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Abstract. A series of novel shape memory and self-healing composites of natural rubber (NR) and polycyclooctene (PCO)
were designed using a simple physical blending method. These two polymers were selected with the intent of introducing
network flexibility and mobility into the prepared blends. The mechanical, curing, thermal, shape memory, and thermally
assisted self-healing properties of the NR/PCO composites were investigated in this study. In these composites, the
crosslinked network generated in both the NR and PCO portions acted as a fixed phase, while the crystalline regions of the
PCO portions acted as a reversible phase in the shape memory behavior. The composites showed self-healing properties at
an elevated temperature (90 °C), which was attributed to molecular chain interdiffusion processes. Shape memory and thermally assisted self-healing properties were improved by increasing polycyclooctene content. The NR/PCO showed superior
mechanical, shape memory, and self-healing properties (Rf = 94.57%, Rr = 98.92% and healing efficiency = 19.03%) when
the blending ratio was 50/80. Due to these superior properties, this kind of natural rubber-based composites may have the
potential to be used in intelligent and thermal-response shape memory fields.
Keywords: natural rubber, polycyclooctene, shape memory, self-healing

1. Introduction

create shape-memory materials. Generally, crosslinked bonds can be used as a stable network that
contributes to forming the material’s original permanent shape and improving the shape recovery rate
[21]. Crystalline phases or glass transition processes
can be used to fix temporary shapes subjected to external stimuli, such as heating, pH, and water [22].
Classical SMPs typically exhibit a one-way shape
memory effect, in which programming is necessary
for each shape memory cycle, and there is only one
temporary shape. There are also SMPs with a twoway shape memory effect, which complete a reversible shape conversion between two predefined
shapes without repeated programming. In addition,
a multi-shape memory effect yields two or more
temporary shapes when subjected to different external

Stimuli-responsive materials with controllable shapechanging behaviors are highly desirable in various
device applications. Shape memory polymers (SMPs)
possess the capacity to maintain temporary shapes and
recover to their permanent shape when subjected to
an appropriate external stimulus [1, 2], such as temperature [3–5], pH [6, 7], light [8, 9], water [10, 11],
and magnetic or electric fields [12–15]. SMPs are
thought to have great development prospects due to
their many potential applications in many areas, including smart textiles, adhesives, high-performance
sensors, aerospace applications, and biomedical devices [16–20].
The combination of fixed domains and reversible domains is an interesting and challenging process to
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their team also discovered through research that
stretched, programmed NR was a material that had
an internal memory, and the trigger point of NR
could be manipulated mechanically [40–42]. There
are also some related studies on the self-healing of
modified natural rubber [43, 44]. As a semicrystalline
polyolefin material, PCO exhibits certain structural
advantages as an SMP with a high content of double
bonds and crystalline resignment [45–48]. Segiet et
al. [49] studied the polymer IR, which is similar in
structure to natural rubber, and explored the effects
of stearic acid and biocompatible poly(2-ethyl-2-oxazoline) (PEtOx) on its shape memory, respectively.
They found IR/PEtOx was also a water-triggerable
SMP that could be applied for biomedical purposes.
In this study, thermally actuated shape memory polymers (SMPs) of chemically crosslinked NR/PCO
were prepared via mechanical blending. The chemically crosslinked blends behaved as an elastomer,
which could be arbitrarily shaped above the melting
temperature of the crystalline phase and subsequently
become fixed during crystallization. The mechanical,
thermal, shape memory and thermally assisted selfhealing properties of NR/PCO composites were investigated in detail in this manuscript. Two schematic
diagrams were proposed to show the shape memory
and self-healing behaviors of NR/PCO composites.
NR/PCO composites displayed excellent shape
memory and thermally assisted self-healing properties with increasing PCO content. Due to these superior properties, this series of natural rubber-based
composites may have the potential to be used in intelligent and thermal-response shape memory fields.

stimuli. These multidimensional shape memory behaviors expand the applications of SMPs in future
device applications [23–25].
Self-healing polymers (SHPs), another class of smart
materials, have also received considerable attention
due to their ability to spontaneously repair themselves
after suffering surface or internal damage [26, 27].
Throughout the service life of materials, they experience local microscopic and even macroscopic damage that is irreversible in most cases, particularly in
conventional vulcanized natural or synthetic rubbers,
due to their chemical crosslinked three-dimensional
molecular network. Recently, research on self-healing elastomer materials has made great progress, including the development of supramolecular rubber,
ionic and covalent interaction self-healing rubber; and
shape memory effects to assist self-healing [28–29].
Self-healing SMPs based on various structures have
been developed, including polyurethanes (PU), polystyrene copolymers, and epoxy-based polymers [30–
32]. Shape memory-assisted self-healing (SMASH)
was firstly introduced by Luo and Mather [33]. Li
and coworkers [34–36] proposed a two-step healing
scheme called ‘close then heal’ (CTH), in which the
confined shape recovery of SMP was used to seal or
close cracks to improve the self-healing of materials.
Raidt developed ionically crosslinked shape-memory
polypropylene recently, which had SMASH [37].
However, SHPs still have some critical defects, such
as complex preparation processes, reduced mechanical performance, and low self-healing efficiency,
which hinder their practical applications. Therefore,
it is imperative to find a simple and low-cost manufacturing method to develop elastomers with sufficient mechanical strength and excellent self-healing
capability.
Concerning the sustainable development of materials, there is an urgent desire to develop new materials
with an effective combination of the shape memory
effect and self-healing ability. This manuscript reports a novel type of SMP, which is simply fabricated
by a physical blending method, containing natural
rubber (NR) and polycyclooctene (PCO). Natural
rubber is widely used in industry, transportation; national defense; medicine and health; machinery manufacturing, and daily life due to its strong elasticity,
good insulation, and plasticity. Katzenberg and
coworkers [38, 39] found that natural rubber itself
had excellent shape memory properties. In addition,

2. Experimental
2.1. Materials
NR (STR�10, Sri Trang Agro-Industry Plc, Thailand), PCO (Vestenamer®8012, weight-average molecular weight 90 000 Da, trans content 80%, Evonik
Industries, Shanghai, China), dicumyl-peroxide (DCP,
purity 96%, Aladdin Co., Ltd. Shanghai, China), and
other additives were obtained from commercial
sources and used without further purification.

2.2. Preparation of the NR/PCO composites
NR/PCO composites were prepared with a high-temperature open mill at 50 °C for approximately 10 min
using a standard mixing sequence. The compound
formulations are shown in Table 1.
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Table 1. Formulation of NR/PCO composites.
Formulation

A

B

C

where ρ1 and ρ2 are the densities of the solvent and
polymer, respectively.

D

NR

[g]

50

50

50

50

PCO

[g]

50

60

70

80

DCP

[g]

1.5

1.5

1.5

1.5

Antioxidant MB [g]

2

2

2

2

ZnO

[g]

5

5

5

5

SA

[g]

1

1

1

1

2.5. Scanning electron microscope
The microscopic morphology of the NR/PCO composites was observed by a field-emission scanning
electron microscope (SEM) (JEOL JSM-6700F,
Japan).

2.3. Curing characteristics
The curing characteristics of the blends were studied
with a Monsanto oscillating disc rheometer at 160 °C
according to ASTM D-2084-11.

2.6. Mechanical characterization
Vulcanized slabs were prepared by compression
molding, and dumbbell-shaped specimens were diecut according to the following dimensions: length =
20 mm, thickness = 2 mm, the width of the parallel
part = 4 mm, as noted in ASTMD 412-type C (Wuxi
KLT Precision Hydraulic Machinery Factory, Wuxi,
China). The tests were conducted following the
ASTM D 412-16 procedures. The 100% modulus,
elongation at break, and tensile strength were measured at room temperature using a tensile testing machine (Lloyd, LR10 K Plus, UK) at a jaw separation
speed of 500 mm·min–1.

2.4. Nuclear magnetic resonance (NMR) and
equilibrium swelling crosslinking density
test
Crosslink density was tested using an XLDS-15 HT
Cross-link Density Analyser (IIC DR. KUHN GmbH
& Co KG, Germany) under a magnetic induction intensity of 3.5 A/m, a frequency of 15 MHz, and a test
temperature of 60 to 80 °C. Parker et al. [50] established the relationship between the NMR relaxation
parameters and the structure of vulcanized rubber. In
this study, the transverse relaxation time (T2) is used
to characterize the change in crosslink density. For
ease of understanding, T2 decreases as the crosslink
density increases. The crosslink density of the vulcanized NR/PCO blends was also determined by the
method of equilibrium swelling. The vulcanized test
pieces were swollen in toluene at room temperature
for 48 hours. After removing the excess solvent, the
weights of the swollen samples (W1) were recorded.
Finally, the samples were dried in a vacuum oven at
50 °C for 12 hours, and the weights of the dried samples (W2) were recorded. The crosslink density (Ve)
was determined according to the Flory-Rehner equation (Equation (1)):
Ve =

2
ln R1 - Vr W + Vr + |V r
V
Vl SV r1/3 - 2r X

2.7. Differential scanning calorimetry (DSC)
DSC measurements were performed using a DSCQ20 (TA Instruments, USA) in a N2 atmosphere. The
temperature and enthalpy were calibrated with an indium standard. Samples with a mass of 6~10 mg
were maintained at 100 °C for 3 min to eliminate their
thermal histories before they were cooled to –50 °C
at a speed of 10 °C·min–1. Samples were subsequently heated to 100 °C at a rate of 10 °C·min–1. The first
cooling and subsequent second heating traces were
recorded for analysis. The degree of crystallinity (Xc)
for each portion of the composites was calculated by
Equation (3):
Xc =

W2
t2
W2
W1 - W2
t2 +
t1

(3)

where ΔHm and ΔHm* are the melting enthalpy of the
polymer and its theoretical melting enthalpy
(ca. 230 J·g–1 for PCO), respectively [51], ω is the
mass fraction of PCO component in NR/PCO composites.

(1)

where Vl is the molar volume of the solvent; χ is the
interaction parameter between the solvent and the
polymer; and Vr is the volume fraction of the polymer in the swollen samples, which can be calculated
by Equation (2):
Ve =

DHm
* $ 100%
~ $ DH m

2.8. Shape memory effect
The shape memory properties of the composites
were analyzed by a DMA-Q800 instrument (TA Instruments, New Castle, Delaware, USA) in ‘Controlled Force’ mode with a preload of 0.001 N and a

(2)
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frequency of 1 Hz. The test samples were cut into
rectangular shapes with a thickness of 2.0 mm, a
width of 4.0 mm, and a length of 30.0 mm. The initial clamp gap was set to 5.0 to 10.0 mm. The heating and cooling rates were both set to 5 °C·min–1.
The procedures of the shape memory effect were as
follows.
First, the sample was maintained isothermally at
100 °C for 3 minutes to completely melt the crystalline regions of the PCO part; the initial strain was
denoted as ɛ0. Second, stress of 3 N was applied at a
speed of 0.3 N·min–1, and the sample was cooled to
–50 °C at a speed of 5 °C·min–1 to freeze the crystalline domain completely (ɛ1,load). Then, the load
was removed at a speed of 0.3 N·min–1 (ɛ1). Finally,
the sample was reheated to 100 °C at a speed of
5 °C·min–1 and maintained isothermally for 10 min
(ɛ0,rec). The shape fixity ratio (Rf) (Equation (4)) and
shape recovery ratio (Rr) (Equation (5)) are critical
parameters for SME characterization and can be
quantified as follows:

the crystallization area of PCO. After healing, the
samples were stretched to fracture at a cross-head
speed of 500 mm·min–1 at 25 °C again. Healing efficiency was evaluated by Equation (6)), comparing
the tensile strength of the healed samples σhealed
and
b
virgin
the virgin samples σb as follows:

f -f
Rf Q0 " 1V = f 1 -0f $ 100%
1, load
0

(4)

f1 - f0, rec
Rr Q1 " 0V = f - f $ 100%
1
0

(5)

3.1. Curing properties of composites
First, we studied the effect of the PCO content on the
curing and mechanical properties of composites. The
scorch time (T10) in Table 2 increased gradually with
increasing PCO content, indicating that the increase
in PCO content prolonged the processing safety time
and reduced the occurrence of scorch during processing. The optimum cure time (T90) and the values
of MH, ML, MH – ML increased marginally with the
increase of PCO content. The increase in MH – ML
implied an increase in the crosslinking degree. Therefore, we also measured the crosslinking density of
composites using the NMR method, and the measured transverse relaxation time (T2) of NMR was
used as a scale for comparing the crosslinking density. These composites completed the transformation
from linear macromolecules to crosslinked three-dimensional network structure in the vulcanization

Healing efficiency =

v bhealed
$ 100%
v virgin
b

(6)

3. Results and discussion
In this study, a novel shape memory elastomer is designed and crosslinked to form smart polymers with
shape memory and self-healing ability. These composites were prepared with both a crosslinked network and crystalline phase. The mechanical, thermal, shape memory, and self-healing properties of
this elastomer were investigated in this study and
were closely linked to the structure of NR/PCO compounds.

where ɛ1,load represents the maximum strain under
the load, ɛ1 is the strain after cooling and load removal, and ɛ0,rec is the recovered strain.

2.9. Self-healing effect
In the self-healing tests, dumbbell-shaped specimens were cut into two separate parts with a clean
blade. Then, the fracture surfaces were placed back
together by gently pressing to ensure good contact
between the cut faces to heal in a vacuum oven at
90 °C for 150 min. Finally, the samples were slowly
cooled at room temperature for 5 days to complete

Table 2. Curing characteristics and crosslinking densities of NR/PCO composites.
Properties

Composites with different ratio of NR/PCO
A

B

C

D

16.0

16.8

17.2

17.3

MH

[dN·m]

ML

[dN·m]

MH – ML

[dN·m]

T10

[min]

3.05

4.32

4.87

5.70

T90

[min]

34.88

35.00

36.45

36.90

T2

[ms]

2.47

2.44

2.32

2.21

cross-linking density·10–4

[mol·cm–3]

1.86

1.93

2.04

2.15

0.24
15.8
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0.31
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increasing the PCO dosage increased the hardness,
100% modulus and elongation at failure of the composites. The decrease of tensile strength may be due
to the increase of PCO content. The strength of PCO
material itself is very low.
The morphological structure of the NR/PCO composites was observed from the SEM images in Figure 1. We found that the microscopic morphology of
composites presented an obvious continuous phase
structure from Figures 2a to 2d. The relatively smooth
surface indicated good compatibility between the
NR and PCO in the composites. This difference in
microscopic morphology inevitably affected the performance of composites.

process. The change of molecular microstructure and
the movement characteristics of macromolecules in
composites could be reflected by its NMR transverse
relaxation time (T2). T2 exhibits the molecular motion of the entire network, including the rapid motion
of small molecules, free ends, and molecules, as well
as the relatively slow motion of the network chain and
the slow motion of the entire network. As the crosslinking density of vulcanizates increased, the movement of macromolecules is severely restricted. Therefore, transverse relaxation time T2 decreased with the
increase of crosslinking density. The trend of T2 was
also consistent with the equilibrium swelling test
method results. The reason for this phenomenon was
that the crosslinking network structure decreased
with increasing polymer content when the amount
of crosslinking agent DCP was fixed.

3.3. DSC analysis
In semicrystalline SMPs, the melting and reappearance of the crystalline domain determine the fixation
of the temporary shape and the restoration of the
original shape of composites. Therefore, it is essential to identify the melting point of samples to determine the transition temperature. The melting temperature of the composites could be obtained from the
DSC curves (Figure 3). We found that the melting
peak locations of PCO portions significantly shifted
to the high-temperature direction with the increase of
PCO content. The melting peak area also increased
due to the increase in PCO content. The degree of
crystallinity could be calculated according to Equation (3). We found that the crystallinity of PCO increased from 24.41 to 26.06%, as shown in Table 4.
Therefore, we showed that the increase in crystallinity in composites might have a strong influence on
the material properties.

3.2. Mechanical properties and cross sections
of composites
Then, the mechanical properties of the composites
were investigated and are shown in Table 3 and Figure 1. The tensile strength marginally decreased from
13.35 to 11.98 MPa. However, the elongation at failure, 100% modulus, and hardness were improved by
increasing the PCO content. This phenomenon may
be attributed to the fact that PCO is a type of crystallizable polymer with certain plasticity. Therefore,

3.4. Shape memory effect analysis
DMA was adapted to investigate and characterize the
shape memory properties of NR/PCO composites.
In shape memory behaviors, the crosslinked network
generated in both the NR and PCO portions acted as
a fixed phase, while the crystalline regions of the
PCO portions acted as a reversible phase. In the

Figure 1. Stress-strain curves of the NR/PCO blends with
different ratio of NR/PCO.
Table 3. Mechanical properties of NR/PCO composites.
Properties
Tensile strength

[MPa]

100% modulus

[MPa]

Elongation at break

[%]

Hardness

[Shore A]

Composites with different ratio of NR/PCO
A

B

C

D

13.35

12.69

12.37

11.98

2.25

2.50

2.58

2.67

537

549

565

579

63

69

74

77
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Figure 2. SEM images of the NR/PCO blends with different ratio of NR/PCO: (a) 50/50; (b) 50/60; (c) 50/70; (d) 50/80.

Figure 3. Differential Scanning Calorimeter (DSC) curves of the NR/PCO blends with different ratio of NR/PCO: (a) cooling
curves and (b) heating curves.

from the obtained DMA curves. Using Equations (4)
and (5), the shape fixation and recovery rate of the
composites remained at approximately 94% in the
DMA test (Figure 4 and Table 5). The shape fixation
and recovery rate of the composites also increased

DMA test, composites were stretched at high temperature, given a temporary shape, fixed to a temporary shape at low temperature, and heated again to
complete the shape recovery process. The shape fixing rate and shape recovery rate could be calculated
934
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Figure 4. Shape memory properties of the NR/PCO blends with different ratio of NR/PCO: (a) 50/50; (b) 50/60; (c) 50/70;
(d) 50/80.
Table 4. Crystalline properties of NR/ PCO composites.
Properties
Xc(PCO)
Tm(PCO)

[%]
[°C]

Composites with different ratio of NR/PCO
A

B

C

D

24.41
52.51

24.55
53.06

25.61
53.09

26.06
53.38

Figure 5. Representative photographs showing the healing
process of NR/PCO blends.

marginally with increasing PCO content. Results were
closely related to the increase in crystallinity and
crosslinking degree of the composites. In shape memory behavior, the crystallization zone determined the
fixed rate of shape memory performance, and the
crosslinking structures of NR and PCO played a decisive role in the recovery rate of shape memory performance. Therefore, the improvement of crystallinity
and crosslinking density in the composite improved
the shape memory properties of the composite.

There were no marked visual cracks after healed at
90 °C for 150 minutes. To test the properties of the
composites after healing, we also performed mechanical tests on these healed samples. The healing
efficiency was quantified by comparing the tensile
strengths of the healed samples and the virgin samples via Equation (6). We found that the tensile
strength of the healed composites increased gradually with increasing PCO content, as shown in Figure 6. All healed samples fractured at a much lower
tensile strength than the corresponding original samples. The highest healing efficiency of the composites reached 19.03%. Such behavior could be explained by the physical diffusion of molecular chains
in the repaired composites. When the temperature

3.5. Self-healing analysis
In the self-healing experiment, we first cut the composites in half and then healed them via thermal assistance. Intuitive comparison photos before and after
healing are shown in Figure 5. As shown in Figure 5,
the samples maintained the original dimensions.
935
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Figure 6. Tensile strength and healing efficiency of NR/PCO
composites after healing.

Figure 8. Scheme diagrams for NR/PCO blends: self-healing behaviours.

was higher than the melting point of PCO, the uncross-linked PCO component might experience physical diffusion and melt bonding, which were the primary methods of self-healing in composites.
Therefore, schematic diagrams were proposed to
clearly show the shape memory and self-healing behavior of NR/PCO composites. In Figure 7, the NR
and PCO portions are drawn in red and blue, respectively. The disorder curves represent amorphous chain
segments in the composites, and the rectangles represent crystalline regions of the PCO part. The black
dots represent crosslinking points in the composites.
First, when the sample temperature was kept at
100 °C, all crystalline regions in the composites melted. A temporary shape could be formed and fixed
under external loading and cooling processes. After
the load is removed, the specimens could return to
their original shapes by reheating. Therefore, the composites could be softened via heat, formed, and fixed
a temporary shape through a cooling process. This
process is how the shape memory process of composites is completed.
Schematic diagrams of the self-healing behavior are
shown in Figure 8. When two fractured samples are

placed together, the mobility of the molecular chains
is enhanced when the temperature rises above the
melting temperature of the PCO component. The improvement of the mobility of molecular chains increases the entanglement of molecular chains through
mutual diffusion. Therefore, the physical crosslinking of the molecular chains would form under the
driving of thermodynamics. Then, these composites
undergo fusion bonding, cooling, and crystallization
at room temperature to obtain certain strength. However, the migration of molecular chains is limited by
the chemical crosslinking network, resulting in little
molecular entanglement at the interface, low recovery of mechanical properties, and an inability to
achieve uniformity in composites.
Therefore, these two schematic diagrams could explain the observed relationship between the internal
microstructures and the macroscopic properties of
Table 5. Rf and Rr values of NR/PCO composites.
Properties

A

B

C

D

Rf

[%]

92.79

94.74

94.96

95.13

Rr

[%]

94.45

95.41

95.89

98.92

Figure 7. Scheme diagrams for NR/PCO blends: shape memory effect.
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