C, respectively. PPC (MFCD00197919, Mn:
50 000 g/mol) was also purchased in granular form
from Sigma Aldrich, Taufkirchen, Germany. It had
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conducted at room temperature. To estimate the strain,
the relative crosshead movement was measured and
then was divided by the gauge length.
The Young’s modulus of each sample was determined by linearly fitting the elastic portion of the
stress-strain curve before the yielding point (slope
of the curve between 0 and 2% of deformation). The
average values of Young’s modulus, tensile strength,
and elongation at break were determined from three
test specimens, and an average of three values is reported.
To obtain the storage modulus (E′) and loss tangent
(tan δ) versus temperature curves, dynamic mechanical analysis (DMA) experiments were carried out in
tensile mode with a dynamic mechanical thermal
analyser (Mettler Toledo, DMA1, Columbus, USA)
in tensile mode within the temperature range of –90
to 80°C at a heating rate of 3°C/min, a maximum amplitude of 200 µm and constant frequency of 1 Hz.
Uniaxial shape memory tensile tests were performed
using an INSTRON 6025 (Massachusetts, US) machine equipped with a heat chamber. Based on different mixing ratios, the DMA results showed that the
glass transition temperature was about 35 °C (between the room and body temperature). To apply
shape memory cycles at a temperature of nearly 35°C,
the high-temperature Th, and the low-temperature Tl
above and below the glass transition temperature Tg
were selected, respectively. These temperatures were
chosen by a suitable difference of 15 °C, or in other
words, Tl = Tg – 15 and Th = Tg + 15. Since uniform
heating was required for samples, a heating program
was applied to the temperature interval between Tl
and Th such that the fixed heating and cooling rates
of 3 °C/min were applied to the specimens [51] (Figure 2). Four typical mechanical-thermal shape memory loading courses are described [52].
1) At Th in the controlled-strain mode, 50% of elongation was applied to the samples at a rate of
50%/min to εm,
2) While keeping εm unchanged, the samples were
cooled from Th to Tl at a rate of 3 °C/min and
were kept at Tl for 10 min to obtain equilibrium
(B-C); the increased stress arose from the increased elastic modulus due to crossing the Tg,
3) The samples were unloaded to reach zero stress;
therefore, a slight portion of εm was restored, and
the temporary strain εf was recorded (C-D), and
4) The samples were heated at a rate of 3 °C/min to
Th, while the stress and strain were recorded

Table 1. The codings of the specimens and respective weight
fractions.
PCL
[wt%]

PPC
[wt%]

G-POSS
[wt%]

PL10-PC0-GP0

100.0

0

0

PL10-PC0-GP1

99.0

0

1

PL10-PC0-GP3

97.0

0

3

PL10-PC0-GP5

95.0

0

5

PL8-PC2-GP0

80.0

20.0

0

PL8-PC2-GP1

79.2

19.8

1

PL8-PC2-GP3

77.6

19.4

3

PL8-PC2-GP5

76.0

19.0

5

PL6-PC4-GP0

60.0

40.0

0

PL6-PC4-GP1

59.4

39.6

1

PL6-PC4-GP3

58.2

38.8

3

PL6-PC4-GP5

57.0

38.0

5

PL4-PC6-GP0

40.0

60.0

0

PL4-PC6-GP1

39.6

59.4

1

PL4-PC6-GP3

38.8

58.2

3

PL4-PC6-GP5

38.0

57.0

5

PL2-PC8-GP0

20.0

80.0

0

PL2-PC8-GP1

19.8

79.2

1

PL2-PC8-GP3

19.4

77.6

3

PL2-PC8-GP5

19.0

76.0

5

PL0-PC10-GP0

0

100.0

0

PL0-PC10-GP1

0

99.0

1

PL0-PC10-GP3

0

97.0

3

PL0-PC10-GP5

0

95.0

5

Sample code

2.2. Characterization
In order to investigate the morphologies of the specimens, SEM images were recorded at 20 kV by a
TESCAN VEGA3 (Tescan, Fuveau, France) machine.
Samples were broken in tension in liquid nitrogen to
obtain cryogenically-fractured surfaces. The fracture
surfaces of the specimens were sputter-coated with
a 15 nm thick gold layer. Besides, to examine the dispersion quality and distribution locations of G-POSS
nanoparticles within the blends, energy dispersive
X-ray (EDX) mapping was carried out for (PL8PC2-GP5), (PL2-PC8-GP5) nanocomposites as representatives.
Static tensile tests were performed by a universal
testing machine (SANTAM STM-50, Tehran, Iran)
using dumbbell type specimens according to ASTM
D638 type V with a 100 N load cell for evaluating
Young’s modulus, tensile strength, and elongation at
break. The gauge length in all tests was set to 25 mm,
and the strain rate was 50 mm/min until complete
failure. In this study, engineering stress and engineering strain were used, and mechanical tests were
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smoother fracture surfaces, droplet dimensions increased from 0.3–0.7 μm in sample PL8-PC2-GP0
to 0.5–2 μm in sample PL2-PC8-GP0, and they also
increased in number. Hence, it could be concluded
that for these blends, PPC played the role of droplets,
and PCL played the role of the matrix [53]. Also, the
distinct domains were suggestive of the immiscibility of these blends [54]. On the other hand, for immiscible blends, the polymer with higher viscosity
plays the role of the droplet, and here, PPC is represented as such [55]. It was also observed that the
PCL matrix well encompassed PPC droplets.
For the SEM images of the nanocomposites shown
in Figures 3c and 3d, it was observed that an incremented G-POSS content reduced the sizes and enhanced the distribution of the PPC droplets to an extent where distinguishing the domain of phases was
not facile. Incorporating more G-POSS content to
5% also bestowed a more proper distribution to the
PPC phase so that in the micrographs related to the
PL8-PC2-GP5 and PL2-PC8-GP5 samples, the
droplet-matrix morphology transformed to the cocontinuous morphology (Figures 3f and 3h). The decrease in size of the dispersed phase, the bond between the continuous and the dispersed phases, the
irregular dispersed phase, and even the disappearance of the dispersed phase all suggested that loading G-POSS into the composite improved the compatibility between PCL and PPC by improving the
interfaces between them [56]. This phenomenon
could be attributed to the fact that G-POSS could
enormously improve inter-/intra-molecular interactions (dipolar-dipolar and hydrogen-bonded interactions) between PPC and PCL, and as a result, the
compatibility between the PPC and PCL was effectively enhanced. Therefore, one could conclude that
G-POSS contributed to the miscibility of PCL and
PPC by improving the interfaces of the PPC and
PCL phases [3]. At the same time, sharper edges on
the fracture-surfaces were observed for higher
G-POSS contents. This phenomenon arose from the
enhanced brittleness of the nanocomposites due to
the presence of crystalline G-POSS nanoparticles
[57]. This effect was approved later in the results of
tensile tests.
Moreover, according to the EDX mapping images of
the silica present in the G-POSS structure, the red
dots that were the indication of the presence of nanoparticles were observed to be uniformly distributed
throughout all samples containing up to 3 wt%

Figure 2. The schematic representation of a typical thermomechanical cycle for the shape memory polymers.
A deformation of up to 50% was applied at the
course (1) at a high temperature. Then, the sample
was cooled at the course (2) at a fixed strain to
maintain its temporary shape. The sample was disengaged at the course (3) to allow for free deformation. The original shape was restored at a freestress condition at the course (4).

every minute during this process until thermal
equilibrium was reached at Th (D-E).
The shape recovery Rr and fixity Rf ratios were calculated as shown by Equations (1) and (2):
Rr =

fm - fu
fm

f
Rf = f f
m

(1)
(2)

where εm is the applied strain at the high temprature,
εu is the permanent strain after recovery, εf is the
temporary strain after unloading.

3. Results and discussion
Since one of the purposes of this study was investigating the mixing behavior of the two polymers and
the dispersion of the nanoparticles in the polymer
matrix, for brevity, SEM images and EDX mappings
of cryogenically-fractured surfaces of samples with
codes shown in Figure 3 were prepared. It should be
mentioned that for the sake of brevity, the figures related to pristine PCL and PPC samples are not shown
here.
In the virgin blends (Figures 3a and 3b), the typical
droplet-matrix morphology with distinct domains
was observed, where increasing PPC content caused
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Figure 3. The SEM images of the cryogenically fracture-surfaces of samples PL8-PC2-GP0 (a), PL2-PC8-GP0 (b), PL8PC2-GP3 (c), PL2-PC8-GP3 (d), PL8-PC2-GP5 (e), and PL2-PC8-GP5 (f) (Table 1); Energy dispersive X-ray
(EDX) mapping of samples PL8-PC2-GP5 (g) and PL2-PC8-GP5 (h) (Table 1).

5 wt% nanoparticle content, as observed in Figure 3f
(PL4-PC6-GP5 and PL0-PC10-GP5 samples are not
illustrated for brevity). Besides, by observing the position of red dots and the PPC droplets in Figure 4
where SEM and EDX micrographs are overlayed, it
could be concluded that the concentration of nanoparticles where droplets were located was much higher, which approved their tendency of them to enter
PPC and a higher chance of their distribution in this
polymer. By considering this behavior of nanoparticles, it could be suggested that increasing the PPC content in nanocomposites led to increased space for the

G-POSS (images of which are eliminated for brevity), and no agglomeration was observed. While by
increasing the G-POSS content in the PCL-dominant
compositions (PL10-PC0-GP5, PL8-PC2-GP5, and
PL6-PC4-GP5 samples), the agglomerated nanoparticles with the dimensions of 200–500 nm in the designated areas of SEM images was observed, as exhibited in the SEM micrograph of Figure 3e, a fact
which was also approved by the dots observed in the
EDX mapping images, the nanoparticle distribution
with the dimensions in the range of 20–150 nm in
the PPC-dominant compositions was uniform up to
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Figure 5. The stress-strain curves of the blends without
nanoparticles.

Figure 4. The overlayed SEM and EDX mapping of Si in
sample PL2-PC8-GP3.

distribution of nanoparticles, and the capacity of samples with more PPC content to accept nanoparticles
without their agglomeration increased [58]. This effect was observed because the functional group (active sites) of the PPC could effectively improve steric
molecular interactions via G-POSS nanoparticles.
On the other hand, functional groups of the G-POSS
and PPC had better miscibility compared to the GPOSS and PCL [59]. This phenomenon was later approved by tensile and shape memory analysis.
Since plotting all stress-strain curves resulted from
the tensile analysis was confusing, some of them are
shown in Figures 5 and 6 to appreciate the changes
in trends of the stress-strain behaviors with different
PCL/PPC/G-POSS weight ratios. The entire data are
summarized in Table 2 and plotted in Figure 7. Also,
for better understanding the behaviors of the specimens for each property, the blends without nanoparticles were first investigated, followed by evaluating
the effects of nanoparticles on all samples.
The stress-strain curve of the pure PCL exhibits a
distinct yield strength value at a strain of 10.5%,
after which there is an extended flat region to the
strain of 172%, then an increase in the stress accompanied with fluctuations until complete failure,
which is in line with previous studies and typical behavior for semicrystalline polymers [60]. However,
as the PPC content was increased, the yield strength
also increased, and it occurred at a lower strain, with
the curve transforming from a distinct point into a
smoother form and extended flat region after yielding altered to continuous growth until fracture. Also,

Figure 6. The uniaxial tensile stress-strain curves of specimens PL8-PC2-GP0, PL8-PC2-GP1, PL8-PC2GP3, and PL8-PC2-GP5.

for pure PPC, the yield strength was not evident, while
stress increased, and after the flat region, fluctuations
vanished, and the curve followed a relatively increasing trend. There was an increasing trend for the
yield stress for the blends from pure PCL to the PL2PC8-GP0 sample. However, in contrast to the general trend, pure PPC started to yield in lower stress,
which implies the reinforcing influence of PCL on
PPC. Covalent bonding between PCL and PPC introduces branching into the linear PPC chain, which
restricts polymer chain motions and sliding during
periods of the applied load. Accordingly, strength
and rigidity are enhanced [15]. Furthermore, the behaviors of the specimens until failure showed that
the blends with dominant PCL contents experienced
enhanced stress before failure, while those with dominant PPC contents mostly experienced no change in
the stress before failure [61].
The elastic modulus was obtained by calculating the
slopes of the curves in the linear region (i.e., typically initial 2% strain). The elastic modulus values of
the blends without nanoparticles exhibited an increasing trend from 291 MPa for PCL to 724 MPa
for PPC (Figure 7). The tensile strengths followed a
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agrees with previous reports [52]. In order to depict
the effect of nanocomposites in the mechanical behavior in the tensile mode, the stress-strain curves of
PL8-PC2-GP0, PL8-PC2-GP1, PL8-PC2-GP3, and
PL8-PC2-GP5 samples were chosen.
As shown in Figure 6, the trends of changes in the
stress-strain curves of the nanocomposites demonstrated that adding up to 3% content of G-POSS to the
PCL-dominant blends elevated the yield stress, elongated the flat region, and reduced the fluctuations
during stress rise until failure, indicating that G-POSS
nanocrystals acted as reinforcing fillers. However,
this effect had a decreasing trend between 3–5% content due to the agglomeration of nanoparticles in higher concentrations. Whereas, at higher PPC contents,
when the G-POSS content increased, it was observed
that no significant change happened in the general
form of the curve, and only the elastic modulus, elongation at break, and tensile strength changed.
Investigating the elastic modulus results of all the
specimens indicated that from pure PCL to PCL40/
PPC60, incorporating a G-POSS nanoparticle content higher than 3% to the polymer matrix reduced
the elastic modulus compared to 3% specimens.
However, as the PPC content was increased, an increasing trend was observed up to 5% content of
nanoparticles (Figure 7). Figure 7 shows that by
adding nanoparticles, the tensile strength of pure
PCL increased up to the nanoparticle content of 3%.
The introduction of nanoparticles higher than 3%
content reduced the tensile strength, which was due

reducing trend from 47 MPa for pure PCL to
16.6 MPa for pure PPC. The elongation at break of
the blends without nanoparticles decreased from
1060% for pure PCL to 586% for pure PPC, which
Table 2. The tensile tests result.
Sample code

Elastic
modulus
[MPa]

Tensile
strength
[MPa]

Elongation at
break
[%]

PL10-PC0-GP0

291

47.0

1060

PL10-PC0-GP1

304

53.6

1042

PL10-PC0-GP3

358

66.2

1021

PL10-PC0-GP5

293

63.0

807

PL8-PC2-GP0

326

41.7

927

PL8-PC2-GP1

346

48.4

899

PL8-PC2-GP3

404

62.4

864

PL8-PC2-GP5

347

65.1

709

PL6-PC4-GP0

451

33.5

819

PL6-PC4-GP1

490

39.8

759

PL6-PC4-GP3

561

54.9

713

PL6-PC4-GP5

528

67.6

621

PL4-PC6-GP0

518

30.1

756

PL4-PC6-GP1

580

37.6

667

PL4-PC6-GP3

650

56.2

602

PL4-PC6-GP5

637

81.6

559

PL2-PC8-GP0

575

22.9

659

PL2-PC8-GP1

669

29.7

534

PL2-PC8-GP3

736

48.2

472

PL2-PC8-GP5

772

85.2

450

PL0-PC10-GP0

724

16.6

586

PL0-PC10-GP1

898

21.6

429

PL0-PC10-GP3

1077

36.8

357

PL0-PC10-GP5

1174

72.1

347

Figure 7. The elastic modulus, tensile strength and elongation at break of all specimens obtained by the uniaxial tensile tests.
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to the agglomeration of nanoparticles. However, the
tensile strength of the other specimens increased, up
to 5% nanoparticle content. As the PPC content increased, the effect of G-POSS incorporation on the
tensile strength was enhanced, and the tensile
strength of the specimens that were incorporated
with nanoparticles followed a reducing trend. These
two opposite behaviors led to the maximum tensile
strength occurring in specimen PL2-PC8-GP5. Figure 7 shows that elongation at break followed a decreasing trend from 1060% for PL10-PC0-GP0 to
347% for specimen PL0-PC1-GP5. It was observed
that adding up to 3% nanoparticle content to PCL
slightly decreased the elongation at break, which was
in line with previous reports [60]. However, when
the nanoparticle content exceeded 3%, a more significant reduction was induced in the elongation at
break.
Like the previous sections, for the DMA test, the
specimens without nanoparticles were investigated
first. Figures 8 and 9 depict DMA plots of storage
modulus E′ and tan δ versus temperature, respectively, which had useful data for shape memory properties and mechanical behavior investigations versus
the variations in the temperature. As can be seen in
Figure 8, the E′ curve of pure PCL exhibited two
drops at –60 and 60 °C, which were the glass transition temperature and melting temperature, respectively. According to these data, since PCL was in the
glassy state, it had a higher elastic modulus, and
passing through this temperature range and transforming into the rubbery state caused a drop in the
storage modulus. Subsequently, another drop in the
plot, where the PCL turned from the rubbery to the
melt state, was observed at about 60 °C.
However, when PPC was added, the drop in the
modulus at –60 and 60 °C was less intense, with a

drop appearing at nearly 35 °C, representing the glass
transition temperature of PPC. The drop at 35 °C
slightly shifted to the right as the PPC content increased, suggesting the low miscibility of PLC and
PPC. The curve of pure PPC showed only one drop
at approximately 35 °C. The storage modulus exhibits
the capability of the material to store input energy, or
in other words, maintaining the deformation resulted
from bearing loads after unloading. Hence, the shape
fixity ratio of SMP is directly related to this quantity,
and, as later observed in shape memory tests, samples that evinced high storage modulus in low temperatures in the results of DMA tests had high shape
fixity ratios.
Here, as observed in plots of Figure 8, since the elastic modulus of PPC was higher than that of PCL in
the glassy state, the increase in the PPC content for
the blends shifted the E′ curve to the higher regions.
Later, in the results of shape memory testes, it was
revealed that the shape fixity rate was higher for
samples with higher PPC contents. Besides, in these
curved, it was observed that the E′ curve of PPC underwent a more intense drop by passing through the
glass transition region and approaches zero, compared to that of PCL.
As can be seen from Figure 9, the tan δ curves of
pure PCL and PPC exhibited an intense peak at approximately –60 and 35 °C, respectively. These temperatures are the glass transition temperatures of
PCL and PPC, respectively. Also, intense peaks were
observed in the curves of the PCL blends at approximately 60 °C, representing the melting temperature
of PCL. On the other hand, for all samples, a reduction in the content of a polymer reduced the peak at
its glass transition temperatures and enhanced the
peak in the glass transition temperature of the other
polymer whose content was increased. Whereas by

Figure 8. The storage modulus E′ of the non-nanoparticle
specimens.

Figure 9. The tan δ of the non-nanoparticle specimens for a
temperature range of –80 to 70 °C.
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the cross-linking structure was more conjunct, and
the restrictions in chain motions increased. To obtain
the chain motion, samples that were cross-linked required more free space as well as more energy. Therefore, obtaining the energy for the chain motion demands a higher temperature. However, only when
there was a higher temperature would the inside of the
SMP nanocomposite have larger free space as well as
more energy to realize the motion of the molecular
chain segments, thus causing the increase of Tg [62].
These effects were more prominent for the peak at
35 °C compared to the peak at –60 °C due to the high
tendency of nanoparticles to enter the PPC phase, a
fact which was approved by EDX mapping. As regards the compatibilizing effect of nanoparticle between the polymers, the presence of nanoparticles
caused the peaks to shift towards each other slightly.
Hence, increased nanoparticle content caused a rightward and a left-ward shift for the peak at 35 °C, the
result of which was a slight shift towards the right.
Therefore, for the peak at –60 °C, since nanoparticle
only partially entered the PCL phase, its effect on the
polymer was negligible, and hence, the compatibilizing effect resulted from the incorporation of nanoparticles between PCL and PPC caused a slight rightward shift for the peak.
According to results obtained from DMA tests, the
Tg of samples was in the 35 °C region (glass transition temperature of PCC). The dumbbell-shaped
specimens were subjected to shape memory cycles
with Tl = 20 °C, and Th = 50 °C, under the typical conditions of shape memory cycles during the four steps
explained mentioned above. The recovery and fixity
ratios were calculated using Equations (1) and (2).
Table 3 shows the results for all the specimens, and
the results are also demonstrated in Figure 12. It was
seen that the recovery ratio of specimens without
nanoparticles increased from 44% for pure PCL to
90% for specimen PL2-PC8-GP0 and decreased to
69% for pure PCC. The maximum recovery ratio of
90% in PL2-PC8-GP0 was 104 and 30% more than
PCL and PPC, respectively. This increase could be associated with the fact that the recovery ratio would be
maximized at a specific ratio of PC to SC and the right
amount of PCL crystalline parts due to the formation
of the physical cross-links and optimizing the recoverability of the blend [50]. The low recovery rate for
pure PPC is associated with the fact that it has no
cross-links in the structure which are responsible for
restoring the primary shape. Accordingly, the addition

varying the weight ratios, the peaks shifted slightly
towards each other, and the low miscibility of the
polymers was concluded. However, this property
could also be observed in the SEM images in which
droplet-matrix with distinct boundaries could be observed.
Since demonstrating E′ and tan δ curves of all the
nanocomposites in the same diagram could be confusing, to study the effect of incorporating G-POSS
in blends, only those of specimens PL2-PC8-GP0,
PL2-PC8-GP1, PL2-PC8-GP3, and PL2-PC8-GP5
are shown in Figures 10 and 11, as observed in Figure 10, increasing the G-POSS content led to an upward shift in E′ curves, an effect that was more distinct in the (–60 °C)–(35 °C) region. The reason for
this behavior could be the fact that G-POSS played
the role of the reinforcing agent of the PCL-PPC
cross-links, which caused the energy storage.
For all blends, it was observed that the incorporation
of more nanoparticles reduced the peaks at –60 and
35 °C that were representing the glass transition temperature of PCL and PPC and slightly shifted them
upwards. When the G-POSS content was increased,

Figure 10. The storage modulus E′ of specimens PL2-PC8GP0, PL2-PC8-GP1, PL2-PC8-GP3, and PL2PC8-GP5.

Figure 11. The tan δ of specimens PL2-PC8-GP0, PL2-PC8GP1, PL2-PC8-GP3, and PL2-PC8-GP5.

482

Kamyab et al. – eXPRESS Polymer Letters Vol.15, No.5 (2021) 473–489

Table 3. The recovery ratio, fixity ratio and shape memory
index results of the blends and nanocomposites.

Sample code

Recovery
ratio, Rr
[%]

Fixity
ratio, Rf
[%]

of PCL may affect the recoverability of the blend
negatively. On the other hand, the molecular chains
of crystalline domains of PCL deform irreversibly,
which lead to inferior recovery [25, 63–65]. For samples sans nanoparticles, the shape fixity ratios increased from a minimum of 66% for pure PCL to a
maximum of 98% for pure PPC with a relatively uniform trend. Since the temporary shape fixity rate only
depended on the PPC content of blends, which were
capable of maintaining the induced shape change in
the glassy state, the shape fixity rate had an increasing trend when the content of this polymer was increased in the blends [27].
It is generally reported that adding POSS to nanocomposites enhances the shape recovery stress levels
for shape memory polymers [51]. From Pure-PCLbased nanocomposites to the ones containing 60%
PCL, the maximum recovery ratio and fixity ratio occurred in the specimens with a 3% nanoparticle content and then continued to increase by adding up to
5% nanoparticles with lower contents of PCL. As can
be seen from Table 3, the minimum and maximum
shape recovery ratios were obtained to be 40 and 95%
for specimens PL10-PC0-GP5 and PL2-PC8-GP5,
respectively. The analysis conducted here exhibited
that adding POSS nanoparticles to the blends enhanced the shape recovery property of the sample
considerably, even when cross-links were not present in the structure (pure PPC). The reduced shape

Shape memory
index,
Rr $ Rf
100
[%]

PL10-PC0-GP0

44

66

29.0

PL10-PC0-GP1

48

68

32.6

PL10-PC0-GP3

57

69

39.3

PL10-PC0-GP5

40

67

26.8

PL8-PC2-GP0

50

82

41.0

PL8-PC2-GP1

53

84

44.5

PL8-PC2-GP3

54

84

45.4

PL8-PC2-GP5

44

81

35.4

PL6-PC4-GP0

67

87

58.3

PL6-PC4-GP1

74

87

64.4

PL6-PC4-GP3

79

89

70.3

PL6-PC4-GP5

72

88

63.4

PL4-PC6-GP0

80

92

73.6

PL4-PC6-GP1

81

93

75.3

PL4-PC6-GP3

85

94

79.9

PL4-PC6-GP5

89

96

85.4

PL2-PC8-GP0

90

97

87.3

PL2-PC8-GP1

92

97

89.2

PL2-PC8-GP3

91

98

89.2

PL2-PC8-GP5

95

98

93.1

PL0-PC10-GP0

69

98

67.6

PL0-PC10-GP1

72

98

70.6

PL0-PC10-GP3

77

99

76.2

PL0-PC10-GP5

79

99

78.2

Figure 12. The recovery ratio, fixity ratio, and shape memory index of all the specimens.
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recovery rates simultaneously. Since the recovery
time reported by Zheng et al. [50] for PCL20/PPC80
blend was 25 s at the same temperature, which was
a considerable number, the recovery times of PL20PC80-GP0 and PL20-PC80-GP5 samples were measured to investigate the effect of introducing nanoparticles in them, and the considerable decrease in the
recovery time from 27 to 17 s in the presence of
5 wt% nanoparticle content was recorded. The drop
in the induction time in the presence of nanoparticles
could be caused by two factors: 1) the increase in the
heat transfer coefficient since the G-POSS nanoparticles had a high heat transfer coefficient [38], and
2) the stress transfer between phases was improved
due to the improved interface between them [19, 20,
51, 70–72]. Chatterjee and Naskar [51] and Gu et al.
[68] have previously reported the increase in the recovery rate in the presence of these nanoparticles.
As reported in the studies of [25, 34, 64], PCL has a
semicrystalline structure in the (–60 °C)–(60 °C) temperature range. As expected, the crystalline parts of
semicrystalline PCL with lattice structures functioning as permanent components were connected by
PPC and amorphous parts of PCL, which were acting as cross-links or switching components [27, 73].
In such a structure, G-POSS improved compatibility
and cross-links and led to a higher recoverability. It
could be concluded that the nanoparticles entering
the PCC phases of the blends enhanced the recoverability of the switching components to the original
shape. Moreover, in PCL100/PPC0, PCL80/PPC20,
and PCL60/PPC40 compositions, the higher content
of G-POSS (more than 3%) led to less favorable distributions, which considerably decreased the mechanical and shape memory properties of the nanocomposites [74]. The maximum recovery ratio of
95% took place for specimen PL2-PC8-GP5, which
showed a 116% increase compared to pure PCL and
a 38% increase compared to pure PPC. Also, considering the SEM results on improved PCL/PPC interfaces due to G-POSS, it could be said that the presence of G-POSS improved cross-linking. This mechanism is illustrated in Figure 13, where the trends of
variations in the nanocomposites’ structure during
the fixing and recovery steps are depicted. In Figure 13, the PCL/PPC/G-POSS nanocomposites were
composed of four components: (1) permanent components, which are the crystalline parts of PCL,
(2) switching components, which consist of nanoparticles containing PPC chains, (3) amorphous parts of

recovery ratios of the specimens PL10-PC0-GP5,
PL8-PC2-GP5, and PL6-PC4-GP5 could be attributed
to the aggregation of nanoparticles and reduction of
recovery force, which was supported by SEM photographs and EDX mapping. Agglomerated G-POSS
particles behaved like rigid obstacles that prevented
the cross-linking reaction and restricted the movement of PPC molecular chains, thereby decreased
the recovery ratio [66].
The trend of changes in the shape fixity ratio was less
complicated since these changes did not depend on
cross-links [49]. As exhibited in Figure 12, except for
samples where agglomeration of nanoparticles occurred, the shape fixity rate increased dramatically
with increasing the PPC content and increasing the
nanoparticle content to some extent. In the stretched
state, after cooling the sample down to room temperature, SC PPC was in the glassy state that supported
enough hindrance to prevent the chains of the stretched
soft phases to relax [67]. The presence of nanoparticles, which had a crystalline nature, aided the formation and maintaining the temporary shape in the
glassy state of PPC and enhanced the fixity rate to
some extent [68].
In order to introduce the composition with optimum
shape memory properties, both recovery and fixity
ratios should be considered simultaneously. Therefore, further denotation of shape memory index,
Rr·Rf, to combine both ratios by the multiplication
of recovery ratio and fixity ratio was employed. [69].
Even though there is no much physical interpretation
for this coupling denotation, it is rather informative
to have this distinct value as an index. When the value
of the shape memory index was closed to 100%, the
materials presented the highest shape memory effect.
The results of the shape memory index are also
demonstrated in Figure 12.
As demonstrated in the shape memory index diagram, the sample with the optimum shape fixity and
shape recovery is the PL2-PC8-GP5 sample, which
had the shape fixity rate of 98% and shape recovery
rate of 95%. Studying the shape memory index results for pure PPC nanocomposites revealed that despite the high shape fixity rate for these samples
since they did not show high recovery rates, their
shape memory indexes were lower compared to
nanocomposites based on the PCL20/PPC80 blend.
Therefore, it seemed that this index was a desirable
criterion for comparing the shape memory property
of materials that comprised both shape fixity and
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bonding between the polymer chain and G-POSS
nanoparticles, the said interface is formed [75]. The
optimum content of nanoparticles for PCL100/
PPC80, PCL80/PPC20, and PCL60/PPC40 blending
ratios was 3%, and for blends with higher PPC content, the nanoparticle content of up to 5% improved
the mechanical and shape properties.

4. Conclusions
In this study, PCL/PPC polymeric blends were prepared in the presence of G-POSS nanoparticles, and
morphological, mechanical, and shape memory properties were studied. For blends sans nanoparticles,
increased PPC content led to increased elastic modulus and tensile strength and decreased elongation at
break. The results indicate that the G-POSS nanoparticles improved the interface of the two polymers
and, consequently, their compatibility, mechanical,
and shape memory properties. In this work, the shape
memory index, which comprised both shape fixity
and shape recovery rates simultaneously, was calculated, and the sample with the most favorable shape
memory properties, was suggested. The sample with
PCL20/PPC80 composition and 5 wt% G-POSS
content was chosen as the optimum sample. The said
sample showed remarkable short recovery time in the
physiological temperature of the body, which was
lower compared to other nanocomposites reported
in the literature. A significant improvement in the
shape memory properties of the suggested sample
was observed compared to each polymer.
Due to the more favorable distribution of nanoparticles in PPC domains compared to PCL ones, improvement in mechanical and shape memory properties
continued to higher nanoparticle concentrations in
PPC-rich blends. The obtained nanocomposites possessed exclusive shape memory and mechanical properties that made them potential candidates for medical applications, and they were suggested for further
studies.

Figure 13. Schematic illustration of the PCL/PPC/G-POSS
mechanism during the shape memory cycle
(numbers represent the shape memory cycle typical courses in Figure 2).

PCL, and (4) G-POSS nanoparticles. Similar illustrations are suggested in the studies by [30, 33, 41,
44, 50, 71], which are drawn for the semicrystalline
PCL and amorphous polymer blends. Hence, the reduced recovery ratio of pure PPC arose from the absence of permanent components. Furthermore, the
tan δ curves obtained from the DMA tests confirmed
the improving effects of G-POSS in the blends on
recovery at 35 °C [10]. Generally, the fixity ratio was
improved by an increase in either PPC or G-POSS
contents, except where agglomeration occurred. Nevertheless, introducing nanoparticles into the blends
did not considerably increase the shape fixity ratio
of them.
As observed in the results of shape memory tests,
each of the two polymers was not of desirable shape
memory properties alone, which was due to the lack
of cross-links in their structure that are required for
shape memory property. It was observed that PPC
had an eligible shape fixity capability alone, but
since no fixed points were present in its structure, it
was not capable of recovering the initial shape. Pure
PCL did not have transition temperature in the temperature range of the shape memory cycle (body
temperature) and underwent shape recession after
unloading. Hence, it was observed that by mixing a
favorable composition of the two polymers, a blend
with a high shape memory property resulted in the
PCL20/PPC80 composition, and introducing nanoparticles to this blend led to better physical crosslinks and, therefore, higher shape fixity and recovery
ratios and faster recovery due to improvement in
polymers interface. Accordingly, when functional
groups of G-POSS had a preference to form chemical
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