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Abstract. We designed a series of thermo- and electro-induced double-stimulus shape-memory composites comprising natural Eucommia ulmoides rubber (EUR) and conductive carbon blacks (CCBs). This paper discusses the mechanical, cure,
thermal, and shape-memory properties of the composites. The shape-memory properties of the composites were investigated
under two stimulation conditions, heat and electricity. In these composites, the crosslinked networks acted as the fixed domain, and the crystalline regions of EUR worked as the reversible domain during the shape-memory process. CCBs were
embedded in the composites as a conductive component, which endowed their electrical stimulation response. These composites exhibited excellent thermal and electrical shape-memory properties. We studied the shape-memory behavior of composites under different voltage conditions during the electrical stimulation process. Due to its excellent electrical stimulation
response, natural EUR can be used in intelligent and multi-response shape-memory applications.
Keywords: polymer composites, smart polymers, rubber, thermal properties

1. Introduction

Thermo-induced SMP systems usually consist of a
fixed phase that determines the initial deformation and
a reversible phase that determines the reversible softening and hardening of the SMPs with the change in
temperature. The fixed phase in SMPs comprises
networks with chemical crosslinking (covalent bonds)
or physical crosslinking (hydrogen bonds, coordination covalent bonds, and molecular entanglements),
and the reversible phase comprises some of the crystal structures. Of the different types of SMPs, thermoinduced ones are the most widely studied and used.
However, it has been observed that it is not easy to
achieve shape-memory recovery in SMPs by direct
heating in several applications, such as remote control. The heat-induced shape-memory materials are
also limited by environmental factors such as external heat sources [19]. Therefore, it is necessary to stimulate materials in order to achieve a shape-memory

Shape-memory polymers (SMPs) are a new kind of
smart polymer materials [1–4] that can respond to
the external environment by changing their shape
under appropriate stimulation conditions, such as
temperature [5–8], light [9–11], electromagnetic radiation, and solvents [12, 13]. When compared with
shape-memory alloys and ceramics, SMPs have the
following advantages: the ability to recover large deformations, easy self-deployment abilities, and adjustable shape response temperature. These characteristics have enabled SMPs to be applied in several
areas, including biomedicine, surgical suture, stents,
heart valves, tissue engineering, drug release, and vision therapy [14–18].
Based on the stimulation or recovery mechanism,
SMPs may be divided into thermo-, photo-, hydro, and electromagnetic radiation-induced SMPs.
*
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electrical stimulation response of the composites.
The novel electro-stimulated shape-memory composites could expand the application of natural
EUR, especially in the areas of special sensors and
actuators.

effect in a convenient, remote, diverse, and controllable manner.
Electronic shape-memory polymers (ESMPs) have
attracted researchers’ extensive attention due to the
advantages of easy operation, wide adaptability, fast
response, and remote manipulation. However, since
most SMPs are insulators and cannot be electrically
driven directly, conductive fillers are added to form
conductive networks, enabling them to be electrically driven [20, 21]. The conductive fillers added include carbon nanotubes [22–25], conductive carbon
blacks (CCBs) [26, 27], conductive fibers [28],
graphene, and metal fillers [19, 30, 31]. In recent
years, electronic shape-memory materials have made
rapid progress due to their ability to be controlled remotely and faster response. However, challenges
such as high cost and the complex process of synthesis need to be addressed. Therefore, it is important
to develop composite materials with low percolation
value using simple, cost-effective, and efficient
preparation methods.
This paper aims to prepare electro-induced shapememory composites by introducing CCBs into Eucommia ulmoides rubber (EUR) matrices. Natural
EUR exists in a crystalline state at room temperature; its major component is trans-1,4-polyisoprene,
different from cis-1,4-polyisoprene, which is widely
found in natural rubber. Natural EUR can be used in
shape-memory applications by being partially crosslinked. Our group has prepared shape-memory composites using EUR as the matrix [32–34]. EUR is
similar to other shape-memory materials, such as
polyethylene. However, since its mechanical strength
is low, it needs to be reinforced with filler. One such
material that is commonly used for reinforcement is
carbon fiber. However, the addition of excessive
fillers is likely to affect the shape-memory properties
of the EUR materials. Although there is an amount
of research on shape-memory composites, most of
them are difficult to consider both the mechanical
properties and shape-memory properties of the materials. To date, only a few studies have focused on
the preparation of electro-induced shape-memory
EUR composites and their voltage-triggered shapememory behavior. In this study, we prepared ESMPs
using EUR as the matrix material with excellent mechanical properties using a simple physical method.
We studied the effect of CCB content on the mechanical, thermal, and shape-memory properties of
the composites and the influence of voltage on the

2. Materials and methods
2.1. Materials
Natural EUR was extracted in our laboratory from
Eucommia leaves. CCBs (purity ≥95%) were purchased from Aladdin Co., Ltd. (Shanghai, China).
Other additives were obtained from commercial
sources and were used without further purification.

2.2. Preparation of EUR composites
EUR was dried in a vacuum oven at 30 °C for 12 h.
The EUR composites were prepared on a high-temperature open mill at 90 °C for 10 min using a standard mixing sequence. The compound formulations
for different EUR/CCB ratios are presented in
Table 1, and the preparation of the EUR composites
is shown in Figure 1.
2.3. Mechanical characterization of EUR
composites
Dumbbell-shaped specimens were punched out from
a molded sheet using an ASTM Die C. Tests were
conducted according to GB/T 1040-92 and GB/T
1843-96.
2.4. Electrical conductivity measurement of
EUR composites
The electrical conductivities of the composites were
measured using a Jandel RM2 4-point probe tester
(Jandel Engineering Co.).
Table 1. Formulations of the EUR/CCB composites.
Chemicals
[phr]a

A

B

C

D

EUR

100

100

100

100

ZnO

4

4

4

4

Stearic acid (SA)

1

1

1

1

1.2

1.2

1.2

1.2

2

2

2

2

0.3

0.3

0.3

0.3

N-cyclohexyl-2-benzothiazole
sulfonamide (CBS)
2,6-hydroxamino-4-methyl phenol (264)
Tetramethylthiuramdisulfide
(TMTD)
S
CCB
aParts
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0.4
10

0.4
20

by weight per hundred parts of rubber

0.4
30

0.4
40
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Figure 1. Schematic diagram of preparation of EUR/CCB composites.

2.5. Estimation of the crosslinking degree of
EUR composites
Five samples were extracted using acetone for 12 h
and dried in a vacuum oven at 80 °C until constant
weight. The samples were then placed in bottles containing toluene (about 40 ml) and swelled for 72 h
at 60 °C. The swollen samples were blotted using a
tissue paper to remove the excess solvent, and were
weighed immediately. Finally, the samples were put
in a vacuum oven at 80 °C, until dry. The crosslink
density of the samples was calculated according to
the Equations (1) and (2):
- "ln R1 - { r W + { r + |{2r % = V0 n T {1r /3 m t
{ r = m t + m 2t 1 - m t2
2 1
2 2
1

{r
Y
2

2.6. Differential scanning calorimetry (DSC)
measurements
DSC measurements were performed using a DSC
Q20 calorimeter (TA Instruments, USA) under a N2
atmosphere. Temperature and enthalpy were calibrated using an indium standard. Samples with a
mass of 5–8 mg were maintained at 100 °C for 3 min
to eliminate their thermal histories, following which
they were cooled to –50 °C at a rate of 10 °C·min–1.
The samples were subsequently heated to 100 °C at
a rate of 10 °C·min–1. The cooled and subsequently
heated traces were recorded for analysis. The degree
of crystallinity (Xc) for each portion of the sample
was calculated using the Equation (3):

(1)

Xc =

(2)

DHm
* $ 100%
DH m

(3)

where ΔHm and ΔHm* are the melting enthalpy and
ideal melting enthalpy of a certain polymer portion
(approximately 186.8 J·g–1 for EUR [32, 36]), respectively.

where m1 and m2 are the masses of the swollen sample before and after drying, respectively; ρ1 and ρ2
are the densities of rubber (ρ1 = 0.91 g/cm3) and
toluene (ρ2 = 0.865 g/cm3), respectively; φr is the volume fraction of the swollen rubber; V0 is the molar
volume of toluene (106.2 cm3/mol); n is the number
of active network chain segments per unit volume
(crosslinking density); and χ is the Flory–Huggins
polymer–solvent interaction term, which is 0.430 for
toluene [35].

2.7. Shape-memory property analysis
Dynamic mechanical analyses were carried out using
a Q800 Dynamical Mechanical Analyzer (DMA)
(TA Instruments, USA) in the ‘Controlled Force’
mode. The preload was 0.001 N, and the frequency
was 1 Hz. Test samples were cut into rectangles,
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3. Results and discussion
3.1. Cure characteristics of EUR composites

with a width of 4.0 mm, a thickness of 1.0 mm, and
a length of 30.0 mm. The initial clamp gap was set
to 6.0–8.0 mm. The heating and cooling rates were
both 5 °C·min–1.
To begin with, all samples were maintained isothermally at 100 °C for 3 min to melt the crystalline domain completely. The initial strain was denoted as
ε0. A load of 3 N was then applied at a speed of
0.3 N·min–1, and the sample was cooled to –50 °C at
a rate of 5 °C·min–1 for the crystalline domains to
freeze completely (ε1,load). The load was then removed (ε1). Finally, the sample was reheated to
100 °C at a rate of 5 °C·min–1 and maintained isothermally for 15 min (ε0,rec).
The shape fixity (Rf) and shape recovery (Rr) ratios
are crucial parameters in shape-memory characterization. The two properties can be quantified as shown
by Equations (4) and (5):
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)

Figure 2 shows the variation in the cure characteristics of EUR composites with the variation in the
CCB content, where MH and ML represent the maximum and minimum torque values, respectively, during the molding of the samples. While there was a
gradual increase in MH with the addition of CCB
(Figure 2a), there was only a small increase in ML;
that is, it increased only slightly with the increase in
the CCB content. Thus, MH – ML showed an increasing trend, implying the increase in the crosslinking
rate in composites. We also measured the crosslinking density of the composites using the swelling
method shown in Figure 3. The results showed that
the crosslinking density of the composites increased
with the increase in the CCB content, which was
consistent with the results of MH – ML. In Figure 2b,

2.8. Scanning electron microscopy (SEM)
Sample sections of EUR composites were first fractured in liquid nitrogen. They were then placed on a
double-sided sticky carbon tape mounted on a copper sample holder coated with platinum for SEM
analysis. The fracture appearances of the sample sections were observed using a JEOL JSM-6700 fieldemission SEM instrument.

Figure 3. Crosslinking density of EUR composites with different CCB content.

Figure 2. Effect of CCB content on the cure characteristics of EUR composites: (a) maximum torque (MH) and minimum
torque (ML) during the molding process, and (b) the scorch time (T10) and the curing time (T90).
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EUR was obvious when the CCB content was 10 phr,
with the tensile strength of the EUR composites decreasing slightly when the CCB content was 20–
40 phr. Therefore, DSC was used to characterize the
crystalline properties of the composites and explore
the reason for this phenomenon. EUR crystallizes easily due to its regular trans-structure of the macromolecular chains. The addition of CCB is believed to affect the mechanical and thermal properties of the
composites. The crystalline portions in EUR composites play an important role in the shape-memory behavior of composites, which act as the reversible
phase during the shape-memory process. Therefore,
it is critical to investigate the effect of CCB content
on the crystallization of the composites. Both the
thermal properties and the transition temperatures of
the shape-memory composites were measured using
DSC (Figure 5). The degree of crystallinity and the
melting range were obtained from the resulting DSC
curves. The crystallinity of the composites decreased
from 20.13 to 18.47% with the increase in the CCB
content (Table 2). This phenomenon may be attributed to the crystalline zone of EUR in the composites
getting destroyed due to the addition of CCB. Furthermore, the melting temperature changed slightly
with the increase in the CCB content.

T10 represents the scorch time, which is usually defined as the time for samples’ torque added 10 units
during the molding process. T90 represents the time
for samples’ torque added 90 units during the molding process, which is closely linked with optimum
cure time. T10 and T90 showed a downward trend
with the increase of CCB content. The result indicated that the addition of CCB could shorten the curing time of the composites (T90). However, the short
scorch time poses a challenge for the safe processing
of rubber composites.

3.2. Mechanical properties of EUR composites
The effect of CCB content on the mechanical properties of the EUR composites is shown in Figure 4.
The tensile strength of the composites was observed
to increase from 20.4 to 25.8 MPa when the composites were filled with 10 phr CCB, proving the obvious reinforcement effect of CCB. The tensile strength
was found to decrease slightly from 25.8 to 23.2 MPa
when the CCB content was increased from 10 to
40 phr. However, the modulus at 100% elongation
increased from 7.2 to 12.7 MPa with the increase in
the CCB content. The hardness of the composites was
observed to increase, and the elongation at break was
observed to decrease with the increase in the CCB
content (Figure 4b). This phenomenon showed that
the addition of CCB worsened the plasticity of the
composites.

Table 2. The thermal properties of EUR composites.
Properties

3.3. DSC analysis
Carbon black, as the major reinforcement filler, was
found to have an obvious reinforcement effect in natural rubber. However, the reinforcement effect in

EUR/CCB composites
A

B

C

D

Xc

[%]

20.13

19.75

19.47

18.47

ΔHm

[J/g]

34.18

28.75

27.97

26.35

Tc

[°C]

14.50

15.10

17.50

20.50

Tm

[°C]

43.3, 52.2

43.5, 52.3

43.3, 52.2

43.5, 52.3

Figure 4. Effect of CCB dosage on the mechanical properties of the EUR composites: (a) tensile strength and 100% modulus,
(b) hardness and elongation at break.
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Figure 5. DSC curves of EUR composites with different CCB content (a) cooling scan and (b) heating scan.

First, we gave the sample a temporary ‘V’ shape by
heating and cooling the strip-shaped sample. After
the ‘V’-shaped sample was electrified, we observed
the recovery process of electro-induced shape-memory materials in real-time. The experiments were carried out using composites at a voltage of 80 V and a
CCB concentration of 40 phr. We found that the materials gradually returned to the original shape (linear) when the electrification time changed from 5,
10, 15, to 30 s. We fixed the temporary ‘V’ shape
with an angle of 10~15°. With the increase in time,
the temporary angle changed to ~40° at 10 s, ~62°
at 15 s, ~113° at 20 s, and ~131° at 25 s. At 30 s, the
angle completely restored to 180°. Thus, it took only
30 s for the composite to completely return to its original shape. From the above experiment, we observed
that the recovery deformation rate of composites
changed from slow to fast. Therefore, we thought
that when the electricity was first turned on, the composites first absorbed the heat and thus restored their
shape by heating.
Thus far, we have described the electro-induced
shape-memory behavior of EUR composites. However, whether there is an effect of voltage on the electro-induced shape-memory composites remains to be
uncovered. Therefore, we stimulated EUR composites at different voltage values. We observed that the
larger the amount of CCBs that was added to the composites, the easier it was to recover them to their original shape under conditions of low voltage. As shown
in Table 4, when the CCB content was 40 phr, the
composites were restored to their initial morphology
at a voltage of 120 V in 10 s. The higher the voltage,
the faster was the recovery speed. Composites without

3.4. Shape-memory analysis
The shape-memory properties of EUR composites
were then measured using a dynamic mechanical analyzer (Figure 6 and Table 3). The SMP specimens
were maintained isothermally above the Ttrans
(100 °C). The crystalline regions of EUR, when melted, acted as reversible domains in the composites.
Meanwhile, the crosslinking network acted as the
fixed domain, restricting the plastic slippage of the
molecular chains. We found that the shape fixity ratio
(Rf) decreased from 90.4 to 83.3%, and the shape recovery ratio (Rr) of the composites increased from
91.5 to 97.1%, with the increase in the CCB content.
The decrease in Rf was due to the decrease in the
crystal portions as the reversible phase in the EUR
composite; the observation was consistent with the
thermal properties revealed by DSC tests. The increase in Rr was attributed to the strengthening effect
of the crosslinking network as the fixed phase in the
composites. There was not only the crosslinking network of polymer chains but also the network of the
CCBs as the filler. Thus, Rf and Rr showed different
tendencies with the addition of CCB.
3.5. Electronic shape-memory analysis
We investigated the electro-induced shape-memory
properties of EUR composites (Figure 7). The course
of these experiments may be summed up as follows:
Table 3. The shape memory properties of the EUR/CCB
composites.
Properties

EUR/CCB composites
A

B

C

D

Rf

[%]

90.4±0.3

89.3±0.4

85.8±0.5

83.3±0.4

Rr

[%]

91.5±0.3

92.0±0.3

94.3±0.4

97.1±0.4
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Figure 6. Shape memory properties of EUR composites with different CCB content (a) 10 phr, (b) 20 phr, (c) 30 phr,
(d) 40 phr, (e) 0 phr.
Table 4. The recovery time in voltage- triggered shape memory behavior of EUR composites.

Properties
CCB content

CCB did not display any electro-induced shapememory performance.

Recovery time in voltage-triggered shape
memory behavior
A

B

C

3.6. Dispersion and conductivity properties of
the composites
Composites filled with conductive fillers are heterogeneous dispersion systems. Currently, there are
two main theories that explain the conductive mechanism of composites. First, the conductive path theory, according to which the conductive particles are

D

10

20

30

40

60 V

–

–

–

150 s

80 V

–

–

100 s

80 s

100 V

–

–

60 s

30 s

120 V

–

–

25 s

10 s
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Figure 7. The real-time shape recovery process under electrification (a) 0 s, (b) 10 s, (c) 15 s, (d) 20 s, (e) 25 s, (f) 30 s.

stable in the composites. During this process, the resistance heat generated by the addition of conductive
CCBs led to the increase in the temperature to Ttrans,
thus restoring the composites to their original shape.

interconnected, and the electrons generate the conductive phenomenon by overlapping conductors.
Second, the tunnel conductive effect theory, according to which the electrons can also migrate in the gap
between the conductive particles, resulting in the
conductive phenomenon. In order to investigate the
conductive mechanism of these composites, SEM
was employed, and the dispersion of CCB in the
composites was observed (Figure 8). We found that
most of the CCB existed as separate particles and
were not in contact with each other or even in partial
contact when the content of CCB was low. With the
increase in the dosage of CCB, an overlap phenomenon was expected between the CCB particles, resulting in a relatively complete conductive path.
The ESMPs usually possess excellent conductivity.
Therefore, it is necessary to evaluate the conductivity of materials by measuring their resistivity. The
volume resistivity of EUR composites with different
CCB contents is shown in Figure 9. The fitted curve
was smooth and continuous. We found that the volume resistivity of the EUR composites changed dramatically with the addition of CCB, indicating the
seepage transition of materials from an insulator to
a conductor and the formation of the conductive
pathway through the composites with the introduction of the CCB filler. When the amount of CCB exceeded 20 phr, a relatively perfect conductive path
was formed, and the volume resistivity was relatively

3.7. Schematic diagram
A schematic diagram was proposed for further comprehension of the shape-memory behavior of EUR/
CCB composites. As shown in Figure 10, the blue
color represents the EUR molecular chains. Disorderedly dispersed lines in the composites represent
the amorphous chain segments and the regularly
arranged lines in the crystalline regions. Dark blue
dots, distributed among the molecular chains, represent aggregations of CCB. Orange spots represent
the crosslinking points in the composites. When the
sample temperature was maintained isothermally at
100 °C, all of the crystalline regions melted. During
mechanical loading and cooling, a temporary shape
was formed and fixed. After load removal and reheating, the specimens could return to their original
shapes. The schematic reflects the softening, deforming, fixing, and restoring of the crystalline parts in
the composites during the heating and electrification
processes.
During the response to the electrical stimulation, a
certain amount of CCB was found to form a conductive path in the composites. When the electrical energy is transformed into heat energy, the crystallization
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Figure 8. SEM images of EUR composites with different CCB content (a) 10 phr, (b) 20 phr, (c) 30 phr, (d) 40 phr.

zone inside the composite material can be melted,
which provides sufficient conditions for the deformation of the composites. In this case, the composites can be deformed under external force. After removing the power supply and maintaining the external force, the temporary shape of composites can be
fixed. When the composites are electrified again, the
crystalline zones of the composites can be melted
again, and the crosslinked network structure in the
composite will drive the composites to return to their
original shape. The composites will complete the
shape-memory behavior in response to the electrical
stimulation.

Figure 9. The volume resistivity of EUG composites with
different CCB content.
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Figure 10. Schematic diagram of EUR/CCB composites in the shape memory process.
[4] Chow W. S., Mohd Ishak Z. A.: Smart polymer nanocomposites: A review. Express Polymer Letters, 14,
416–435 (2020).

4. Conclusions
In this study, we prepared thermo- and electro-induced double-stimulus shape-memory composites
comprising natural EUR and CCBs, and demonstrated their excellent properties. The addition of functional filler CCBs could endow the electro-induced
and voltage-triggered shape-memory properties of
composites. We believe that our findings have provided an insightful understanding of the dual shapememory behavior of EUR composites.
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