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Preface

The purpose of this book is to concentrate on recent developments on elastomers. The arti‐
cles collected in this book are contributions by invited researchers with a long-standing ex‐
perience in different research areas. I hope that the material presented here will be
understandable to a broader audience, not only scientists but also people with many differ‐
ent disciplines. The book contains eleven chapters in two sections: (1) “Mechanical Proper‐
ties of Elastomers” and (2) “Elastomers for Natural and Medical Applications.” The book
provides detailed and current reviews in these different areas written by experts in their re‐
spective fields. This book will be useful for polymer workers and other scientists alike and
will contribute to the training of current and future researchers, academics, PhD students,
and other scientists.

Mechanical Properties of Elastomers:

• Electrorheological Elastomers
• Elastomers and Their Potential as Matrix in Polymer Electrolytes
• Nitrile Elastomer/LDH Composites with Varying Mg/Al Ratio, Curing, Nanoparti‐

cle Dispersion, and Mechanical Properties
• Nanocomposites Based on Thermoplastic Polyester Elastomers
• Thermoplastic Elastomers Based on Block, Graft and Star Copolymers
• Fabrication and Properties of Rubber Nanofiber from Electrospinning

Elastomers for Natural and Medical Applications:

• Castor Oil Polyurethanes as Biomaterials
• Natural Rubber and Its Derivatives Medical Değil
• Preparation, Characterization, and Preliminary Biocompatibility Evaluation of Car‐

bon Ion-Implanted Silicone Rubber
• Devulcanization of Elastomers and Applications
• Dielectric Elastomer Sensors
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Electrorheological Elastomers

Xufeng Dong, Chenguang Niu and Min Qi

Additional information is available at the end of the chapter
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Abstract

Electrorheological elastomers (EREs) are smart elastomers with tunable dynamic prop-
erties by applying electric field. They are composed by polarizable particles dispersing
within elastomers matrix. In comparison with electrorheological fluids, the particles in
EREs do not undergo aggregation and sedimentation. Without the requirement of large-
sized electromagnetic coils, the smart devices based on EREs have simpler structures
than those based on magnetorheological (MR) elastomers. The unique properties and
merits of EREs give rise to their bright future in various fields. During the past decades,
great progress has been made by scholars around the world. In this chapter, the concep-
tion, preparation, physical mechanisms, classification, development, influence factors,
and applications of electrorheological elastomers is reviewed.

Keywords: electrorheological (ER), elastomers, dynamic properties, smart materials,
storage modulus

1. Introduction

Smart materials are reactive materials. Their properties can be changed by exposure to stimuli,
such as magnetic and electric fields, temperature, pH value, and moisture [1, 2]. Shape mem-
ory alloys and polymers [3], piezoelectric materials [4], magnetostrictive materials [5], and
magnetorheological fluids and elastomers [6] are typical smart materials. Electrorheological
(ER) materials have been considered as another promising smart material. The pioneering
example of ER materials is electrorheological fluids, whose rheological properties, such as
viscosity and yield stress, can be reversibly changed by applying external electric field.
Electrorheological fluids are usually composed with polarizable particles dispersing within
an insulating carrier liquid [7–9]. Under an applied electric field, ER fluids will transfer from
liquid-like state to semisolid-like state. Compared with their magnetorheological counterparts,
MR fluids, ER fluids present faster response (within a millisecond) and simpler design, but

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



their field-induced yield stress cannot compete with MR fluids, and much higher electric field
(several kV/mm) is required for notable changes. Besides, just like MR fluids, the aggregation
of particles and the leakage of carrier liquid are two crucial shortcomings that prevent ER
fluids from widely applications [10, 11].

To overcome those shortcomings, electrorheological elastomers (EREs) have developed in recent
years. Typical ERelastomers consist ofpolarizable particles and elastomermatrix [12, 13].According
to the distribution of polarizable particles in the elastomermatrix, twokinds of ER elastomers can be
distinguished as isotropic EREs and anisotropic EREs. The particles in the isotropic EREs are
randomly distributed without order, while they are form ordered structures as chains or columns
in the anisotropic ones. To get the anisotropic EREs, an electric field has to be applied during the
crosslinking or curing or vulcanization process [14]. The ordered structures of particles are locked in
thematrix. Comparedwith ER fluids, which are used in their postyield region, EREs are used in the
preyield region. The viscoelastic properties, such as storagemodulus and loss modulus, are electric
field responsive, as shown in Figure 1. The most outstanding advantage of EREs with respect to
ERFs is that the particles in ER elastomers donot undergo sedimentation. EREs also present obvious
merits in comparison with magnetorheological elastomers (MREs). The EREs are driven by electric
field rather than magnetic field, which is much easier to apply without the need of large-sized
electromagnetic coils [15–17]. Therefore, the EREs can be used to design smart devices with simple
structure and lowweight. Due to those advantages, ER elastomers have been extensively studied in
recent years and have presented promising future in applications.

2. Formulations and preparation of EREs

EREs are generally consisted of dielectric or semiconducting filler particles and polymer matrix.
To prepare the EREs, filler particles are dispersed in the unvulcanized polymer and then locked
in the matrix with the curing process. As mentioned above, the EREs will have isotropic struc-
tures if the particles randomly distribute in the matrix. In this case, the particles are dispersed at
random and cured in the polymer without applying electric field. By curing the mixture of

Figure 1. Schematic of EREs in curing process and in use.
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polymer and particles in the presence of an electric field, field-induced interaction between
adjacent particles promote them to form anisotropic microstructures like chains or columns
aligned paralleling to the field direction. These structures will be retained in the matrix and that
have been proved to be helpful for improving the field-dependence of EREs’mechanical perfor-
mance when they are exposed to extra electric field. SEM photographs have been used to show
the presence of chain structures of particles in the EREs, besides, wide-angle X-ray scattering
technique is also used to observe the anisotropic structures in clay/gelatin EREs [18, 19].

For anisotropic EREs adopting gels or rubbers as matrix, the mixtures are cured in the mold
made of glass or other insulating materials with two electrodes, which is shown as Figure 2.
The electric field should be maintained during the entire curing process of the matrix, and the
strength of the field is at least 1–2 kV/mm to ensure effective polarization of the particles. The
appearance of EREs will be strongly influenced by the characteristics of the matrix raw
materials. Some bubbles may be left in the mixture during the stirring process to achieve a
ERE with voids, which will degrade the performance of the material. Thus, the mixture should
be performed degassing to remove the bubbles within it.

3. Physical mechanisms of EREs

The electroviscoelastic characteristics of EREs are mainly caused by the electro attraction
between dispersed particles. Thus, the nature of the forces within adjacent particles is one of
outstanding issues. Although some theories have been proposed, it is widely accepted that
particle polarization forces play a dominant role in the ER effect [20, 21]. Klingenberg et al. first
proposed the theoretical model to describe some aspects of ER suspensions with the one point
dipole approximation model [22]. In this model, real ER solids could be considered as mono-
disperse suspensions of dielectric hard spheres in a continuous polymer matrix. The polariza-
tion in the one point dipole approximation model that occurs inside the particles instead of on
their surface, and the dipoles form within adjacent particles will be stronger as the dipoles
come close to each other. Based on the classical theory, the polarization force of the particles
under extra electric field can be given by [12]

Figure 2. Schematic of ERE vulcanizing mold with DC electric field [18].
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FðR,θÞ ¼ 12πr2ε0εmκ2E2ðr=RÞ4½ð3 cos 2θ� 1Þer þ sin ð2θÞeθ� ð1Þ
κ ¼ ðεp � εmÞ=ðεp þ 2εmÞ ð2Þ

where R is the center-to-center distance between the adjacent particles, θ is the angle between
the applied electric field and the chain axis (Figure 3), r is the radius of the spheroidal particle,
E is the strength of electric field, ε0 is the permittivity in vacuum (= 8.854 � 10�12 F/m), εp and
εm are the dielectric constants of the filler particles and matrix, respectively, er and eθ are unit
vectors in r and chain axis directions, respectively.

Eq. (1) is an expression obtained from solving Laplace’s equation about a pair of spheroidal
particles in the continuous unbounded medium. By assuming the spheres interaction was
replaced by dipoles with the same intensity as the dielectric spheres in an electric field, they
further obtained the point dipole moment, which can be written as

μ ¼ 4πr3ε0εmκE ð3Þ

Eq. (2) shows the volume polarizability of one particle under applied field. If the adjacent two
particles are parallel to the applied field and in contact with each other, the dipole interaction
force between them can be rewritten as

F ¼ ð3=2Þπr2ε0εmκ2E2 ð4Þ

Based on the above results, Shiga et al. assumed that interactions between two adjacent
particles mainly come from the dipole interaction between these two particles instead of the
interaction between paths within them [23]. According to this assumption, macroscopic visco-
elastic properties such as storage and loss modulus can be estimated by calculating the overall

Figure 3. Two adjacent particles in electric field.
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electrostatic interaction force within the adjacent particles in the matrix. Thus, the following
equation can be used to calculate the increase in storage modulus with varied extra electric
field:

ΔG ¼ ð9=4Þφεmκ2E2 ð5Þ

where ΔG is the change of storage modulus, ϕ is the volume fraction of dielectric particles. It can
be inferred from Eq. (5) that ΔG is proportional to the particle content and electric field intensity.

Liu et al. investigated the change of electrorheological and mechanical properties of EREs with
anisotropically filled dielectric particles by numerical simulations [24]. Their simulations mainly
focuson thedistributionof electrostatic energybetween the tipsof twoadjacentparticles in a chain,
as shown in Figure 4. According to their research, when the dielectric constant of filler particles is
much greater than thematrix, the intensity of electric fieldwill be concentrated between these two
particles. This implied that electrostatic stress is located on the particle surface and the local fields
between the tips of particles play an important role in determining the strength of restoring force.

The importance of local field strength between the particles on ER materials was further
proved in the study of Lu et al., and a polar molecule (PM) dominated model had been
proposed by them to explain the enhanced ER performance of the novel ER suspension [25, 26].
For this kind of ER suspensions, the polar molecules may orientate along the applied field in
the tips of adjacent particles caused by the local field, which is three orders of magnitude larger
than external electric field under certain condition. Once the polar molecules on particle
surface are orientated under electric field, the PM-ER effect mainly comes from the attractive
force fm�e of polar molecules and polarization charges on the nearby particle (Figure 5). The
overall attractive force Fm�e of molecule-charge in a unit area that perpendicular to applied
electric field is given by

Figure 4. Contour of electrostatic energy distribution for rod-like filler particles in a 2-D axisymmetric simulation [24].
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Fm�e ¼ 3φ
2πr2

Nfm�e ¼ A
3φρmeμ

2E

πrε0εmd2
ð6Þ

in which
f m�e ¼

eμ
2πε0εmd3m�e

ð7Þ

where A is a factor that related to the properties of the particle and oil, ϕ is the volume
fraction of dielectric particles, ρm is the area density of the polar particles on the particle
surface, e is the fundamental charge, r is the radius of filler particle, μ and d are the dipole
moment and size of the polar molecules, respectively. Polar molecule-dominated model
was initially used to explain the mechanical properties of PM-ER fluids, while it also
opened the door to the innovation of novel ER elastomers filled with polar molecule
modified particles.

One recent study by Zhao et al. proposed a theory on the mesostructured design of EREs for
gaining giant tunable stiffness [27]. The EREs in this theory consist of two kinds of layers with
defined thickness and dielectric constant, and the effective dielectric constant of the layered
structure ε can be regarded as a function of variable θ with coefficient ε, n, and m, as shown in
Figure 6. By connecting the thermodynamic system with the geometrical parameters of EREs,
they can calculate the electrorheological coefficient as

KER ¼ 4α cos ð2θÞ ∂θ
∂Δθ

� �2

þ 2α sin ð2θÞ ∂2θ

∂Δθ2 ð8Þ

f ðθÞ ¼ α cos ð2θÞ þ β ð9Þ

Figure 5. Schematic of the polar molecules aligned in the gap of adjacent particles. (a) The polar molecules adsorbed on
particle surface are arbitrarily oriented when E = 0. (b) The polar molecules in the gap of the particles are oriented parallel
to the field when E is high enough [26].
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where α ¼ ½f ð0Þ � f ðπ=2Þ�=2 and β ¼ ½f ð0Þ þ f ðπ=2Þ�=2. The EREs will have giant tunable
stiffness when the coefficient KER reaches the maximum value. Finally, they found when
m ¼ ffiffiffi

n
p

, KER reaches its maximum with a given m. The KER can be expressed as

Kmax
ER ð0Þ ¼ 2ð ffiffiffi

n
p � 1Þ2 ð10Þ

In their conclusion, the EREs with a layered mesostructured arranged in parallel configura-
tion will have the most widely tunable stiffness among all the structures with different
orientations.

4. Development and diversification of EREs

4.1. Inorganic particles filled EREs

Inorganic particles are most frequently employed as the dispersion phase as their outstand-
ing properties, including high permittivity, easy synthesis, and good environmental stability.
A range of inorganic micro/nanosize particles, such as PbTiO3 [28], silica [29], montmoril-
lonite clay [19], titanium dioxide [30], and barium titanate [31] have been applied as the
candidates of dispersed phase in EREs. Gao and Zhao investigated the mechanical proper-
ties of hydrogel elastomers containing barium titanate particles [32]. They found the aligned
particle chain effect could induce large compression modulus that can be controlled by
applied field strength. While in the research of Mitsumata on swollen silicone gel containing
barium titanate, a negative electrorheological effect appeared for microscopic phase separa-
tion in the elastomers [33]. To enhance the electric responses, Gao et al. also prepared BaTiO3

particles coated with many kinds of polymers, such as polyimide, chitosan, polystyrene,
poly acrylic acid, and poly acrylamide [34]. They found the hydrous elastomer filled with
BaTiO3/polyimide particles show strongest electric response, which is closely related to
hydrophilic surface and permittivity of the particles.

In order to improve the permittivity and conductivity of the particles, Kossi et al. prepared the
TiO2 doped with acetylacetone dipolar molecules (Acac), and the EREs prepared by dispersing

Figure 6. Schematic of one ERE with layered mesostructures at undeformed state (a) and undergoing simple shear
deformation by an applied force and a voltage (b) [27].
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TiO2-Acac in PDMS achieved a relative storagemodulus change higher than 500 kPa at 2 kV/mm
[30]. The relative storage modulus change is defined by the following equation

ΔG0

G0
0
¼ G0 � G0

0

G0
0

100% ð11Þ

where G0 and G0
0 are the storage modulus with and without an electric field, ΔG0 is the change

of storage modulus. Inspired by the study of Wen et al. on polar molecules dominated ER
materials, Dong et al. proposed a kind of elastomer containing polar molecule-modified
particles, which is expected to have much enhanced ER activities [18]. The elastomers synthe-
sized by dispersing urea-coated titanium dioxide (TiO2/urea) particles in silicon rubber
presented high ER performance, the relative ER effects of which achieves 266% at 3 kV/mm
(Figure 7).

4.2. Organic particles filled EREs

Organic hydrous particles, such as starch and cellulose, have been widely used in ER
materials and shown strong ER performance. When Shiga et al. prepared the earliest elasto-
mers with ER activity, the filler particles they adopted were polymethacrylic acid cobalt (II)
salt with a small amount of absorbed water [21]. This kind of organic particles will present
stable dispersion properties in polymer matrix and relatively good ER behaviors. However,
the EREs containing organic hydrous particles will suffer from some defects. First, the
leakage current density of EREs would be large if too much water is absorbed on the

Figure 7. Relative ER effect of TiO2/urea particles filled elastomers as a function of electric field strength, inset figure is the
TEM images of TiO2/urea particles.

Elastomers10
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materials, Dong et al. proposed a kind of elastomer containing polar molecule-modified
particles, which is expected to have much enhanced ER activities [18]. The elastomers synthe-
sized by dispersing urea-coated titanium dioxide (TiO2/urea) particles in silicon rubber
presented high ER performance, the relative ER effects of which achieves 266% at 3 kV/mm
(Figure 7).

4.2. Organic particles filled EREs

Organic hydrous particles, such as starch and cellulose, have been widely used in ER
materials and shown strong ER performance. When Shiga et al. prepared the earliest elasto-
mers with ER activity, the filler particles they adopted were polymethacrylic acid cobalt (II)
salt with a small amount of absorbed water [21]. This kind of organic particles will present
stable dispersion properties in polymer matrix and relatively good ER behaviors. However,
the EREs containing organic hydrous particles will suffer from some defects. First, the
leakage current density of EREs would be large if too much water is absorbed on the

Figure 7. Relative ER effect of TiO2/urea particles filled elastomers as a function of electric field strength, inset figure is the
TEM images of TiO2/urea particles.
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particles, which will be unable to apply high voltage on the samples. In addition, the EREs
containing hydrous particles are sensitive to working conditions, especially the operating
temperature. Besides, the moisture in the EREs is also possible to cause corrosion problems
on the electrode [35].

To overcome the shortcomings of the EREs filled with organic hydrous particles, some systems
with anhydrous polymer particles have been investigated in recent years. Conducting poly-
mers that contains conjugated π bonds have been used as ER materials due to their polariza-
tion properties under applied electric field. Besides, polymers with polarizable functional
groups on the molecules backbone belong to another kind of anhydrous organics that adopted
as ER materials. PANI is one kind of conducting polymers that has been regarded as an
appropriate candidate for EREs. It has many excellent properties such as high conductivity
and good environment stability, which is important for application in ER materials. Hiamtup
and Sirivat investigated the electrorheological response of EREs filled with PANI particles,
and they found the storage modulus of this kind of ERE will increase about 10–50% with
the ascending field strength [36]. Other conducting polymers, such as polythiophene [37],
poly(p-phenylene) [38], and polypyrrole [39] have also been studied as the dispersed phase of
EREs. Compared with the inorganic particles, the polymeric dispersion particles are softer and
have better compliance with the matrix.

5. Influence factors of ER performance

Since EREs are usually made of two constituent materials with different properties, the influ-
ence factors mainly come from three parts in them: the filler particles, matrix, and interface of
these two phases.

5.1. Effects of particle properties

As the dispersion phase of EREs, particles play the most important role in determining the ER
performance. According to the theory in previous study, the dielectric constant mismatch is
closely related to polarization of EREs [40]. The polarization force is positively related to the
coefficient κ in Eq. (2), which infers the difference between the dielectric constant of particles
and matrix. When the permittivity of filler particle is much larger than that of polymer matrix,
the ER materials will have stronger ER activity.

The content of particles filled in the EREs also has a great influence on their ER performance,
and it has been investigated by many researchers theoretically and experimentally. As
described in Eq. (5), the change of storage modulus of EREs is ΔG0 is proportional to the
content of filler particles [23]. In the study of Lu et al., the total interaction force between
polarized molecule and charge in a unit area is also proportional to the particle content [25].
In 2006, Hiamtup and Sirivat investigated the viscoelastic properties of EREs with the particle
volume fraction ranging from 0 to 20%, and they got the conclusion that both storage and loss
moduli increased with the particle concentration, as shown in Figure 8 [36].
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The morphology of particles is another important factor influences the viscoelastic proper-
ties of EREs under electric field. Kanu and Shaw systematically studied the role of particle
geometry on ER response based on the dipole theory [41]. They found the polarization of
the particles with larger aspect ratios will be stronger and these particles will participate in
enhanced dipole-dipole interactions. Liu et al. computed the electrostatic forces between the
particles with three kinds of geometries (sphere, capsule, and pointed capsule) in the EREs
using numerical simulations [14]. Their calculation inferred the EREs containing the parti-
cles with a higher aspect ratio will present higher ER response for the formation of more
particle chains. Jang et al. investigated the ER activity of the suspension containing pure
silica or PANI coated mesoporous silica particles with different aspect ratio [42, 43].
According to their research, the ER materials with higher aspect ratios will have improved
dielectric properties of large polarizability and short relaxation time. Therefore, the syner-
gistic contribution of geometric effects and dielectric properties resulted in stronger ER
activity.

5.2. Effects of polymer matrix

The tunable stiffness range is one of the most important properties for EREs, which can be
evaluated by the relative ER effect as Eq. (11). Many research studies have focused on the
materials used for the matrix of EREs due to their roles in determining the initial elastic
modulus. Sakurai et al. adopted silicone elastomers with different moduli as the matrix of
EREs and investigated how the ER properties depend on the elasticity of the elastomers [44].
They found the largest relative increase in modulus under electric field occurs when silicone

Figure 8. Particle concentration dependence of storage modulus of PANI/PDMS EREs under various electric field [36].
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Figure 9. Section SEM microphotographs of (a) TiO2, (b) TiO2/A1, (c) TiO2/A3, (d) TiO2/V1, and (e) TiO2/V3 particles
filled elastomers have been soaked in toluene and (f and g) the magnification images of (a and d). A1 means the weight
fraction of A174 is 1% to the TiO2 particles, the rest symbols represent similar meaning [48].
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elastomer with low elasticity is used. Except for silicone rubbers, many elastomers with low
initial moduli have been used as the matrix of EREs, such as acrylic and polyisoprene elasto-
mer [37, 45]. To further decrease the initial moduli of the EREs, Gao et al. also tried to use the
gels like gelatin and chitosan as the matrix [46, 47]. However, most of the EREs used gels as the
matrix can only work in compression mode due to their mechanic properties. Besides, it is
mentioned in the study of Liu et al. that the conductivity of polymer matrix can play an
important role in the electric field distribution of EREs under high field strength [14]. It is
implied that the polarization of filler particles in high field may be affected by the conductivity
of the matrix.

5.3. Effect of particles/matrix interface

As a composite, the interface between filler particles and matrix plays an important role in the
ER performance of EREs, which has been overlooked in previous studies. To improve the
interfacial bond strength in the EREs and find out how does the interface influence the ER
performance, Dong et al. adopted two coupling agents, 3-(trimethoxysilyl)propyl methacrylate
(A174), and triethoxyvinylsilane (VTEO), to modify the surface of the TiO2 particles [48].
Compared with the bare TiO2 particle filled sample, the modified TiO2 particle filled elasto-
mers present bridging structures between the particles and the matrix, enhanced mechanical
properties, and a higher dielectric constant, indicating enhanced interfacial bond strength
(Figure 9).

The viscoelastic properties of the bare and the modified TiO2 particle filled elastomers were
tested and compared in this study. The results indicated that the ER performance, including
the field-induced storage modulus and the storage modulus sensitivity, can be promoted by
improving the bond strength between the TiO2 particles and the silicon rubber, as shown in
Figure 10.

Figure 10. Storage modulus G0 (a) and relative ER effect (b) of five types of particle filled elastomers as a function of
electric field strength [48].
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6. Applications of EREs

On the basis of the ER effect and special mechanic properties, EREs can be applied in several
fields, including dampers, automotive industries, building base-isolation, and smart skins in
bionic technology [12, 49]. Although commercialization of ERE-based devices has not been
implemented, the tentative application of EREs has been done in some laboratory research
studies. Biggerstaff and Kosmatka used the silicone gel based EREs as active dampers [50]. It is
shown in the harmonic tests that the EREs reveal a factor six increase in stiffening and a factor
of three decreases in damping under electric field. Koyanagi et al. created a novel prototype
linear actuator with ERE drum and found the response time of the EREs was fast enough for
mechatronics or robotics applications as physical supporting in welfare situations, while some
problems like the relation between the pressure on the surface of the EREs and generative force
were left for further investigation [51]. Besides, Wei et al. investigated the vibration character-
istics and control capabilities of a cantilever sandwich beam at different electric fields [52]. The
results indicated that the natural frequencies of the ERE sandwich beam increase and the
vibration amplitudes at natural frequencies of the beam decrease with the ascending electric
field intensity. Since the vibration characteristics of ERE beams can be controlled by changing
the strength of applied field, the EREs are useful for applications in engineering structures
where variable performance is desired. In 2013, Zhu et al. designed a shear mode ERE shock
absorber and evaluated its vibration response performance under various excitation frequen-
cies with and without external electric field [17]. Their experimental results showed that the
stiffness and damping properties of the shock absorber could be controlled by changing the
strength of applied electric field, whose macrofeatures was that the damping coefficient
increased with the ascending electric field strength, and the damping effect in high frequency
was better comparing with that in low frequency.

7. Summary and outlook

With respect to the scientific papers on EREs published in the past few years, methods of
preparing new EREs and improving the dynamic mechanical properties, and the modeling
approach for simulating the electrorheological and viscoelastic mechanical behavior of these
EREs are of increasing scientific and technological importance. Based on the investigations
about ER fluids, the point dipole approximation model and its modified model are most
widely used to describe the viscoelastic properties controlled by electric field, and the meso-
scale structure of EREs is also analyzed with micromechanics of composites. In addition,
researchers have made considerable progress in developing new materials in this field, includ-
ing inorganic particles, organic hydrous, and organic anhydrous particles filled EREs. For
different types of EREs, the influencing factors on ER performance related to the filler particles,
polymer matrix, and the interface between particles and matrix are studied experimentally or
theoretically. In recent years, some preliminary explorations in the application of EREs have
been carried out and some valuable conclusions are obtained.
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Even though many reports focus on the mechanical and ER performance of EREs, some defects
still prevent them from practical applications. The most important problem of EREs is the rather
high voltage must be applied for obtaining large relative storage modulus, which will increase
the security risks. The relatively low elastic modulus of the EREs makes them unable to sustain
something of great weight, which is another defect that will narrow the application fields for
EREs. Apart from that, considerable work is needed to broaden the practical application of EREs
and make them more reliable under long service period. The EREs containing polar molecules
modified particles have presented enhanced ER activities under relatively low field strength in
previous studies, which indicates that to increase the polarization abilities of particles under the
guidance of polar molecules dominated ER effect model is an effective method to improve ER
performance of the composites. Therefore, research studies of EREs are still widely open for
extensive works on theoretical analysis of basic mechanisms on electroresponsive behavior of the
particles based on their dielectric characteristics, and dynamic viscoelastic mechanical properties.
Besides, new generation of EREs should have both large relative storage modulus and mechan-
ical properties. On the other hand, it is important to design the devices with full insulation
protection and safety power supply aiming at commercial applications. When these problems
are solved, EREs should be one kind of promising smart materials that serve for modern society.
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Abstract

Elastomers refer to natural or synthetic amorphous polymers which exhibit elastic prop-
erties of rubber. Elastomers are able to deform under stress and return to its original state 
upon removal of stress. As elastomers exhibit glass transition temperatures (Tg) below 
room temperature (r.t.), elastomers are soft and rubbery at r.t, and segmental motion 
exists. Elastomers, which contain polar atoms, such as oxygen (O), fluorine (F) and nitro-
gen (N), can be suitably employed as matrices in polymer electrolytes (PEs). The elec-
tronegative atoms serve as electron donors and are able to coordinate with cations from 
inorganic salts to form a complex. Among elastomers that have been employed in PEs 
include modified and copolymerised polyisoprene or natural rubber, polyurethanes, and 
polysiloxanes. This chapter focuses on the progress of natural rubber and its derivatives 
in the field of polymer electrolytes, and discussesc their interactions with other compo-
nents of the PEs and ion conduction. Area percentage of ionic species, as well as ion trans-
port parameters, such as number density, mobility and diffusion coefficient of lithium 
ions as obtained from deconvolution of infrared (IR) spectra, are also discussed in this 
book chapter.

Keywords: elastomers, polymer electrolytes, natural rubber, ion transport

1. Introduction

Polymer electrolytes (PEs) are ionic conductors, which consist of inorganic salts dissolved 
in polymer(s). Since the discovery of PEs by Fenton et al. [1], PEs are widely investigated by 
researchers with the aim to design flexible, light-weight, and safer solid-state ionic conduc-
tors as alternatives to the commercial leakage-prone liquid electrolytes. Excellent performing 
polymer electrolytes are aimed to be employed in electrochemical devices, such as fuel cells, 
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rechargeable batteries, solar cells, sensors, supercapacitors, and electrochromic devices. The 
main components of a basic PE system include a polymer matrix, which serves as medium 
to hold the conducting ions; an inorganic salt, which acts as source of ions or charge carriers; 
and a solvent, which helps to dissolve the polymer and dissociate the ions from the salt. It 
is widely known that ion conduction occurs predominantly in the amorphous regions of the 
polymer electrolyte [2]. Hence, elastomers are suitable media for ion conduction to occur as 
their low glass transition temperature (Tg) below room temperature will allow high degree of 
polymer segmental motion to aid ion transport in polymer electrolytes.

Apart from possessing polar electron donating atoms, an elastomer has to meet certain crite-
ria for it to be suitable for use as a polymer matrix in PEs. The elastomer also has to exhibit 
desirable mechanical and thermal properties, which enables it to be applicable in electro-
chemical devices. Complexation of cations to the polymer matrices is labile to allow ions to be 
transported via ion hopping and polymer segmental motion. Elastomers that have been used 
as polymer matrix in PEs are modified and copolymerised polyisoprene or natural rubber, 
polyurethanes, and polysiloxanes, which will be described briefly below. The chemical struc-
tures of natural rubber, polyurethane, and polysiloxane are depicted in Figure 1.

Natural rubber is widely used in many applications due to its characteristics such as flexibil-
ity, high tensile strength, being waterproof, and its availability from the rubber tree. Among 
applications that utilise natural rubber include tyres for vehicles, gloves and other industrial, 
consumer, and medical products. One of the reasons that sets natural rubber apart from the 
other elastomers as a preferred polymer matrix in polymer electrolytes mentioned in this 
chapter is that it is a natural or biopolymer, hence its sustainability and lower cost.

One setback of natural rubber is that it does not contain polar atoms that can complex with 
cations from salt. Hence, researchers have carried out modifications such as grafting and 
epoxidation to incorporate polymers possessing polar groups to allow ion transport. The use 
of natural rubber (Tg ≈ −70°) in polymer electrolytes involves various kinds of chemical modi-
fication, that is, epoxidation and grafting, in order to introduce polar atoms into the polymer. 
Among all natural rubber-based polymer electrolytes, epoxidized natural rubber (ENR) (e.g. 
ENR-25, ENR-50; the number indicates the mole % of epoxidized group) and poly(methyl 
methacrylate) (PMMA)-grafted natural rubber (MG, e.g. MG30, MG45; the number indicates 
the percentage of PMMA-grafted) have been extensively studied [3–5]. The O atom of the 
epoxide group in ENR, and the carbonyl (C═O) and methoxy (C─O─CH3) groups in PMMA-
grafted natural rubber are able to complex with the cations, for example, Li+ or H+ ions, from 
inorganic salts to produce ion conduction. The soft and good elastic characteristics of natural 
rubber also help to produce good electrode-electrolyte contact.

(a) (b) (c)

Figure 1. Chemical structure of (a) natural rubber, (b) polyurethane and (c) polysiloxane, where R represents an alkyl 
or aryl group.
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Polyurethane is known for its high tensile strength and elasticity, which can be found in gas-
kets, cushioning, wheels and tyres for roller coasters and escalators, hoses, surface coatings 
and sealants, and biomedical devices. The uniqueness of polyurethane is found in its struc-
ture which is made up of alternating soft segments and hard segments connected by urethane 
linkages (NH─C═O─O). The soft segment of polyurethane is made up of long, flexible chains 
contributed by polyols, while the hard segment is made up of hydrogen bonded C═O and 
N─H groups contributed by isocyanates to form rigid physically cross-linked domains dis-
tributed in the soft segment matrix. In short, the soft segment provides medium for ion con-
duction, while the hard segment acts as reinforcing filler to provide dimensional stability. The 
O atoms in the soft segment of the polymer can coordinate with cations from salt to produce 
ion conduction. Its good adhesive property also allows good electrolyte-electrode contact dur-
ing electrochemical device fabrication. Polyurethane-based polymer electrolytes have been 
reported to exhibit conductivity (σ) around 10−5 S cm−1. Various modified and polymer blends 
of polyurethane have been reported, such as cross-linked poly(urethane acrylate) [6], as well 
as polyurethane blended with poly(vinylidene fluoride) (PVdF) [7], poly(vinylidenefluoride-
co-hexafluoropropylene) (PVdF-HFP) [8], poly(ethylene oxide) (PEO) [9, 10], and polyacrylo-
nitrile (PAN) [11].

Another elastomer that has been employed as polymer, matrix is polysiloxane, also known 
as silicones. Polysiloxanes are commonly found in silicone oil, grease, rubber, resin, plas-
tics, and so on. Polysiloxanes are inorganic comb polymers, which are composed of sub-
stituents connected to the silicon with alternating silicon and oxygen atoms. This group of 
polymer is known to exhibit very low Tg (−127°C for poly(dimethylsiloxane)) [12], highly 
flexible backbone, chemical inertness, good thermal stability, and low toxicity. Due to their 
very low Tg, polysiloxanes exhibit low mechanical strength, and often exist as liquids or gums 
at room temperature. In order to impart mechanical strength into polysiloxanes, they are 
often cross-linked or combined with other polymers to design hybrid organic-inorganic poly-
siloxane-based electrolytes with good ion transport and mechanical stability. Polysiloxanes 
have been reported to be cross-linked with oligo(ethylene oxide)) [13], oligo(ethylene gly-
col) [14], oligo(ethylene oxide)-co-acrylate [15], and propyl(triethylene oxide) [16], and these 
ether-modified polysiloxanes are seen as alternatives to poly(ethylene oxide) (PEO). Other 
modifications include blending of ether-modified polysiloxanes with PVdF-HFP [16, 17], and 
grafting of polysiloxanes with tyrenesulfonyl(phenylsulfonyl)imide [18].

In this chapter, we focus on natural rubber–based polymer matrices, that is, modified natural 
rubber, namely PMMA-grafted natural rubber (MG) in polymer electrolytes. The conductiv-
ity, interactions between components, crystallinity as well as glass transition temperature of 
MG-based polymer electrolytes containing inorganic salt, plasticizer, and filler are discussed.

2. PMMA-grafted natural rubber (MG)

PMMA is a promising candidate as a polymer matrix which has been widely studied in poly-
mer electrolytes since 1985 [19]. Advantages of PMMA include its high stability towards lith-
ium electrode, which translates to higher life cycle in lithium batteries. Being an amorphous 
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polymer, PMMA contains oxygen atoms in the carbonyl (C═O) and (C─O─C) groups, which 
can act as electron donor to complex with cations from salt. The presence of polar groups 
in PMMA in addition to its amorphous nature, high transparency, weatherability and good 
dimensional stability makes it suitable to be grafted with natural rubber. However, PMMA 
suffer from limitations in terms of mechanical strength and tends to be brittle [20]. Hence, 
combining the conducting ability of PMMA and the elasticity of natural rubber would coun-
teract the limitations of the two polymers. The ability of PMMA to transport ions along its 
polymer chains combined with the resilience and flexibility of natural rubber allows PMMA-
grafted natural rubber (MG), such as MG30 and MG49, to be employed as polymer matrices 
for ionic conductors. Figure 2 illustrates the chemical structure of MG polymer matrix.

The chemical structure of MG30 and MG49 are similar and differs in the composition of 
PMMA which is grafted on natural rubber, where 30 and 49 represent the percentage of the 
methacrylate polymer present. Research on MG49 as a polymer matrix in polymer electro-
lytes has received more attention as compared to MG30, probably due to the higher amount 
of PMMA, and hence, more electron donors in the former are available for complexation with 
cations from salt.

2.1. MG-based polymer electrolytes incorporated with inorganic salts

MG-based PEs are easily prepared into films by dissolving MG polymer matrices in either toluene 
[21, 22] or tetrahydrofuran [5, 23] together with inorganic salt(s), and then solution casted to dry. 
In order to ease dissolution, the MG polymers are usually sliced into smaller pieces prior to use.

The ambient ionic conductivity of MG30 without addition of salt was reported to be in the 
order between 10−11 and 10−10 S cm−1 [5, 23], which is comparable to that of other synthetic poly-
mers. Examples of salts added into MG30 and/or MG49 are lithium triflate (LiCF3SO3) [4, 5], 
lithium perchlorate (LiClO4) [3], lithium tetrafluoroborate (LiBF4) [24], and ammonium triflate 
(NH4CF3SO3) [25], which provide ions for conduction to occur in the polymer matrix system.

Upon the incorporation of salt in MG polymer matrices, maximum conductivity is usually 
achieved with salt contents in the range of 15–35 wt.%. The increase in conductivity before 
the maximum point has been attributed to the increase in free ions [5] resulting from the 
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salt dissociation. This is achieved by the complexation of salt cation with the electron donor 
atoms in the polymer matrix or solvent, while the separated anions will move freely around in 
the polymer. With increasing salt content, the amount of available complexation sites on the 
polymer matrices will be saturated, and hence, the cations will tend to associate with anions 
of salt to form less mobile ion pairs or ion aggregates [5, 23]. The reduction in free ions in com-
bination with other factors, such as lower ion mobility and increased viscosity, can be used to 
explain the drop in the ionic conductivity beyond the maximum point [23].

Yap et al. [5] reported the best room temperature conductivity of 1.7 µS cm−1 obtained in MG30 
sample containing 30 wt.% LiCF3SO3. The ion mechanism was found to obey the Arrhenius 
law, which suggested that ion transport occurs predominantly through ion hopping. The con-
ductivity trend is in agreement with the trends of activation energy (Ea) and amounts of free 
ions, whereby the best conducting sample required the lowest Ea of 0.24 eV to hop from one 
complexation site to another and exhibits the highest amount of free ions.

The conductivity values of MG30- and MG49-based polymer electrolytes are listed in Table 1. 
Most MG-salt complexes reported an ambient ionic conductivity around 10−8 to 10−7 S cm−1, 
which is considered insufficient for application in electrochemical devices.

Composition (wt.%) Ambient conductivity, σ (S cm−1) Reference

MG30: LiCF3SO3 (70:30) 1.7 × 10−6 [5]

MG30:LiCF3SO3 (65:35) a8.4 × 10−4 [4]

MG30:LiCF3SO3:EC (15:9:76) a9.0 × 10−3 [4]

MG30:LiCF3SO3:PC (26:14:60) a3.1 × 10−3 [23]

MG30:LiCF3SO3:PEG200 (63:27:10) 3.7 × 10−4 [29]

MG30:NH4CF3SO3 (65:35) 2.0 × 10−4 [25]

MG30:NH4CF3SO3:EC (32.5:17.5:50) 8.9 × 10−4 [25]

MG30:LiCF3SO3:SiO2 (60:33:7) ≈2.3 × 10−4 [28]

MG30:LiCF3SO3:SiO2:DMC (18:9.9:2.1:70) ≈3.5 × 10−4 [28]

MG30:LiCF3SO3:Al2O3 (59.8:32.2:8) 1.1 × 10−6 [31]

MG49:LiBF4 (80:20) 2.3 × 10−7 [35, 36]

MG49:LiClO4 (85:15) 4.0 × 10−8 [35]

MG49:LiClO4:TiO2 (72:18:10) 3.5 × 10−6 [27]

MG49:LiClO4:TiO2:EC (49:14:7:30) 1.1 × 10−3 [27]

MG49:NH4CF3SO3-PC (3:97) 1.2 × 10−2 [30]

MG49:NH4CF3SO3-PC:SiO2 (2.8:89.2:8.0) 7.6 × 10−3 [30]

MG49:LiClO4: [HNO3-THF-TiO2-SiO2] (69:23:8) 5.86 × 10−7 [3]

aAt 30°C.

Table 1. Ionic conductivity values of MG-based polymer electrolytes incorporated with salt, plasticizer and filler.
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2.2. MG-based polymer electrolytes incorporated with plasticizers

Plasticization is a common method used by researchers to enhance the ionic conductivity 
of polymer electrolytes. This is because plasticizers can increase the amorphousness of the 
polymer, and enhance polymer segmental motion and ion mobility [25]. The high dielectric 
constant of plasticizers can also help to dissociate the salt into free ions and prevent ion asso-
ciation [23]. Overall, plasticizer addition helps to improve the ionic conductivity of polymer 
electrolytes, which is an important factor that influences the device performance.

As mentioned earlier, most MG-based solid polymer electrolytes suffer from low conduc-
tivity (σ = 10−8 to 10−7 S cm−1). Hence, researchers have incorporated plasticizers into MG30 
and MG49 to enhance ionic conductivity. Plasticizers such as ethylene carbonate (EC) [4, 20, 
21, 25–27], propylene carbonate (PC) [23], dimethyl carbonate (DMC) [28], and poly(ethylene 
glycol) with molecular weight of 200 (PEG200) [29] have been introduced into MG polymer 
matrices. Figure 3 illustrates some examples of plasticizers that have been added into MG 
polymer matrices.

One of the pioneering works on MG-based polymer electrolytes is by Kumutha et al. [21] who 
investigated on MG30-LiCF3SO3-EC-Al2SiO5 system. Results from infrared (IR) and differen-
tial scanning calorimetry (DSC) studies showed no distinct change in their wavenumbers and 
Tg value (which lie in the range of −39 to −42°C) upon addition of EC as plasticizer or Al2SiO5 
as filler. The authors reported that there is no interaction between EC, and Al2SiO5, and the 
polymer.

In separate works, Ali and co-workers [4, 23] investigated on MG30-LiCF3SO3-EC and MG30-
LiCF3SO3-PC systems. The ionic conductivity increased from 8.4 × 10−4 S cm−1 to achieve maxi-
mum conductivity at 9.0 × 10−3 S cm−1 for the EC system, and 3.1 × 10−3 S cm−1 for the system 
with PC on incorporation of 76 wt.% EC and 61 wt.% PC. For the MG30-LiCF3SO3-PC system, 
Ali et al. [23] reported that the sample containing 61 wt.% PC lost its dimensional stability 
despite exhibiting the best conductivity in the polymer electrolyte system. Increase in con-
ductivity is attributed to several factors, namely increased polymer-cation interaction, high 
dielectric constant (ε) of EC at 89.6 (at 40°C) and PC at 64.4, which help to lower transient 
cross-linking between Li+ ions and MG30, increased ion mobility and reduced intermolecu-
lar forces in MG30, that increased the amorphousness of the polymer in the presence of the 
plasticizer. The latter is manifested in the lowering of the Tg value of MG30-LiCF3SO3 (65:35) 
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2.2. MG-based polymer electrolytes incorporated with plasticizers
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 initially found between −66.6 and −59.5°C, and −77.1 and −74.6°C when 76 wt.% EC and 61 
wt. of PC were added. In another work [26], gel polymer electrolytes consisting of MG30-
LiCF3SO3 plasticized with 76 wt.% EC and PC were reported to exhibit lithium transference 
number (tLi

+) below 0.3 and voltage breakdown at 4.2 V.

Zaki et al. [25] achieved considerably high ionic conductivity of 2.0 × 10−4 S cm−1 for MG30-
NH4LiCF3SO3 (65:35) sample. Ionic conductivity increased to 8.9 × 10−4 S cm−1 upon introduc-
tion of 50 wt.% EC. The authors attributed the conductivity enhancement to the high dielectric 
constant of EC, which helped to dissociate the salt and prevent ion association. Ion conduction 
was found to follow Vogel-Tammann-Fulcher (VTF) behaviour, whereby ion transport occurs 
in the amorphous phase via polymer segmental motion. Results from XRD showed reduction 
in crystallinity from the gradual broadening of amorphous hump located from 2θ = 12° to 22° 
with addition of EC.

In the work of Yap et al. [29], PEG was added into MG30-LiCF3SO3 system. Conductivity 
improved from 1.7 × 10−6 S cm−1 to a maximum value at 3.7 × 10−4 S cm−1, and this was exhibited 
in the sample containing 10 wt.% PEG. X-ray diffraction (XRD) analysis confirmed the sample 
to exhibit the lowest degree of crystallinity.

2.3. MG-based polymer electrolytes incorporated with fillers and other additives

Although polymer electrolytes added with plasticizer exhibit conductivity enhancement, 
they suffer from low mechanical stability [30]. Hence, researchers have attempted using 
inorganic fillers to improve the physical and mechanical properties of polymer electrolytes. 
For MG-based polymer electrolytes, fillers that have been reported are aluminium silicate 
(Al2SiO5) [20], silica (SiO2) [28, 30], alumina (Al2O3) [31] and titania-silica (TiO2-SiO2) [3], which 
are all passive fillers, and therefore do not participate directly in the Li+ ion transport process. 
Filler-added polymer electrolytes are known as composite polymer electrolytes (CPEs).

In the work of Hashim et al. [28], SiO2 filler was incorporated into MG30-LiCF3SO3, followed 
by the addition of dimethyl carbonate (DMC) plasticizer. The ionic conductivity initially 
increased from ≈6.0 × 10−5 S cm−1 to 2.3 × 10−4 S cm−1 upon addition of 7 wt.% SiO2. The rise 
in conductivity is attributed to the formation of conducting pathways for ion transport. 
Decreased conductivity above 7 wt.% SiO2 was caused by the blocking effect of the nanofillers. 
After that, the authors managed to further enhance the conductivity value to ≈3.5 × 10−4 S cm−1 
with addition of 7 wt.% DMC. The DMC plasticizer enhanced polymer segmental motion.

MG49-NH4CF3SO3-PC-SiO2 CPE system was reported by Kamisan et al. [30]. The authors first 
determined the best conducting NH4CF3SO3 molarity in PC at 0.7 M. Gel polymer electrolyte 
containing 3 wt.% MG49 in the NH4CF3SO3-PC liquid electrolyte exhibited high conductivity 
in the order of 10−2 S cm−1. However, they lacked mechanical stability due to the high amount 
of liquid electrolyte. The addition of SiO2 initially decreased the conductivity to 10−3 S cm−1, but 
increased to achieve two maxima at 1.2 × 10−2 S cm−1 (3 wt.% SiO2) and 7.6 10−3 S cm−1 (8 wt.% 
SiO2). The activation energy values calculated from the Arrhenius equation displayed two min-
ima at 0.11 and 0.12 eV for samples with 3 and 8 wt.% SiO2 content, respectively. The CPE viscos-
ity increased from 10.0 to 68.2 cP upon addition of 8 wt.% SiO2, which authors took as indication 
of increased mechanical stability.
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Kang and co-workers [3] incorporated fixed amount of TiO2-SiO2 filler into MG49-LiClO4 sys-
tem containing different solvents, that is, HNO3-THF and CIHNO2-THF. The conductivities of 
both MG49-LiClO4-HNO3-THF-TiO2-SiO2 and MG49-LiClO4-CIHNO2-THF-TiO2-SiO2 systems 
increased from 1.2 × 10−4 S cm−1 to achieve a maximum at 5.9 × 10−7 S cm−1 and 4.8 × 10−7 S cm−1, 
respectively, upon incorporation of 25 wt.% LiClO4, before decreasing at higher salt contents. 
Above 25 wt.% LiClO4, the ion transport process is hindered by ionic aggregation and the 
formation of transient cross-links. The two different polymer electrolyte systems exhibited 
different ion conduction behaviors: the system containing HNO3-THF followed the Arrhenius 
rule, whereby ion transport occurs by ion hopping, whereas the CIHNO2-THF system obeyed 
VTF rule, which indicates polymer segmental relaxation. Both polymer electrolyte systems are 
thermally stable up to around 270–290°C.

Thermal oxidation of MG-based electrolytes has also been a subject of study. Aging of poly-
mers, which in this case is natural rubber, is a topic of concern as the unsaturated hydro-
carbons will degrade on exposure to oxygen and elevated temperatures. Consequently, the 
physical, electrical, mechanical, and other characteristics of PEs will deteriorate upon aging. 
Aziz and Ali [32] studied the effect of varied contents of an antioxidant, N-(1,3-dimethylbutyl)-
N′-phenyl-p-phenylenediamine (6PPD) on the thermal oxidation resistance of MG30. Using 
IR analysis, the absorbance/intensity ratio of the C═O band at 1726 cm−1 to the ═C─H band 
located at ≈835 cm−1 of different MG30-6PPD samples were calculated to determine the degree 
of oxidation [33, 34]. Only the sample with 0.5 wt.% 6PPD displayed anti-oxidation effects as 
the intensity ratio of the bands 1726 cm−1:835 cm−1 decreased. At higher contents of 6PPD (1, 2, 
4, 6 and 8 wt.%), no anti-oxidation effect was observed. However, the MG30 sample contain-
ing 0.5 wt.% 6PPD with the best anti-oxidation effect exhibited a lower ambient conductivity 
of 5.50 × 10−6 S cm−1 than the untreated sample which had conductivity of 3.10 × 10−5 S cm−1. 
The authors suggested incorporating plasticizer to increase the conductivity of MG30-6PPD 
sample in the future.

2.4. Blends of PMMA-grafted natural rubber

In order to improve the properties of MG30- and MG49-based polymer electrolytes, research-
ers have attempted blending of the MG polymer matrices with other polymers. MG polymer 
matrices were simply mixed together with another polymer to produce polymer blend(s) 
which possess properties that are superior than individual polymers. MG49 has been blended 
with PMMA [24], PEO [36], PVdF-HFP [37], and PVdF [38]. The chemical structures of PMMA, 
PEO, PVdF-HFP, and PVdF are shown in Figure 4.

Ahmad et al. [36] found improvement in the conductivity of MG49 with and without LiBF4 
salt upon blending of the polymer with 50 wt.% PMMA. Pure MG49 exhibited ambient con-
ductivity of 1.0 × 10−12 S cm−1, whereas pure MG49-PMMA blend possessed conductivity of 
1.7 × 10−12 S cm−1. Upon incorporation of LiBF4, MG49-LiBF4 and MG49-PMMA-LiBF4 samples 
exhibited maximum conductivity of 2.3 × 10−7 S cm−1 (at 20 wt.%) and 8.3 × 10−6 S cm−1 (at 
25 wt.%), respectively. The more superior conductivity in the polymer blend electrolyte is 
attributed to the higher ratio of number of oxygen atoms to lithium ion [O:Li+] of 5:1 as com-
pared to 8:1 in single polymer electrolyte system. Morphology study by scanning electron 
 microscopy (SEM) revealed homogenous surface in MG49 and MG49-PMMA films with no 
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phase separation. The changes in the structure of MG49 upon blending with PMMA indicated 
that intermolecular interactions between the two polymers have occurred. Crystals of LiBF4 
in MG49 sample added with 25 wt.% of the salt were reported due to salt aggregation above 
its optimum concentration, which explained the drop in conductivity above 20 wt.% LiBF4.

A polymer blend system that comprised PEO-MG49 with varied wt.% PEO was reported by 
[39]. Photograph of the PEO:MG49 with wt.% ratio of 60:40 showed a more homogeneous 
surface and free-standing film, as compared to other wt. ratios (80:20, 20:80, 40:60) which were 
not homogeneous. From SEM analyses, MG49 film was smooth due to its amorphous char-
acteristic, while PEO film displayed rough surface attributable to its crystalline nature. Upon 
blending between the two polymers, homogeneous surface was reported for PEO-MG49 sam-
ple, whereby the two polymers were well distributed. With increasing addition of LiClO4, 
the co-continuous phase appeared smoother and increased in pore size. Addition of PEO 
into MG49 was reported to improve the conductivity by two orders of magnitude. The PEO-
MG49-LiClO4 samples exhibited conductivity that was also higher than PEO-LiClO4 sample 
(σ = 10−8 to 10−7 S cm−1) [40, 41]. Maximum conductivity of 8.0 × 10−6 S cm−1 was obtained in the 
polymer blend incorporated with 15 wt.% LiClO4, which was three orders higher than the 
sample before addition of salt (σ = 4.0 × 10−9 S cm−1). The conductivity values of MG-based 
blend polymer electrolytes are listed in Table 2.

Su’ait and co-workers [24] blended MG49 with PMMA in the wt.% ratio of 70 to 30, and incor-
porated the polymer matrix with different lithium salts, namely LiClO4 and LiBF4. The best 
conductivity was obtained upon addition of 25 wt.% salt in both PE systems. The PE containing 
LiBF4 exhibited higher conductivity (σ = 8.6 × 10−6 S cm−1) than that of LiClO4 (σ = 1.5 × 10−8 S cm−1) 
and is attributed to the larger ionic radius of BF4

− (0.218 pm) compared to ClO4
− (0.215 pm), and 

hence to the lower lattice energy of the former salt. Infrared results showed that Li+ ions com-
plexed with the oxygen atoms present in both MG49 and PMMA.

(a)

(b)

(c)

(d)

Figure 4. Chemical structure of (a) PMMA, (b) PEO, (c) PVdF, and (d) PVdF-HFP, where each atom in red can act as 
electron donor, and the black dots represent lone electrons. The polymers have been reported to be blended with MG 
polymer matrices.
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Among the polymer-blend electrolyte systems listed in Table 2, fluorine (F)-containing poly-
mer electrolyte systems such as PVdF-HFP-MG49 [37] and PVdF-MG49 [38] achieved the 
best ionic conductivity up to the order of 10−4 S cm−1 when blended with LiBF4 and LiCF3SO3, 
respectively. The polymer blend made up of PEO-MG49 reached the maximum conductivity 
from 4.0 × 10−9 S cm−1 to 8.0 × 10−6 S cm−1 upon addition of 15 wt.% LiClO4.

2.5. Interactions in MG-based polymer electrolytes

It is useful for researchers to investigate whether interactions have occurred between MG 
polymer and the salt, as well as with other components in the polymer electrolyte system, 
for example, plasticizer, filler, and so on, and identify the chemical group where the interac-
tions have taken place. Interactions between components in a polymer electrolyte system will 
ensure miscibility and no phase separation.

As mentioned in previous sections, natural rubber does not possess polar atoms which could 
complex with cations from salt. In MG30 and MG49, the PMMA contains oxygen atoms in 
the C═O and C─O─C groups which have been reported to interact with the cations from 
salt through coordination bond(s) [4, 5, 20, 23, 24]. Evidence of complexation of MG30 and 
MG49 with various salts could be obtained from infrared (IR) spectroscopy. The wavenumber 
regions of interest of MG polymer matrices are ≈1720–1750 cm−1 and ≈950–1450 cm−1 which 
represent the C═O and C─O─C group, respectively. Shifting of the IR bands mentioned indi-
cates complexation of MG polymer with cations from the salt.

Although interactions between MG polymer matrix and salt are usually shown from the shift-
ing of the symmetrical C═O stretching (ν(C═O)) and IR bands corresponding to the C─O─C 
group of PMMA, that is, combined C─O─O stretching (ν(C─O─O)) and C─O stretch-
ing (ν(C─O)), symmetric, and asymmetric stretching of C─O─C group (νs(C─O─C) and 
νas(C─O─C)) as well as deformation of O─CH3 (δ(O─CH3)), some researchers did not find sig-
nificant wavenumber shift that is beyond the resolution used to measure the IR spectra. Su’ait 
and co-workers [24] investigated on MG49-PMMA blend incorporated with different lithium 
salts, namely LiBF4 and LiClO4. The ν(C═O) band in the samples containing 10 and 20 wt.% 

Polymer electrolyte composition (wt.%) Ambient conductivity (S cm−1) Reference

MG49:PMMA (70:30) 1.1 × 10−12 [24]

4.1 × 10−12 [35]

MG49:PMMA:LiClO4 (52.5:22.5:25) 1.5 × 10−8 [24]

MG49:PMMA:LiBF4 (52.5:22.5:25) 8.6 × 10−6 [24]

PEO:MG49 (60:40) 4.0 × 10−9 [36]

PEO:MG49: LiClO4 (51:34:15) 8.0 × 10−6 [36]

PVdF-HFP: MG49: LiBF4 (49:21:30) 2.8 × 10−4 [37]

PVdF-MG49:LiTCF3SO3 (70:30) 3.3 × 10−4 [38]

Table 2. Ionic conductivity values of MG-based polymer blend electrolytes.
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respective salt did not show wavenumber change but reduced in intensity. Other bands such 
as the combined ν(C─O─O) and ν(C─O) band at 1272 cm−1 and νs(C─O─C) at 985 cm−1 also 
did not manifest any IR wavenumber shift. The intensity of the νas(C─O─C) band was notice-
ably reduced upon addition of 20 wt.% LiBF4. Only the δ(O─CH3) band shifted from 1455 cm-1 
to 1460 cm−1 and 1461 cm−1 in LiClO4 and LiBF4-added samples, respectively. The reduction 
in intensity and wavenumber shifts indicated complexation has taken place between Li+ ions 
from the salts and MG49.

Several reports on plasticized MG-based polymer electrolytes found no interaction from 
IR studies between the polymer matrix and the plasticizer. Kumutha and co-workers [21] 
reported on the IR analyses of MG30-LiCF3SO3-EC system and explored the interactions 
between MG30 and EC and between LiCF3SO3 and EC. For the MG30-EC sample, no IR 
change was found, which indicated that there was no interaction between the polymer and 
plasticizer. However, for the LiCF3SO3-EC mixture, the ν(C═O), C═O bending, and ring 
breathing of EC shifted from 1803 to 1778 cm−1, from 718 to 720 cm−1, and from 897 to 899 cm−1, 
respectively, which suggested that interaction has occurred between the C═O group of EC 
and Li+ ions from the salt to form C═O…Li+ interaction. Hence, EC has penetrated into the 
MG30-LiCF3SO3 complex with interaction with the salt but no interaction with the polymer.

Ali et al. [23] investigated on MG30-LiCF3SO3-PC system. The ν(C═O) of PC displayed down-
shift from 1788 to 1775 cm−1 in the LiCF3SO3-PC mixture, which showed coordination of Li+ 
ions onto the C═O group of PC. Similar to [21], no IR change was observed for MG30-PC 
sample, which suggested no interaction between the polymer and the plasticizer.

In filler-added polymer electrolyte system, such as MG30-LiCF3SO3-EC-Al2SiO5, Kumutha et al. 
[20] did not observe any IR change to the spectra of polymer electrolyte upon incorporation of 
the filler. This indicates that Al2SiO5 did not interact with the components in the PE complex and 
only existed as dispersed solid.

The formation of MG49-PMMA blend was investigated by Ahmad et al. [36] using IR spec-
troscopy. The δ(O─CH3) and νs(C─O─C) bands of pure MG49 shifted from 984 and 1457 cm−1 
to 992 and 1450 cm−1 in MG49-PMMA blend, respectively, which indicated the occurrence of 
intermolecular interactions between MG49 and PMMA. Upon addition of LiBF4 salt, several 
bands of MG49 and MG49-PMMA shifted, which suggested complexation between Li+ ions 
and the polymer matrix. The νs(C─O─C) shifted from 984 to 987 cm−1 in MG49-LiBF4 sample, 
and from 992 to 985 cm−1 in MG49-PMMA-LiBF4 sample; the band reduced in intensity in 
both systems. The δ(O─CH3) also shifted from 1450 and 1457 cm−1 in MG49-LiBF4 and MG49-
PMMA-LiBF4, respectively, to 1461 cm−1. From the results, the authors implied that oxygen in 
the C─O─C group of PMMA interacted at a higher extent to Li+ ions.

For PEO-MG49-LiClO4 polymer blend electrolyte system, complexation between Li+ ions and 
the polymer blend was confirmed by Ahmad and co-workers [39] from the shifting of bands 
belonging to PEO and PMMA in MG49. The triple band due to PEO initially located at 1146, 
1099, and 1060 cm−1 formed a single band in the range of 1066–1094 cm−1 in PEO-MG49-LiClO4 
samples, which indicated coordination of Li+ ions on the O atoms in PEO. The δ(O─CH3) of 
PMMA in MG49 also shifted from 1466 cm−1 to lower wave numbers to around 1450 cm−1 in 
the LiClO4-containing polymer blend electrolytes.
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2.6. Determination of free ion, ion pairs and ion aggregates

Besides being able to reveal the interactions that occur in polymer electrolyte systems, IR 
analysis can also estimate the amount of charge carriers present in different samples. The 
result can be used to explain the conductivity behavior at different added contents of salt or 
other additives in the polymer electrolyte system.

Some IR regions representing certain bands of the salt could reveal the types of ionic species 
(i.e. free ions, ion pairs, ion aggregates) present and their area percentage in the polymer elec-
trolytes. According to Huang and Frech [42], different types of triflate (CF3SO3

−) ionic species 
can be distinguished from the deconvolution of the IR envelope of symmetrical stretching 
of SO3 (νs(SO3)) of the salt. Free ions, ion pairs and ion aggregates could be distinguished at 
1030–1034 cm−1, 1040–1045 cm−1, and 1049–1053 cm−1, respectively [42].

Yap et al. [5] studied MG30 PE system added with varied LiCF3SO3 contents and noted the 
increase of conductivity up to 30 wt.% LiCF3SO3 with maximum conductivity of 1.7 µS cm−1 
at 30°C before dropping beyond that composition. The IR spectra of LiCF3SO3, MG30, and 
MG30-LiCF3SO3 samples between 1000 and 1100 cm−1, where the νs(SO3) of LiCF3SO3 lies, are 
illustrated in Figure 5. The band observed at 1044 cm−1 in LiCF3SO3 sample corresponded to the 
ion pairs of the salt. Upon incorporation of LiCF3SO3 into MG30, a band located at 1032 cm−1 
attributed to free ions was found in all MG30-LiCF3SO3 samples. A shoulder appeared around 
1040 cm−1 (as shown by the dotted line in Figure 5). In order to separate the IR envelope from 
1000 to 1060 cm−1 in the varied MG30-LiCF3SO3 samples, IR deconvolution was carried out as 
shown in Figure 6.

Yap and co-workers [5] reported the presence of free ions (1032 cm−1) and ion pairs (1040 cm−1) 
in the MG30-LiCF3SO3 samples. No ion aggregate was detected in the samples. The trend of 
free ions obeyed the trend of conductivity, whereby the highest area % of free ions was found 
in the best conducting sample, which is MG30 containing 30 wt.% LiCF3SO3. Increasing free 
ions with LiCF3SO3 contents is due to the recombination of Li+ and CF3SO3

− ions. Hence, the 
trend of conductivity, that is, the rise of conductivity below 30 wt.% LiCF3SO3 and its subse-
quent drop above that composition was explained by the trend of free ions.

2.7. Determination of number density, mobility and diffusion coefficient values

By using the % area of free ions obtained from the IR deconvolution of νs(SO3) band belonging 
to LiCF3SO3 for MG30-LiCF3SO3 samples, ion transport parameters, such as number density 
(n), mobility (µ), and diffusion coefficient (D), could be calculated using the equations below:

  n = %FI  ×   m ___  M  W     ×   
 N  A  

 ___ V    (1)

  µ =   σ ____ n × e    (2)

  D =   
µ × k × T

 _______ e    (3)
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Where %FI represents the percentage of free Li+ ions obtained from IR deconvolution, m refers 
to mass of LiCF3SO3 used, MW is the molecular mass of LiCF3SO3 (156.01 g mol−1), NA Avogadro’s 
number (6.02 × 1023), V is the total volume of components present in the sample, σ is the con-
ductivity of every sample at 298 K, e is the electron charge (1.60 × 10−19 C), k is the Boltzmann 
constant (1.38 × 10−23 J K−1), and T is 298 K. The density of LiCF3SO3 is 1.90 g cm−1, while the 
density of MG30 (natural rubber:PMMA = 70:30) was taken to be 1.005 g cm−1. The value n 
corresponds to the number density of mobile ions, µ value refers to the mobility attained by 
the Li+ ions under application of electric field, and D value gives the rate at which Li+ ions are 
transported within a second. Table 3 lists the conductivity, % area of free ions, n, µ, and D for 
MG30 added with varied wt.% LiCF3SO3. It was found that the n increased continuously up to 
40 wt.% LiCF3SO3, while both µ and D were highest at 30 wt.% LiCF3SO3, which indicates that 
the ion transport is diffusion controlled. As the MG30 added with 30 wt.% LiCF3SO3 exhibited 
the best conductivity and the lowest degree of crystallinity [5], Li+ ions are more mobile and 
are able to diffuse more easily through the amorphous region in the sample.

Figure 5. IR spectra between 1000 and 1100 cm−1 of (a) LiCF3SO3, (b) MG30, (c) MG30-LiCF3SO3 (90:10), (d) MG30-
LiCF3SO3 (80:20), (e) MG30-LiCF3SO3 (70:30), and (f) MG30-LiCF3SO3 (60:40).
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LiCF3SO3 content  
(wt.%)

σ (S cm−1) FI (%) n (cm−3) μ (cm2V–1s–1) D (cm2 s–1)

10 1.9 × 10−9 67.0 2.7 × 1022 4.3 × 10−13 1.1 × 10−14

20 1.1 × 10−8 70.0 6.0 × 1022 1.1 × 10−12 2.9 × 10−14

30 1.7 × 10−6 78.2 1.1 × 1023 10.0 × 10−11 2.6 × 10−12

40 6.4 × 10−8 68.6 1.3 × 1023 3.1 × 10−12 7.8 × 10−14

Table 3. Conductivity (σ), % area of free ions (FI), number density (n), mobility (µ) and diffusion coefficient (D) of Li+ ions 
of MG30 samples added with varied LiCF3SO3 contents.

Figure 6. IR deconvolution of νs(SO3) band belonging to LiCF3SO3 in MG30:LiCF3SO3 system with wt.% ratio of (a) 90:10, 
(b) 80:20, (c) 70:30, and (d) 60:40.
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3. Summary

Modified natural rubbers namely PMMA-grafted natural rubber (i.e. MG30 and MG49), are 
widely used as polymer matrices in polymer electrolytes. MG30 and MG49 contain polar 
C═O and C─O─C groups which could complex with cations from salt to produce ion trans-
port. Plasticizers, such as EC, PC, DMC, and PEG200, were employed to enhance the con-
ductivity of solid-based MG polymer matrices. Passive inorganic fillers, such as SiO2, Al2O3, 
TiO2, TiO2-SiO2, were used to improve the mechanical strength of the polymer electrolytes. 
Polymer blends of MG with PEO, PMMA, PVdF, and PVdF-HFP were able to improve the 
properties of MG-based polymer electrolytes in terms of conductivity and structural homoge-
neity. Complexation between MG polymer matrices and salt could usually be shown through 
IR shifts of bands corresponding to C═O and C─O─C groups, although in some cases, only 
changes in intensity were reported. Plasticizers and fillers added into MG polymer matrices 
did not manifest change on the IR spectra of the polymer, although interactions were found 
to occur between plasticizer and the salt (i.e., between LiCF3SO3 and EC or PC). MG30 and 
MG49-based polymer electrolytes could achieve high ionic conductivity up to 10-2 S cm-1 when 
plasticized and have potential to be used in electrochemical devices.
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Abstract

Layered double hydroxides (LDHs) tend to be a promising material in the field of 
 polymer nanocomposites because it possesses unique chemical and structural prop-
erties. The novelty of layered double hydroxides (LDHs) comparing to other conven-
tional fillers is connected with possibility of surface functionalization by introduction 
of various organic species into an interlayer area. Organic modifiers could act not only 
as  intercalation  promoters but also have additional functions such as UV stabilizers, 
 anti-aging substances, pigments, antimicrobial, and antifungal activity. Additionally, in 
the case of nitrile elastomers, layered double hydroxides (LDHs) could play role as cur-
ing substances, reinforcing fillers, and improve mechanical, barrier and thermal proper-
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for carboxylated acrylonitrile-butadiene rubber (XNBR) composites prepared by melt 
compounding methods. The influence of ionic liquids containing saccharinate, acesulfa-
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1. Introduction

1.1. Layered double hydroxides synthesis, structure and modification

In commercial application, elastomers are mixed both with vulcanizing additives, sulfur, 
and the most popular crosslinking activators such as zinc oxide and fillers,  commonly 
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 silica and carbon black are added. Reinforcing effect, improvement in mechanical prop-
erties achieved after adding these fillers depends on physicochemical properties of 
materials, e.g., particle shape and sizes, surface area, and surface interaction with mac-
romolecules of polymer as well as degree of particles dispersion in the matrix. Many 
research works are focused on replacing conventional fillers with various layered solids, 
montmorillonite, hectorite, expanded graphite. The exfoliated layered structure dispersed 
in a nanoscale in a polymer matrix-enhanced interfacial adhesion, and thus exerts a stron-
ger reinforcing effect. Between novel nanoscale fillers, the layered double hydroxides 
(LDHs) are regarded as promising materials, which are able to improve varied properties 
of  elastomer and polymer composites [1–6]. It should be taken into account that the lay-
ered double hydroxides (LDHs) combine the unique morphology and functionality with 
high  volume-to-surface ratio of nanofiller. As opposed to layered silicates (montmorillon-
ites) widely used in preparing polymer nanocomposites layered double hydroxides also 
called hydrotalcites belong to a class of anionic minerals with general chemical structure 
[M1-x

II Mx
III (OH)2]X+ (An−)x/n∙yH2O, where MII is a divalent metal ion; Mg2+, Ca2+, Zn2+, etc., MIII 

represents a trivalent metal ion; Al3+, Cr3+, Fe3+, Co3+, etc., and An- represents an interlayer 
anion, e.g., Cl−and CO3

2− [7, 8].

The structure of hydrotalcites depends on method of synthesis, the pure LDH phase con-
tains narrow x values (a molar ratio of trivalent and divalent metal ions), Al/(Mg + Al) 
containing in the range 0.20 ≤ x ≤ 0.33. The LDH structure could be imagined by anal-
ogy to brucite, which consists hexagonal packaging of hydroxyl ions with octahedral sites 
filled by Mg2+ ions. In contrast to hydrotalcites, the metal hydroxide sheets in brucite are 
neither positive nor negative charged, the Van der Waals forces link sheets together and 
in consequence the distance between layers is approximately 0.48 nm. In hydrotalcites, a 
part of divalent metal ions MII is substituted by MIII and generates the excess of positive 
charge, which is neutralized by the exchangeable anions, as well as some water molecules. 
As a result of anions and water molecules, the presence the interlayer distance increases 
and is approximately 0.77 nm for Mg-Al-LDH [8, 9]. Their properties such as high specific 
surface area 100 ± 300 m2/g, “memory effect”—an ability to reconstruct after calcination 
until 500°C the original structure by  contact with solution containing anions and good 
anion exchange capacities resulted in increasing development of the research concerning 
industrial application of LDHs. Main industrial applications of LDHs are found in areas 
as a catalyst and a catalyst support (Ziegler-Natta, Ce02, hydrogenation, polymerization, 
steam reforming), adsorbent and flame retardant (wastewater, PVC stabilizer, molecular 
sieve), pharmacy and medicine (ion exchanger, stabilizer, drug delivery systems, molecu-
lar containers) [10]. Opposite to layered silicates, cationic clays that occur abundantly in 
nature, natural anionic clays, are rare (e.g., hydrotalcite Mg6Al2(OH)16CO3∙4H2O [11] and 
mostly obtained by synthesis in the laboratory [12]. LDHs with different structures can 
be synthesized using various precipitation methods, among them are the most common, 
co-precipitation [13], and homogenous precipitation [14]. It has been reported that the sol-
gel [15] techniques and hydrothermal reactions are also useful for synthesis of LDHs with 
desired composition. Table 1 summarizes brief description of the most common LDH syn-
thesis and modification methods.
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In the case of LDHs obtained from natural sources, the easily exchangeable interlayer 
anion species provide opportunity of an ion exchange with different organic compounds 
such as carboxylates, sulfonates, and phosphates. Various reports [9, 30, 31] claim that the 
incorporation of organic, anionic species between LDH layers can be done by method in 
which the LDH is dispersed in an aqueous solution of anionic species and ion exchange 
occurs in room temperature during stirring the dispersion for couple of hours. The goal of 
modification process is to facilitate the intercalation and exfoliation of the layers; however, 
the effect of d-spacing increases and an interchange reaction strongly depends on the affin-
ity of the anions, their charge, and size. In general, the purpose of organic modification is 

Synthesis methods Brief description Reference

Co-precipitation A solution containing MII and MIII metal 
cations in precise concentration reacts 
with an alkaline solution

[13, 16–23]

Co-precipitation together with “in-situ” 
synthesis of surfactant-modified LDH

Co-precipitation of magnesium and 
aluminum hydroxide layers carried 
out in the presence of selected anions 
resulting modified LDHs

[19]

Co-precipitation together with “in-situ” 
synthesis of silane-modified LDH

A reacting solutions containing dissolved 
anionic surfactants and silanes, the 
synthesis procedure allows obtain ”in 
situ” anionic surfactant-modified and 
silane-grafted hydrotalcites

[18]

Homogenous precipitation, extended 
homogenous precipitation method

Precipitation reactions took place in the 
presence of urea selected as ammonia 
releasing reagent. Urea hydrolysis 
controls the dynamic of the homogenous 
precipitation

[14, 19]

Hydrothermal reactions Mg-Al-CO3-HT was prepared via 
hydrothermal synthesis using a 
hydrothermal reaction kettle from 
precursors’ solution (120°C, 16 h) and 
then was organic modified.

[24]

Sol-gel techniques Procedure of synthesis based on 
hydrolysis of a mixture of metal 
alcoholates

[15, 25]

Regeneration method (memory effect) Rehydration of mixed oxides obtained 
after calcination (450–500°C) of LDH 
precursor containing volatile interlayer 
anions (e.g., CO3

2− or NO3
−) then 

regeneration in solution containing new 
anions

[4, 26–28]

Ion exchange reaction Original LDH is dispersed in an aqueous 
solution of the desired anionic species 
and stirred at ambient temperature for 
several hours

[17, 22, 23, 27, 29],

Table 1. Methods of LDH synthesis.
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to enlarge the basal  spacing, change the surface energy, and make particles’ surface more 
hydrophobic by replacing of interlayer anions such as Cl−, NO3−, and CO3

2− with organic 
anions such as

• dodecyl sulfate DS anions [32–35]

• 1-decanesulfonate anions [4, 28]

• 1-hexadecanesulfonate [28]

• dodecylbenzenesulfonate [36, 37]

• stearate anions [38–40]

The interlayer distance after LDH organic modification is usually determined by wide-angle 
X-ray diffraction (XRD, WAXS). Table 2 summarizes the basal spacing of functionalized, 
modified LDH comparing to pristine, before modification LDHs.

Intercalated anion Basal spacing of pristine 
LDH [nm]

Basal spacing of modified 
LDH [nm]

Reference

Stearate 0.76 2.75 [40]

0.90 3.10 [39]

Laurate 0.76 2.45 [26]

Decanesulfonate 0.76 2.27 [4]

0.76 2.23 [28]

Hexadecanesulfonate 0.76 2.99 [28]

Dodecylsulfate 0.77 2.56 [32]

0.76 2.68 [26]

0.76 2.76 [41]

0.76 2.59 [34]

0.76 2.77 [35]

0.76 2.48 [33]

Dodecylbenzenesulfonate 0.76 2.96 [36]

0.76 2.95 [26]

0.77 2.90 [42]

0.78 2.80 [24]

Bis (2-ethylhexyl)
hydrogenphosphate

0.76 1.52 [26]

Bis (2-ethylhexyl)phosphate 0.77 2.34 [42]

2-Ethylhexylsulfate 0.77 2.14 [7]

Table 2. Basal spacing of pristine and modified LDHs.
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After modification LDHs, hybrid filler containing varied functional groups, having specific 
properties like light/UV/color/thermal stability can be dispersed in a nanoscale in a matrix 
leading to improve properties of final materials.

1.2. Application of ionic liquids as surface functionalizing agents for layered fillers/
rubber composites

Ionic liquids are described as salts, which are composed solely of cations and anions with 
 melting below 100°C. The most common organic cations are imidazolium and  pyridinium 
derivatives or compounds based on phosphonium or tetra-alkyl ammonium cations, 
 commonly used anions are [BF4]−, [PF6]−, [CF3COO] −, and [CF3SO3] −. ILs had been used 
in a variety of applications including electrochemistry, chemical synthesis, and cataly-
sis. It is possible to immobilize this type of compound onto solid supports. Ionic liquids 
 immobilized onto solids exhibit high selectivity and activity. One of the important ILs 
properties is their high thermal stability comparing to conventional organic modifiers used 
to enhance dispersion and compatibility of nanoparticles in organic media. Treatment of 
different nanofillers with ILs with proper selection of constituent ions able to react with 
filler and improve their compatibility to polymers may open new routes for the preparation 
of composite materials. The adsorption of imidazolium and pyridinium ionic liquids onto 
layered  fillers ( montmorillonites) was  studied. X-ray diffraction studies confirmed the inter-
calation of the alkyl imidazolium and pyridinium cations into the interlayer space [42–46]. 
Takahashi et al. [47] reported the  application of ionic liquids in synthesis of anion exchange-
able  layered silicates. The cation exchangeable sites in the interlayer space of silicate were 
converted to anion exchangeable sites by a  two-step reaction. The first step was the interca-
lation of hexadecyltrimethylammonium ions to widen the interlayer distance. The second 
step was immobilization of triethoxysilyl-terminated imidazolium salts with butyl or octyl 
group. This way obtained materials showed the affinity for Cl−, Br−, I−, and NO3

− but dif-
ferent from those of conventional anion exchangeable layered double hydroxides (LDHs). 
According to the literature [48], ionic liquids such as didecyldimethylammonium sachcari-
nate [DDA][Sac],  didecyldimethylammonium acesulfamate [DDA][Ace], benzalkonium 
saccharinate [BA][Sac], and benzalkonium acesulfamate [BA][Ace] exhibited antimicro-
bial, antibacterial, and antifungal activities. For two of ionic liquids [DDA][Sac] and [DDA]
[Ace], oral toxicity, skin irritation, and deterrent activity were also established well then to 
prevent harmfulness the application after immobilization on the solid surface is strongly 
recommended. In our previous work, we modified layered double hydroxide (LDH) and 
montmorillonite MMT surface with ionic liquids composed of antibacterial quaternary 
ammonium compounds with artificial sweetener anions saccharinate and acesulfamate, as 
well as derivatives of imidazolium [9, 49]. The modified fillers were used in two matrices 
with different polarity: the ethylene-propylene copolymer (EPM) and hydrogenated nitrile 
rubber (HNBR). Elastomers were crosslinked with dicumyl peroxide (DCP). The influence 
of ionic liquids modification on the crosslinking density of the vulcanisates, rheometric, 
and mechanical properties of filled elastomers was found. The phosphonium-based ionic 
liquids were applied as an intercalation promoter and an antibacterial substance for the 
LDH-polylactic acid composites. The hydrophobic modification of LDH was conducted by 
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direct ion exchange reaction with ionic liquids having phosphonium-based cation and dif-
ferent anions [27]. Successful anionic intercalation took place when calcined LDH reacted 
with a phosphinate anion containing ionic liquids in excess of the stechiometric ratio. In 
this way, modified LDHs could be applied as a reservoir with a controlled amount and 
release of phosphorous containing antibacterial substance. The ionic liquid immobilized on 
LDH surface minimized the plasticizing/degradative effect on polylactic PLA composites. 
Addition of imidazolium salts to the ionic conductivity and curing of carboxylated nitrile 
rubber (XNBR) were analyzed [50]. It was found that imidazolium salts containing tetra-
chloroaluminate ions participate in the crosslinking process of XNBR rubber. Additionally, 
ionic liquids showed a plasticizing effect on a rubber matrix, shifting glass temperature 
Tg to lower values with increasing ILs concentration. Other studies showed that directly 
incorporation of imidazolium ionic liquids into rubber mixtures increased the conductivity 
of XNBR and NBR vulcanizates [51].

1.3. Preparation of rubber/LDH nanocomposites

Many research works demonstrated that LDH anionic clay materials compounded with 
 different elastomers significantly improve mechanical, thermal (flame retardancy), and 
barrier properties of polymeric materials. Various methods have been applied to obtain 
 nanocomposites and microcomposites containing anionic clay, between them were:

• “in-situ” polymerization of previously intercalated by monomers clay [33],

• solution supported blending [32, 52],

• melt blending, diverse variants, e.g., two-step melt compounding method [4], melting  directly 
carried out in a laboratory two-roll mill [36, 38, 39], compounding by a  twin-screw extruder 
[53]. Table 3 summarizes diverse techniques used to obtain rubber/LDH nanocomposites.

A commonly applied method for rubber/LDH composite preparation is a two-step melt 
compounding procedure. First, the raw rubber is milled using two-roll mill with curing 
agents, then the mixture is melted at elevated temperature in an external mixer with high 
speed rotors, during mixing a layered filler is added [37]. A variant of the method was 
proposed by Costa et al. [28], first the raw rubber is melted using a temperature controlled 
mixer, then at elevated temperature at high-rotor speed clay is added and further mixed. 
Curing additives and rest of ingredients are mixed at high speed and room temperature. 
For easy dissolved in water or organic solvents (toluene, chloroform, THF), polymers’ solu-
tion blending method provides opportunity to facilitate the intercalation of LDH because 
of polymer viscosity decrease. Many research studies have been devoted to develop and 
produce LDH/polymer composites with thermoplastic matrices such as polyethylene (PE), 
polypropylene (PP), poly(vinyl alcohol) (PVA), poly(vinyl chloride) (PVC), polystyrene 
(PS), poly(methyl methacrylate) (PMMA), poly(ethylene-co-vinyl acetate), poly(ethylene 
terephthalate) (PET) as well as epoxy resins and coatings [2, 7, 22, 27, 42, 56–58], while it 
has been only several reports published in the last years which referred to as properties of 
LDH/elastomers composites (Table 4).
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Rubber Method of rubber/LDH compounding Reference

Polychloroprene CR Melt compounding in laboratory size 
open two-roll mixing mill

[36]

Nitrile butadiene rubber NBR Melt compounding in laboratory size 
open two-roll mixing mill

[38]

Hydrogenated nitrile rubber HNBR Melt compounding in laboratory size 
open two-roll mixing mill

[54]

Carboxylated nitrile rubber XNBR Internal mixer with temperature and 
rotors speed control

[8, 55]

Ethylene propylene diene rubber EPDM Melt compounding using twin-screw 
extruder

[53]

Ethylene propylene diene rubber EPDM Two-step melt compounding method [4]

Nitrile butadiene rubber NBR Two-step melt compounding method [51]

Carboxylated nitrile rubber XNBR Two-step melt compounding method [4]

Carboxylated nitrile rubber XNBR Two-step melt compounding method [37]

Carboxylated nitrile rubber XNBR Two-step melt compounding method [28]

Ethylene propylene diene rubber EPDM Solution blending in toluene [32, 52]

Polyurethane/nitrile rubber blends Solution blending in THF [34]

Silicon rubber SR Solution blending in CCl4 [35]

Polyurethane In situ polymerization [33]

Table 3. Methods of rubber/LDH composites preparation.

Type of rubber LDH loadings Improvement of rubber 
properties

Structure of composite Reference

PUR/NBR blends 1, 3, 5, 8 wt% Mechanical, thermal 
properties, flame 
retardancy, solvent 
resistance

partially exfoliated [34]

PUR 1, 3, 5, 8 wt% Mechanical, adhesive 
properties, thermal 
stability

partially exfoliated [59]

PUR 0.5, 1, 2, 5 wt% Mechanical properties, 
gases permeability

exfoliated < 2wt% LDH, 
intercalated > 2 wt% LDH 

[33]

EPDM 0, 5, 7.5, 10 phr Thermal stability Not exfoliated [4]

EPDM 0, 2, 3, 4, 8 wt% Mechanical properties, 
thermal stability

Partially exfoliated [32, 52]

CR 5 phr Mechanical properties, 
thermal stability, 
improvement of 
compression set properties,

Partially intercalated [36]
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1.4. Application of LDHs as a part of curing system and reinforcing filler for 
various rubbers

This section discusses the effectiveness of LDHs in various elastomeric systems. Currently, 
the possibilities of LDH application both as a curing substances and reinforcing filler in elas-
tomer composite synthesis seem particularly interesting and have attracted research and 
industrial interest. Emphasis has been given to use LDH as ZnO substitute during rubber 
mixture compounding, which could lead to decrease in zinc oxide amount used in rubber 
crosslinking and offer the environmentally friendly rubber products. In sulfur vulcanization, 
the mixture of stearic acid with zinc oxide is used. According to European Union regulation, 
the use of zinc oxide in rubber compounds should be restricted because of its toxicity to 
aquatic species. Compounds containing zinc in form such as zinc stearate, zinc-2-ethylhex-
anoate, and zinc borate were studied as a possible substitute of zinc oxide (ZnO) for sulfur 
crosslinking of SBR and EPDM rubbers. Applied substances characterized the differences 
in crosslinking activity related to the stability of the zinc complexes [61]. It was found that 
zinc-stearate-modified LDH could be applied as a part of NR and NBR rubber crosslink-
ing system able to cure elastomer in shorter time. Recently, Das et al. [38] designed and 
applied LDH mineral filler in rubber formulation preparing environmental friendly rubber 
composites. Stearic acid and zinc are essential activators in sulfur vulcanization to promote 

Type of rubber LDH loadings Improvement of rubber 
properties

Structure of composite Reference

SiR 1, 3, 5, 8 wt% Mechanical properties, 
thermal stability, solvent 
resistance

Exfoliated [35]

XNBR 5, 7.5, 10 phr Significant improvement 
in mechanical properties 
because of polar/ionic 
interaction

Exfoliated [4]

XNBR 5, 7.5, 10 phr Improvement in 
mechanical properties, 
influence on the strain-
induced crystallization 
process

Exfoliated, partially 
exfoliated

[28]

XNBR 2.5, 5, 10, 20, 30 phr Improvement in the tensile 
strength, air permeability, 
enhanced UV stability

Not studied [55]

XNBR 30 phr, various 
ionic liquids 5, 10, 
15 phr

Increased conductivity 
(result of ILs addition)

Not studied [52, 53]

XNBR 10, 20, 30, 40 phr Mechanical properties Not studied [8]

XNBR 2.5, 5, 10, 20, 30 phr Mechanical, barrier 
properties, cure degree, 

Not studied [60]

Table 4. Properties of LDH/rubber composites according to various authors’ studies.
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in crosslinking activity related to the stability of the zinc complexes [61]. It was found that 
zinc-stearate-modified LDH could be applied as a part of NR and NBR rubber crosslink-
ing system able to cure elastomer in shorter time. Recently, Das et al. [38] designed and 
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Type of rubber LDH loadings Improvement of rubber 
properties

Structure of composite Reference

SiR 1, 3, 5, 8 wt% Mechanical properties, 
thermal stability, solvent 
resistance

Exfoliated [35]

XNBR 5, 7.5, 10 phr Significant improvement 
in mechanical properties 
because of polar/ionic 
interaction

Exfoliated [4]

XNBR 5, 7.5, 10 phr Improvement in 
mechanical properties, 
influence on the strain-
induced crystallization 
process

Exfoliated, partially 
exfoliated

[28]

XNBR 2.5, 5, 10, 20, 30 phr Improvement in the tensile 
strength, air permeability, 
enhanced UV stability

Not studied [55]

XNBR 30 phr, various 
ionic liquids 5, 10, 
15 phr

Increased conductivity 
(result of ILs addition)

Not studied [52, 53]

XNBR 10, 20, 30, 40 phr Mechanical properties Not studied [8]

XNBR 2.5, 5, 10, 20, 30 phr Mechanical, barrier 
properties, cure degree, 

Not studied [60]

Table 4. Properties of LDH/rubber composites according to various authors’ studies.
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 crosslinking of  rubber chains. Synthesized zinc-stearate-modified LDH was a source of both 
zinc and stearate ions, and it served as a triple multifunctional additive: (1) accelerator able 
to deliver zinc ions in the vulcanization reactions, (2) activator delivering stearate ions, (3) 
acting as highly anisotropic nanofillers able to reinforce a rubber matrix. Additionally, nitrile 
rubber NBR  vulcanizates crosslinked by sulfur and modified LDH zinc oxide in the absence 
of ZnO and stearic acid were transparent (showing a high degree of optical transparency) 
what was not possible to obtain in the case of traditional ZnO, sulfur, and stearic acid curing 
system. WAXS and TEM studies confirmed intercalation and exfoliation of LDHs particles in 
rubber but the rubber matrix still contained ordered structures to some extent. The important 
advantage of this approach is the reduction of components added during rubber mixture pro-
cessing as well as decrease in necessary ZnO content what has potentially great importance 
for the rubber industry.

Another possibility of LDH application is its activity as a coagent in peroxide crosslinking. 
The activity of hydrotalcite as coagents in the crosslinking of hydrogenated acrylonitrile-buta-
diene rubber was studied [54]. The layered material was surface modified with unsaturated 
itaconic acid. Application of layered material LDH together with itaconic acid increased the 
efficiency of dicumyl peroxide DCP crosslinking without scorching. Owing to the presence 
of unsaturated bonds, LDH/itaconic acid coagents reacted with peroxide or polymer radi-
cals and as a consequence it was grafted to the polymer chains. The decrease of the optimal 
vulcanization time and improved crosslink density as well as tensile strength was observed. 
The formation of additional ionic crosslinks in the elastomer network was concluded. It was 
found that multifunctional ionic clusters showed ability to slip on the surface of the solid 
LDH coagent particles resulted in a high ability of vulcanisates for stress relaxation. Modified 
LDHs allow the replacement of traditional coagents, zinc salts. Layered double hydroxides 
and modified multifunctional LDHs have been applied not only to natural and nitrile rubbers 
but also elastomers with different polarity and chemical structure [62]. Polar particles such 
as LDH solids are badly dispersible in the nonpolar EPDM. This elastomer due to unsatu-
rated bonds present in structure offers possibility of sulfur vulcanization. The presence of 
a saturated backbone causes a substantial anti-aging property comparing to other rubbers. 
The improvement of LDHs dispersion in nonpolar matrices has been of increasing research 
interest [4, 32, 52, 53]. Pradhan et al. [4] studied Zn-Al LDHs potential as a reinforcing filler in 
ethylene-propylene diene terpolymer (EPDM). Their studies showed that conventional melt 
compounding of EPDM with unmodified LDHs is not causing the exfoliation of LDHs lay-
ers. Analysis of WAXS patterns confirmed that there is no intercalation of the modified LDH 
by elastomer chains. Some improvement of mechanical properties was observed with the 
increase of LDH loadings. The influence of LDH on the curing behavior (higher curing level, 
faster curing time) of EPDM was observed for higher amount (≥ 10 parts per hundred rub-
ber, phr) of Zn-Al LDH comparing to EPDM mixtures containing 4 phr of ZnO. The effect 
on the curing level, higher crosslinking state was confirmed by DSC study, the glass transi-
tion temperature Tg of EPDM/Zn-Al-LDH composites shifted to higher values. The XRD pat-
terns and TEM micrographs confirmed that the application of solution intercalation method 
instead of conventional melt compounding for LDH/EPDM composites led to exfoliation of 
the dodecylsulfate-modified Mg-Al LDH in EPDM rubber caused improving of  mechanical 
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properties for 2–8 wt% clay loadings [32, 52]. The effect of Mg-Al-LDH addition on the EPDM 
photo-oxidation stability was reported by Kumar et al. [53]. The photostabilizing efficiency 
of LDH on EPDM was monitored after accelerated UV irradiation at 60°C for different time 
intervals by the measurement of the carbonyl and hydroxyl group changes using FTIR 
spectroscopy. For the samples containing LDH, it was confirmed that the presence of filler 
enhanced the degradation of EPDM. EPDM/LDH composites showed higher degradation 
rate than  pristine EPDM. The photodegradation of filled rubber was studied under acidic con-
ditions, the samples before accelerated aging were kept in vapor phase containing 5% nitric 
acid concentration for 3 h. Acidic-treated EPDM/LDH showed almost equal  degradation as 
under isolated conditions. The results underlined the advantages of LDHs as an acid killer. 
Wang et al. [63] prepared a high performance elastomeric flame retardant nanocomposite 
based on maleic anhydride grafted ethylene-propylene-diene terpolymer MA-EPDM and 
synthesized organic-modified LDH. Dodecyl benzene sulfonate-modified LDH was applied 
as a separate filler (40 phr) and in the presence of flame retardant FR composed pentaerythri-
tol, ammonium polyphosphate, and methyl cyanoacetate (2 phr LDH/38 phr FR). The rubber 
compounds were prepared using a melt compounding method by a two-roll mixing mill. 
SAXS and TEM studies confirmed an exfoliated structure of LDH in composite containing 
2 phr LDH and 38 phr FR. The introduction of a small amount of LDH to the flame retardant 
MA-EPDM led to the significant decrease in the heat release rate, mass loss, fire growth rate 
of the nanocomposite measured by microscale combustion colorimeter and cone calorimeter 
test. The addition of LDH did not affect the mechanical properties of MA-EPDM.

The effect of two opposite nanoclays, montmorillonite MMT and layered double hydroxide 
LDH on the properties of chloroprene rubber was discussed [36]. Das et al. [36] reported 
that both filler improved mechanical properties of CR rubber, though reinforcing effect 
was  stronger for organic-modified OMMT. Dynamic mechanical analysis (DMA) confirmed 
 stronger MMT tendency to induce the crystallization of CR rubber comparing to LDH, 
which resisted crystallization. OMMT restricted the mobility of elastomer chains stronger 
than LDH resulting in the reduced height of tgδ peak. Storage modulus data obtained for 
organic- modified MMT and LDH-filled CR samples at room showed a significant increase 
of this parameter for OMMT/CR than for OLDH/CR which indicated stronger reinforcing 
nature of MMT. Additionally, a decrease in the value of storage modulus at higher tempera-
ture (35–45°C) in the case OMMT/CR composites was observed, this effect was attributed to 
the melting of the polychloroprene crystal domain and did not occurred for LDH-CR com-
posites. Authors suggested that reduced crystallization and restricting effect of OLDH addi-
tion on crystals domain formation might be due to the presence of different heterogeneous 
microstructure on the LDH and MMT surface, which prevents immobilizing and ordering of 
elastomer chains.

Using a solution styrene-butadiene elastomer SSBR smart, thermotropic materials based on 
Zn-Al-LDH filler were obtained [64]. Thermotropic materials are defined as materials able to 
change reversibly from being transparent to a milky white (refractive) state as a function of 
temperature. Material was fabricated using sulfur-cured solutions of styrene-butadiene rub-
ber (SSBR) containing up to 100 parts per hundred rubber (phr) of incorporated Zn-Al-LDH. 
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Zn-Al-LDH/SSBR composite becomes opaque when heated and restores the transparency 
after cooling to room temperature. This behavior was reversible and the material showed 
a gradual change in transparent/opaque characteristics upon heating, without showing 
any critical transition temperature. Effect was found to be increased as the amount of LDH 
was increased indicating that the amount of LDH loaded inside elastomer matrix qualita-
tively controls the thermotropic properties of the material. The addition of LDH gradually 
improved the mechanical, dynamic mechanical performance and thermal stability of the 
base elastomer.

Pradhan et al. [35] investigated dodecylsulfonate-modified LDH as a promising filler for the 
preparation of inorganic elastomer composites based on silicone rubber. Organic DS-LDHp/
silicon rubber composites with significant degree of exfoliation were prepared by the solution 
intercalation in CCl4 method. A vinyl-terminated, linear polydimethylsiloxane polymer, and 
the crosslinking agent as a polysiloxane containing silicone-bonded hydrogen atoms were 
base materials for nanocomposite preparation with different filler loadings. A platinum-cat-
alyzed hydrosilylation reaction forming the crosslinked silicone rubber SR. The results of 
X-ray diffraction and transmission electron microscopy analysis demonstrated the forma-
tion of exfoliated structures of organo-modified LDH layers in the SR matrix. The interac-
tions between Si-O polar functionality and –OH group of DS-LDH caused improvement of 
mechanical properties, especially the tensile strength. Thermogravimetric analysis indicated 
that the thermal degradation temperature (at 50% weight loss) of the exfoliated SR/DS-LDH 
(1 wt%) nanocomposites was higher than that of pure SR [35].

A similar solution intercalation method was used for the fabrication of a stearate-modified 
layered double hydroxide silicone rubber (ST-LDH/SR) composites [65]. The characteriza-
tion of the material confirmed the formation of a predominantly exfoliated dispersion of 
St-LDH layers of 75–100 nm in width and about 1–2 nm in thickness. As it took place 
for the DS-LDH/SR composites, thermogravimetric analysis indicated the improvement 
in thermal properties of final materials, thermal degradation temperature of the exfoliated 
ST-LDH/SR (1 wt%) was about 80°C higher than that of pristine SR. After the addition of 
ST-LDH, a significant improvement in tensile strength and storage modulus was attained. 
A reduction of oxygen permeability was observed for ST-LDH/SR containing 3 wt% of 
layered filler [65].

1.5. Ionic elastomers based on carboxylated nitrile rubber (XNBR)

Ionomers (ionic elastomers) belong to a group of polymers containing a low amount of ionic 
functional groups (e.g., COO−, or SO3

2−). The presence of ionic functionality in the hydrocar-
bon backbone provides special properties, ability to form hierarchal microstructure of ionic 
clusters. Carboxylated acrylonitrile rubber (XNBR) has excellent abrasion resistance and 
chemical resistance (especially to aliphatic hydrocarbons) as compared to other elastomers. 
XNBR is a terpolymer of acrylonitrile, butadiene, and monomers containing carboxyl groups, 
such as acrylic and metacrylic acids. The presence of carboxyl groups provides additional 
 curing sites and allows to form ionic clusters.
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It was reported for ionic elastomers that two principal types of ionomer salts such as  multiplets 
and clusters are formed [66]:

1. Small aggregates with a low number of ion pairs (approx. 6–8), this type of cluster act a 
similar way as physical crosslinks. The structure of ionic aggregate depends on the size 
of ion pair in multiplet as well as is limited by steric effects of the polymer chain seg-
ments surrounding the ion functional groups. The multiplets are statistically dispersed in 
a  hydrocarbon matrix and do not form any separate phase.

2. Large aggregates, clusters, the ordered ionic structure containing a higher amount of 
ion pairs as well as nonionic hydrocarbon content. Clusters behave as a separate phase, 
showing special relaxation behavior at high temperature and acting not only as physical 
crosslinks but also as a reinforcing filler. Therefore, the properties of ionic elastomers are 
enhanced as compared with those containing only conventional crosslinks.

The crosslinking reaction and its kinetic depend on the type of crosslinked substance used. 
Different functional sites present in carboxylated nitrile rubber, unsaturated bonds, nitrile 
groups (−CN), and carboxylic groups (−COOH) provide an opportunity of the formation 
of covalent, ionic, and physical crosslinks. The functional –COOH groups of XNBR rubber 
cause the reaction with many compounds that may occur allowing the formation of carbox-
ylic salts. Among them, zinc oxide remains the most popular substance used as an XNBR 
ionic activator.

Ibarra et al. [67–69] examined various XNBR crosslinking agents, the studies compared con-
ventional sulfur/accelerator systems from which ZnO was excluded and peroxide system 
with magnesium oxide, zinc peroxide system Struktol ZP 1014 (50 wt% ZnO and ZnO2, 
30 wt% inorganic dispersing agent, 20 wt% organic dispersing agent) and anhydrous copper 
sulfate (II). Significant differences were found in vulcanization rheometric curves for applied 
curing agents. The different viscous component curves S” (dNm) with a time-indicated type 
of bonds obtained for each crosslinking agent. The descendant curve was observed from 
the start of the reaction. During the formation of ionic bonds (MgO), the curve increased 
until it reached a plateau [67]. The formation of two types crosslinks ionic and covalent 
(ZnO) or ionic and coordination (CuSO4) entailed changed in curve shapes, graphs showed 
a maximum followed by a decrease in normalized viscous component value S’. The pres-
ence of ionic associations influenced rubber properties increasing stress at 100%, 300% 
strain, tensile, and tear strength, Shore A hardness, and compression set and room tem-
perature [67]. The crosslinking of XNBR with magnesium oxide led to obtain an ionic elas-
tomer with thermoplastic nature [70]. Ionic associations were thermally labile and formed 
a segregated microphase showing a relaxation at high temperatures called ionic transition. 
Ionic elastomers XNBR crosslinked with magnesium oxide and filled with organic-modified 
layered montmorillonite (OMMT) have been prepared [71]. Vulcanization parameters and 
rheological properties of MgO cured XNBR were affected depending on a filler type. The 
glass transition temperature and ionic transition temperature were shifted in comparison 
with unfilled MgO cured XNBR which suggested that the addition of OMMT influenced the 
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 formation of ionic clusters during crosslinking. The XNBR rubber was crosslinked through 
ionic bonds with calcium oxide CaO [72]. Two reaction temperatures 100 and 150°C have 
been studied. The changes in curing behavior, reduction in the reaction time, and mechani-
cal properties corresponded with the rise in temperature and were directly proportional to 
the CaO amount used.

As it takes place for zinc, magnesium, and calcium oxides, the layered double hydroxides are 
able to participate in crosslinking of carboxylated nitrile rubber XNBR. LDHs as a filler for 
ionic elastomers can act as:

(a) reinforcing additives dispersed in intercalated or exfoliated state,

(b) activators promoting sulfur crosslinking replacing traditionally used zinc oxide,

(c) substance providing metal cations for metal-carboxylate crosslinking.

Additionally, the basic hydroxyl groups present on LDHs’ surfaces enhance their potential to 
form filler/filler interactions and this way strengthen the reinforcing effect. It was observed 
that for the polar functionalized elastomer XNBR containing carboxylic groups in the pres-
ence of LDHs, the secondary interactions between surface of the filler and elastomer matrix 
occurred [4]. For XNBR/LDHs composites, strong and stable filler/polymer interface is formed 
and tensile failure and fracture do not take place through the interface but rather through a 
matrix. Another important aspect is that LDHs can influence the strain-induced crystalliza-
tion of XNBR rubber [4, 28]. Pradhan’s research group studies showed that Mg-Al-LDHs can 
significantly improve the mechanical properties of XNBR rubber as a result of strong inter-
facial interactions between filler and elastomer chains [4]. Storage modulus of LDH/XNBR 
composites measured using dynamic mechanical analysis increased with increasing LDH 
loading, on the other hand, tanδ maximum values decreased with increasing filler concentra-
tion, confirming the strong interactions at the filler/rubber interface. The ability of LDHs to 
interact with XNBR has been proven by FTIR analysis [28] and FTIR-ATR analysis [55, 60] 
with increasing content of LDH the intensity of the band corresponding to –COOH decreased 
remarkably. The Mg-Al-LDH filler may provide metal ions for reaction with the –COOH, 
thereby leading to the formation of ionic clusters. The effect of various LDHs’ structures on 
the curing behavior was investigated [8, 9, 60, 73]. The Mg/Al ratio strongly affected the cross-
link density of Mg-Al-LDH/XNBR composites resulted in mechanic-dynamical and barrier 
properties of vulcanizates [55, 60].

The next section will discuss the influence of different Mg-Al-LDH structures (Mg/Al ratio, 
surface area, particles sizes) on the curing behavior, mechanical, thermal, and barrier prop-
erties of nitrile rubber. It is well known that the modification with organic compounds con-
taining an anionic end group and long hydrophobic chains leads to better filler dispersion 
in polymeric materials as a result of it, a decrease in surface energy and increase in the ther-
modynamic compatibility with polymer as compared with materials containing unmodified 
LDH. The study will be focused on the possibility of LDHs’ modification using different 
ionic liquids to improve the properties nitrile rubbers composites, NBR, HNBR, and XNBR.
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2. Materials and characterization

2.1. Preparation of ionic liquid-modified LDH fillers

The ionic liquids such as didecyldimethylammonium saccharinate [DDA][Sac], didecyldi-
methylammonium acesulfamate [DDA][Ace], benzalkonium saccharinate [BA][Sac], and 
benzalkonium acesulfamate [BA][Ace] were synthesized using a procedure described by 
Hough-Troutman et al. [48]. Hydrotalcite HT with 14.1/4.5/42.2/39.2 atomic% Mg/Al/O/C 
ratio (indicated using XPS analysis) supplied by Sigma-Aldrich after calcination at 490°C for 
3 h was dispersed in the solution of a modifying agent containing 10 wt% excess of ionic liq-
uid comparing to stoichiometric ratio. The dispersion was mixed for 30 min using ultrasonic 
bath with a frequency of 35 kHz. Then, the mixture was stirred for the following 24 h, and 
the solvent was evaporated using a vacuum evaporator at 50°C. Surface modified LDHs were 
dried in a vacuum drier at 60°C for 48 h.

2.2. LDH properties analysis

2.2.1. Aggregates size analysis

The size of the metal oxides and LDHs was determined using a Zetasizer Nano Serie S90 
(Malvern Instrument). The size of particles in a water dispersion was measured based on the 
dynamic light scattering (DLS) method. The concentration of the dispersion was 0.2 g/dm3. 
Additionally, the size of LDH agglomerates in paraffin oil (model of elastomer matrix) was 
determined to estimate the tendency of LDH agglomeration in a nonpolar medium. Before 
the measurement, dispersions were stabilized using ultrasonic treatment (Bandelin Sonorex 
DT 255).

2.2.2. Surface area measurement

The specific surface area was measured based on nitrogen adsorption using a Gemini 2360 
V2.01 porosimeter (Micrometrics, USA). The samples were degassed for 20 h at 120°C under 
vacuum. Measurements were performed according to the Brunauer-Emmett-Teller (BET) 
nitrogen adsorption method, full adsorption isotherms were collected.

2.2.3. Oil absorption measurement

The oil absorption parameter OAN of layered double hydroxides (LDHs) was measured 
according to ASTM D2414 using Absorptometer C equipment connected with Brabender sta-
tion. The process parameters were sample weight 20 g, titration rate 4.0 ml/min. The oil used 
in this study was dibutyl phthalate (DBP).

2.2.4. X-ray diffraction analysis (XRD)

Room-temperature powder X-ray diffraction patterns were collected using a DRON 2EJ 
 apparatus with (CuKα) radiation. Data were collected in the 2θ range of 1–21° with 0.05° step 
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and 5 s exposition per step. The d-spacing within clay galleries was calculated according to 
Bragg equation (nλ = 2dsinθ).

2.2.5. Analysis of filler particles morphology

The morphology of filler particles was evaluated by scanning electron microscopy (SEM) 
using an LEO 1530 Gemini equipment (Zeiss/Leo, Germany). Samples with a graphite-coated 
structure were used in these investigations.

2.2.6. Thermogravimetric analysis

The thermal decomposition of layered double hydroxides was performed using TGA/DSC1 
(Mettler Toledo) analyzer. Samples were heating from 25 to 800°C in an argon atmosphere 
with the heating rate of 10°C/min.

2.3. Preparation of rubber mixtures

The rubber-layered double hydroxide composites were prepared using:

• hydrogenated acrylonitrile-butadiene rubber HNBR (Therban 3407, Mooney viscosity ML 
(1 + 4) 100°C 70 ± 7 MU—ISO 289/ASTM D 1646, specific gravity 0.95, total ash ≤0.49 wt.%—
ISO 247/ASTM D 5668) containing 34 ± 1.0 wt% acrylonitrile (ISO 24698-1) and ≤0.9% of 
residual double bonds (FTIR spectroscopy) after hydrogenation was obtained from Ar-
lanxeo. It was crosslinked with dicumyl peroxide DCP (Sigma-Aldrich).

• Carboxylated acrylonitrile-butadiene rubber XNBR (Krynac X750, Mooney viscosity ML 
(1 + 4) 100°C MU—47 ± 5 MU—ISO 289/ASTM D 1646, specific gravity 0.99, total ash ≤1.0 
wt.%—ISO 247/ASTM D 5668) containing 27 ± 1.5 wt% acrylonitrile (ISO 24698-1) and ≤7% 
of carboxylic group –COOH (FTIR spectroscopy) was obtained from Arlanxeo. Elastomer 
was crosslinked using nanometric ZnO and MgO (Sigma-Aldrich).

Various layered double hydroxides were applied as fillers as well as curing substances. 
Among them were magnesium aluminum layered double hydroxides Mg-Al-CO3-
LDHs Pural® MG 30 HT, 63 HT, 70 HT with different MgO/Al2O3 ratio, products of 
Sasol Germany GmbH (thereafter designated as LDH30, LDH63, LDH70). These materi-
als were used  without modification as curing substances for XNBR rubber at different 
filler  loadings. The composites contained 10, 20, 30 phr (parts per hundred rubber). The 
LDHs/XNBR  rubber mixtures were prepared using a melt compounding method. The 
rubber and filler were homogenized using Brabender Measuring Mixer N50. The rubber 
 compounds were processed using 50 rpm (revolutions per minute) rotors speed at the 
initial  temperature 60°C. After 5 min of rubber mastication LDH was added and mixed 
for 15 min.

Synthetic hydrotalcite HT (Sigma-Aldrich) was used to prepare HNBR composites cured with 
dicumyl peroxide (DCP) and after modification with various ionic liquids, IL-HT was applied 
as an interface strengthening functional filler for HNBR rubber. The ionic liquid-modified 
HT was used as a reinforcing filler for metal oxide cured carboxylated nitrile rubber XNBR as 
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well. HT/HNBR and HT/XNBR rubber compounds with the formulation given below were 
prepared using a laboratory two-roll mill in the temperature about 40°C.

• HNBR 100 phr, DCP 3 phr, various HT loadings, IL-HT 10 phr

• XNBR 100 phr, ZnO 3 phr, IL-HT 10 phr.

Additionally, two-step melt compounding method was applied for HNBR rubber compos-
ites. First, hydrotalcite HT was grinded with 10wt% of various ionic liquids till homogenous 
paste was obtained. The rubber compounds were processed in an internal mixer Brabender 
N50 at 50 rpm speed and 50°C initial temperature. After 5 min of rubber mastication, the IL/
HT paste was added and homogenized during 15 min. Subsequently, the compounded rub-
bers were homogenized with a curing system in a laboratory two-roll mill (temperature 40°C, 
friction ratio 1:1.2, dimension of rolls—diameter 200 mm, length 450 mm).

2.4. Characterization techniques

2.4.1. Vulcanization studies

The curing characteristics of the LDH/rubber composites were determined using MonTech 
RPA 3000 dynamic rheometer, a sinusoidal strain of 0.5 and 7% was applied at a frequency 
of 1.67 Hz. The curing curves were studied at different temperatures. The optimum cure 
time (t90), scorch time (tΔ2), minimum torque (   S   ′   L   ), maximum torque (   S   ′   H   ), and delta torque 
( Δ  S   ′  =   S   ′   H   −   S   ′   L   ) were calculated. The rheometric studies were done according to ISO 
13145, ISO 6502, ASTM D5289, and ASTM D6204 standards.

2.4.2. Crosslink density

The crosslink density (νt) was calculated from measurement of equilibrium swelling in  toluene 
for 48 h at 25°C using the Flory-Rehner equation [74].

   ν  t   =   
ln (1 −  V  p   ) + V  p   + χ ⋅  V  p  2   ________________  

 V  s    (   V  p   −   
 V  p   _ 2   )   

    (1)

where νt is crosslink density, Vp is the volume fraction of elastomer in the swollen gel, and Vs 
is the molar volume of solvent (mol/cm3).

The Huggins parameters of the elastomer-solvent interaction χ were calculated for XNBR and 
HNBR rubber from the equations:

• χ = 0.501 + 0.273 Vr (HNBR) [54],

• χ = 0.487 + 0.228 Vr (XNBR) [75],

where Vr is the volume fraction of elastomer in the swollen gel.

The amount of ionic crosslinks in the elastomer network was determined from the  equilibrium 
swelling in toluene placed in a desiccator with saturated ammonia vapor (25% aqueous solution).
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The content of ionic crosslinks Δν [76] was calculated according to equation:

  Δν =   
 ν  t   −  ν  a   _____  ν  t     × 100%  (2)

where νa is the crosslink density determined for samples treated with ammonia vapor.

2.4.3. Stress-strain behavior

Tensile properties were characterized on a Zwick1435 tensile testing machine. The moduli 
at 100, 200, and 300% elongation, tensile strength, and elongation at break were measured at 
25°C with crosshead speed of 500 mm/min for testing type 2 dumb-bell specimens prepared 
according to the ISO-37-2005 standard. Five different specimens were tested and the average 
value for each formulation was reported.

2.4.4. Thermogravimetric analysis (TGA) and DSC analysis

Thermal decomposition of the rubber compounds was performed using TGA/DSC1 Metler 
Toledo equipment. Samples were analyzed in the presence of air from 25 to 800°C using a 
heating rate of 10°C/min.

2.4.5. Analysis of filler dispersion

The LDH dispersion in the elastomer matrix was evaluated by scanning electron microscopy 
(SEM) (Leo153 Gemini). The rubber composites were broken down in liquid nitrogen and the 
fracture surface of the material was examined. Prior to analysis, the samples were coated with 
graphite.

2.4.6. Aging studies

Accelerated aging studies under different conditions were carried out. After aging, stress-
strain tests were performed. The aging coefficients (Ktype of aging) were calculated according to 
the equation:

  K =   
(TS ⋅ EB ) after aging

  ______________________  (TS ⋅ EB ) before aging    (3)

where TS is tensile strength (MPa) and EB is elongation at break (%). In addition, the changes 
in crosslink density were estimated by the swelling method using toluene as a solvent as 
described above.

The conditions of UV aging studies were as follows: 120 h during which alternating day 
( radiation intensity 0.7 W/m2, temperature 60°C, duration 8 h) and night segments (without 
UV radiation, temperature 50°C, duration 4 h) were repeated.

Weathering aging studies were carried out using Atlas Weather Ometer Ci 4000 equipment, in 
100 h using selected day and night panels with parameters such as: day panel: time 240 min, 
energy of radiation 0.7 W/m2, humidity 60%, night panel: time 120 min, humidity 50%.
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3. Results and discussion

3.1. Characterization of LDHs

It is well known that the particle size and the distribution of the filler aggregates in the elas-
tomer matrix can be the key factors to achieve the significant improvement of mechanical 
properties. An uneven dispersion and the occurrence of single larger agglomerates acted as 
the “weak center” initiating breaking during deformation lead to deterioration of the mate-
rial properties. Moreover, reduction of aggregates size and increase the specific surface area 
resulting in enhancement of the interphase contact between the solid surface and elastomers 
and thus has strong impact on the reinforcing effect. Therefore, the aggregates size in water 
and paraffin oil for various Mg/Al ratio layered double hydroxides was studied (Table 5).

Layered double hydroxides, LDH-30 and LDH-70, characterized a strong tendency to agglom-
erate due to electrostatic interactions and hydrogen bonds between the layers and as a result 
formed aggregates in range larger than 2 μm in water and larger than 4 μm in nonpolar 
medium paraffin oil. Size of the main fraction by a number increased with the increasing ratio 
of Mg/Al. The LDHs with the lowest Mg/Al ratio LDH-30 characterized the highest value of 
surface area after activation 3 h in 550°C what is an advantage considering its application as 
potentially reinforcing filler but unfortunately it also showed strong tendency to agglomera-
tion. One of the filler characteristic contributed to reinforcing effect is the tendency to create 
“own structure” in an elastomer matrix as a result of filler/filler interactions. This tendency 
can be estimated on the basis of oil absorption parameters (OAPs). The empty space (void 
volume) between aggregates and agglomerates linked together through physical interactions 
and creating network can be expressed as the volume of dibutyl phthalate (DBP) absorbed by 
a given amount of filler (g DBP/100 g filler). Based on the OAP parameter measurement, the 
ability of LDHs with different Mg/Al ratios to form “own structure” was estimated. The data 

LDH 30 LDH 63 LDH 70

MgO [%] 28.8 63.4 69.7

Al2O3 [%] 71.2 36.6 30.3

Surface area, m2/g BET, after activation 3 h at 550°C 276 200 196

Range of aggregates size [nm] (water medium) 165–2253 526–1056 940–2118

Size of the main fraction [nm] (water medium) 307 745 1332

Percentage by number [%] 36 38 38

Range of aggregates size, nm (paraffin oil) ≤4698 ≤2125 ≤4863

Oil absorption values OAV, g/100 g (dibutyl 
phthalate) 

172.9 104.2 86.5

d-Spacing, nm 0.77 0.77 0.78

Table 5. Characteristics of LDH containing different Mg/Al ratios.
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from Table 5 confirmed that all LDH-30 show the tendency to create the structure similar to 
conventional silica with the value of surface area (140 m2/g) [77].

From the X-ray diffraction analysis patterns, the interlayer distances were calculated using 
Bragg’s equation and are presented in Table 5. All Mg-Al-CO3-LDH types filler featured a 
similar d-value of approximately 0.77 nm, what should be noted the basal reflections of LDH-
30 were reduced compared with two other types of LDHs indicating a less-ordered, less-
lamellar structure of particles.

Synthetic hydrotalcite (HT) with 14.1/4.5/42.2/39.2 atomic% Mg/Al/O/C ratio (indicated using 
XPS analysis) was modified using four different ionic liquids: didecyldimethylammonium 
saccharinate [DDA][Sac], didecyldimethylammonium acesulfamate [DDA][Ace], benzalko-
nium saccharinate [BA][Sac], and benzalkonium acesulfamate [BA][Ace], according to the 
method described in Section 2.1. The surface properties of pristine HT are compiled in Table 6.

As compared to previously described LDH, hydrotalcite (HT) characterizes lower value of sur-
face area and porosity. The pore size is in range of 0.65–80.51 nm, with a maximum of pore 
radius distribution curve occurred at 1.08 nm. The studies indicated lower tendency to agglom-
eration comparing to other fillers used, especially in polar medium water. Scanning electron 
microscopy (SEM) images at various magnifications for pristine HT are shown in Figure 1.

The size and shape of layered double hydroxide particles are usually depended on the syn-
thesis method. Images of hydrotalcite particles revealed that HT-like fillers exhibit platy-like 
shape in the varied dimensions of sheets with lateral dimension ≤500 nm, and occasionally up 
to 1.5 μm. Hexagonal platy particles stacked one on the top of each other and formed more 
aggregated structures due to the physical electrostatic interactions and hydrogen bonds. The 
modification with ionic liquids did not influence the particle tendency to agglomeration. The 
aggregated structures formed by various ionic liquid-modified HT in water were in range of 
315–600 nm, with the size of the main fraction ± 450 nm (percentage by number 40%), in paraf-
fin oil IL-HT formed larger aggregates up to 1.5 μm.

Surface area BET [m2/g] 68

Volume of monolayer [cm3/g]* 14

Specific volume of pores [cm3/g]** 0.103

Total amount of adsorbed nitrogen N2 [cm3/g] 89.6

Range of pores size [nm] 0.65–80.51

Range of aggregate size [ nm] (water medium) 295–526

Size of the main fraction [nm] (water medium) 417

Percentage by number [%] (water medium) 39

Size of the main fraction [nm] (paraffin oil) 2671

Oil adsorption parameter OAP [g/100 g] 57.4

Table 6. Characteristic of pristine, synthetic hydrotalcite HT.
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The structure of synthetic hydrotalcite HT and ionic liquid-modified IL-HT was characterized 
by X-ray diffraction patterns as it is shown for pristine HT in Figure 2.

XRD analysis of the unmodified HT structure revealed basal reflections (003) corresponding 
to a Bragg diffraction peak at 2θ = 11.60° and d-spacing of 0.76 nm (Figure 2). The modifica-
tion with ionic liquids did not cause the intercalation of the layer, modified IL-HT showed 
d-spacing = 0.76 nm. Probably, the immobilization of modifying compound occurred only 
on the outer surface of the filler. Particles were modified using the regeneration method, HT 
was previously calcined. The rehydration with solution of ionic liquids was done in an air 
atmosphere what probably caused recarbonation with small size anions as CO3

2− instead of 
reconstruction of structure with anions as saccharinate and acesulfamate. Modified IL-HT 
formed slightly larger aggregates as is shown on SEM images (Figure 3) for didecyldimeth-
ylammonium acesulfamate-modified hydrotalcite [DDA][Ace]-HT and didecyldimethylam-
monium saccharinate-modified hydrotalcite [DDA][Sac].

The behavior during heating and thermal stability of layered double hydroxides was deter-
mined using thermogravimetric analysis. The thermal stability of LDHs is influenced by crys-
tallinity, the composition of the brucite-like layer, the interlayer anions.

For the LDH-30, the first weight loss (13%) occurred in the temperature range of 180–230°C 
and was attributed to dehydration, the removal of the intercalated water molecules. The sec-
ond transition peak at 306°C in the temperature range of 255–355°C (DTG analysis) was due 
to dehydroxylation, the removal of hydroxyl groups from the brucite layers. The third peak 
at 407°C in the temperature range of 390–450°C was due to the completion of dehydroxyl-
ation and removal of interlayer carbonate anions CO2. Similar TGA/DTG curves as for LDH-
30 were revealed for hydrotalcite HT [DDT][Sac]-HT and [DDT][Ace]-HT (Figures 4 and 5, 
Table 7) compiles the weight loss (wt%), char residue (wt%), and the temperature ranges 
attributed to DTG peaks.

Figure 1. Characterization of the morphological structures. SEM images of hydrotlcite particles at various magnifications.
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3.2. Ionic liquids modified hydrotalcite IL-HT as a filler for hydrogenated nitrile 
rubber HNBR

Table 8 shows the properties of hydrogenated nitrile rubber HNBR containing various HT 
loading. A significant improvement of mechanical properties of the polymer composite was 
related to filler loading. Effect occurred up to 10 parts of HT, higher amounts of hydrotalcite 

Figure 2. X-ray diffraction pattern of synthetic hydrotalcite HT.

Figure 3. SEM images of [DDA][Ace]-HT and [DDA][Sac]-HT.
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led to deterioration of mechanical properties as a result of uneven dispersion of clay in the 
matrix. Increasing clay loading influenced crosslink density of the vulcanizates, as a result 
of physical interactions between clay surface and polar functional group –CN in elastomer 
chains. Direct application of didecyldimethyl ammonium saccharinate and acesulfamate as 

Figure 5. TGA/DTG curve for [DDA][Sac]-HT.

Figure 4. TGA/DTG curve for [DDA][Ace]-HT.
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a previously prepared pastes led to the enhancement of mechanical properties as a result of 
filler dispersion improvement. The long hydrocarbon chain presents in ionic liquid cations 
facilitated the compounding of rubber composites acting as plasticizing agents. Compared 
to vulcanizates containing unmodified hydrotalcite, a decrease of modulus at 100% SE100 
with a simultaneous increase in crosslink density νt, tensile strength TS, and elongation at 
break Eb for IL-HT/HNBR composites was observed what confirm that this way modified 
filler characterizes lower surface polarity, better dispersion in rubber matrix; on the other 
hand, the interactions with polar elastomer functional groups are still possible what resulted 
in the presence of physical crosslinks in the matrix. Application of HT influenced resistance 
of the composites during accelerated aging. Inorganic compounds such as metal oxides are 
known for their effective UV screening. The analysis of the aging coefficients indicated that 
a higher HT amount resulted in the UV and weathering stability. Effect was strongly evident 
for the IL-HT. This behavior may be explained by more uniform dispersion of the filler in the 
elastomer which resulted more effective UV screening.

Analysis of SEM images for vulcanizates containing HT and [DDA][Sac]-HT concluded that 
filler particles were distributed uniformly (Figure 6). The melt compounding method using a 
laboratory two-roll mill in the temperature about 40°C did not favor any preferential orienta-
tion of the layer and still some randomly distributed agglomerates with an  average size of 3 μm 
for pristine HT were detected.

3.3. Curing studies, mechanical properties of IL-HT/XNBR composites

Mg-Al-LDHs are active fillers able to interact with –COOH functional groups. Addition 
of large quantities of LDH might cause difficulties in obtaining a homogenous dispersion. 
The melt-mixing method in industry scale usually is supported by the addition during pro-
cessing plasticizers improving and able to facilitate the dispersion. It was anticipated that the 
 incorporation of ILs may help decrease the size of aggregates formed in the XNBR matrix. 

LDH-30 HT [DDA][Ace]-HT [DDA][Sac]-HT

Temperature range of DTG peak [°C] 189–231 204–231 199–236 200–236

Temperature of peak maximum [°C] 220 243 226 226

Weight loss [wt%] 13.1 13.4 12.7 12.7

Temperature range of DTG peak [°C] 258–355 259–365 283–363 259–363

Temperature of peak maximum [°C] 306 314 307 307

Weight loss [wt%] 7.4 7.6 7.9 9.6

Temperature range of DTG peak [°C] 353–564 392–454 397–451 392–448

Temperature of peak maximum [°C] 407 429 428 425

Weight loss [wt%] 19.4 22.0 22.0 20.0

Char residue [wt%] 60.1 57.0 57.4 57.7

Table 7. Thermal stability of layered fillers determined by TGA/DTG.
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The IL-HT/XNBR composites were cured using nanoparticles of zinc oxide ZnO. The proper-
ties of vulcanizates are compiled in Table 9. A strong influence of ionic liquids on the crosslink 
network density of XNBR rubber was observed. Ionic liquids act here as activators, increased 
crosslinking density. Probably in the presence of ionic liquids, the structure of formed clusters 
was more ordered containing a higher amount of ion pairs as well as nonionic hydrocarbon 
content. The influence of the ionic liquids, type of anion and cation on the crosslink density 
was observed. Hydrotalcites modified with ionic liquids containing saccharinate anion [DDA]

Figure 6. SEM images of HT/HNBR and [DDA][Sac]-HT/HNBR composites.

t90 [min] ΔS’ [dNm] vt × 105 
[mol/dm3]

SE100 [MPa] TS [MPa] EB [%] KUV KW

– 20 21.8 2.5 0.85 10.3 808 0.24 0.22

HT, 5 phr 19,7 31.5 7.7 1.26 14.0 570 0.28 0.26

HT, 10 phr 16,9 32.8 9.6 1.37 14.6 606 0.28 0.27

HT, 20 phr 15,0 31.9 13.7 1.47 15.8 578 0.32 0.36

[DDA][Sac]-HT, 
10 phr

21,5 32.8 10.4 0.97 12.8 732 0.38 0.36

[DDA][Ace]-HT, 
10 phr

21,5 32.3 11.4 0.98 13.3 697 0.33 0.53

*[DDA][Sac]/HT, 
10 phr

16,0 36.3 13.3 1.00 16.9 728 0.47 0.46

*[DDA][Ace]/HT, 
10 phr

17,5 31.1 14.4 0.97 15.2 720 0.49 0.42

[BA][Sac]-HT, 10 phr 20.0 32.3 13.9 0.92 16.8 678 0.37 0.32

[BA][Ace]-HT, 10 phr 20.5 35.3 15.8 0.94 16.5 700 0.54 0.55

t90, optimum cure time, ΔS’, torque increment; vt, crosslink density; SE100, modulus at 100% strain; TS, tensile strength; K, 
aging coefficient; KUV, UV treatment; W, weathering aging.
*Application of ionic liquids, directly as a mixture with filler.
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The IL-HT/XNBR composites were cured using nanoparticles of zinc oxide ZnO. The proper-
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Figure 6. SEM images of HT/HNBR and [DDA][Sac]-HT/HNBR composites.

t90 [min] ΔS’ [dNm] vt × 105 
[mol/dm3]

SE100 [MPa] TS [MPa] EB [%] KUV KW
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HT, 5 phr 19,7 31.5 7.7 1.26 14.0 570 0.28 0.26

HT, 10 phr 16,9 32.8 9.6 1.37 14.6 606 0.28 0.27
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21,5 32.3 11.4 0.98 13.3 697 0.33 0.53
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16,0 36.3 13.3 1.00 16.9 728 0.47 0.46
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17,5 31.1 14.4 0.97 15.2 720 0.49 0.42

[BA][Sac]-HT, 10 phr 20.0 32.3 13.9 0.92 16.8 678 0.37 0.32
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aging coefficient; KUV, UV treatment; W, weathering aging.
*Application of ionic liquids, directly as a mixture with filler.
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[Sac]-HT and[BA][Sac]-HT increased the percentage of ionic crosslinks. As a result, the tensile 
strength of vulcanizates was almost decreased double. At the same time, such a modification 
did not affect the increase in stiffness. Additionally, as shown in Figures 7–9, the presence of 
long hydrocarbons segments in ILs cations exerted the plasticizing effect of IL-HT-based com-
posites improving dispersion and caused the orientation of the layers of filler in the direction 
of the shear force during compounding.

Selected ionic liquids can be advantageously used to modify the hydrotalcite in order to 
obtain rubber vulcanizates XNBR characterized by excellent mechanical properties.

t90 [min] ΔS’ [dNm] vt × 105 [mol/dm3] Δv [%] SE100 [MPa] TS [MPa] EB [%]

– 31 6.50 9.6 16.8 1.27 11.8 693

HT, 10 phr 30 7.20 21.8 28.2 3.12 13.8 642

[DDA][Sac]/
HT, 10 phr

24 9.48 39.48 86.6 2.19 23.9 823

[DDA][Ace]/
HT, 10 phr

24 7.10 28.77 39.2 2.17 21.6 706

[BA]
[Sac]-HT, 
10phr

27 8.83 39.4 72.5 2.13 23.8 777

[BA][Ace]-
HT,10phr

26 7.20 45.01 42.06 2.07 20.3 817

t90, optimum cure time; ΔS’, torque increment; vt, crosslink density; Δv, ionic crosslinks number; SE100, modulus at 100% 
strain; TS, tensile strength.

Table 9. Properties of HT/XNBR and IL-HT/XNBR composites.

Figure 7. SEM image of HT-XNBR composite.
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Figure 9. SEM image of [BA][Ace]-HT/XNBR composite.

Figure 8. SEM image of [BA][Sac]-HT/XNBR composite.
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Figure 8. SEM image of [BA][Sac]-HT/XNBR composite.
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3.4. Ionic elastomers based on carboxylated nitrile rubber XNBR and LDHs with 
various Mg/Al ratios

Carboxylated nitrile rubber composites containing LDH-30, LDH-63, and LDH-70 at various 
clay loadings (10, 20, and 30 parts per hundred rubber) were prepared according to method 
described in Section 2.3. The curing at various temperatures was investigated. Table 10 shows 
the parameters that describe the vulcanization reaction at three temperatures 150, 160, and 
170°C for XNBR containing 30 phr of various LDH.

Every LDH used was able to cure carboxylated nitrile rubber when it was added to rubber 
mixture in content of 30 parts per hundred rubber. As the temperature was increased, the 
cure index rate CRI raised. The effect was stronger for the LDH-30 with a lower Mg/Al ratio 
indicating that ionic cluster formation is strongly induced by temperature.

Regarding the normalized elastic component S’, which is the one that is usually taken as the 
vulcanization curve (Figure 10), it can be observed that at any temperature, the curve rises with 
reaction time, no reaching plateau. A reaction rate, in terms of the slope, in the first stage of the 
curve increases with temperature for LDH-63 and the maximum torque achieved higher value 
at 170°C than it took place for the temperature of 160°C. The opposite effect was observed for 
LDH-70 the filler with a higher Mg/Al ratio. At lower temperatures 150°C, the reaction is slower 
and the curves cannot achieve a plateau during the test time (120 min). Higher vulcanization 
temperature 170°C enhanced the reaction at the first stage, during first 30 min, indicating a 
higher value of the elastic component S’ (Figure 10) at this period as compared with values 
achieved at 170°C. However, the maximum torque decreases with the increment in reaction tem-
perature for LDH-70/XNBR composites. It should be taken into consideration that ionic bonds 
formed during reaction are thermally labile. If the curve that corresponds to the normalized vis-
cous component S” (Figure 11) is analyzed a different behavior occurred. For each temperature 

LDH-30, 30 phr LDH-63, 30 phr LDH-70, 30 phr

150°C 160°C 170°C 160°C 170°C 150°C 160°C 170°C

   S   ′   
H
   , dNm 7.84 7.34 6.23 4.36 4.67 8.21 7.78 6.42

   S   ′   
L
   , dNm 1.87 1.63 1.47 0.75 0.66 1.90 1.64 1.43

ΔS’ 5.97 5.71 4.76 3.61 4.01 6.31 6.14 4.99

t∆2, min 10.21 6.35 4.81 34.16 16.58 11.66 1.17 0.62

t50, min 18.68 11.12 6.34 28.92 16.63 23.89 13.95 6.58

t90, min 80.18 68.07 47.96 116.88 101.29 115.90 101.79 55.56

(t90–t∆2), min 69.97 61.72 43.15 82.72 84.71 104.24 100.62 55.04

CRI, 100/
(t90–t∆2)

1.43 1.62 2.32 1.21 1.18 0.96 0.99 1.82

Table 10. Vulcanization parameters as function of various LDHs and temperature of curing.
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growing curves, characteristics for ionic vulcanization are observed. It confirms that ionic bonds 
that are formed during reaction show thermal liability. Thermal liability and the breakage of the 
ionic associations cause the loss in elasticity of the sample (S’ values) at higher temperature and 
increment of the viscous component. Studies of crosslink density and mechanical properties of 
XNBR composites were performed for the vulcanizates cured at 160°C.

Figure 10. Normalized elastic component S’ (dNm) of the torque as a function of time for XNBR compounds crosslinked 
at various temperatures.

Figure 11. Normalized viscous component S” (dNm) of the torque as a function of time for XNBR compounds crosslinked 
at various temperatures.
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The influence of various LDH contents on the rubber properties was analyzed (Table 11).

The tensile measurement shown in Table 11 clearly indicates the reinforcement effect as a 
filler in carboxylate nitrile rubber. Both the high Mg/Al ratio and filler concentration lead to 
improvement in tensile strength. The increase in tensile strength with the content of various 
LDH fillers is likely due to a change in crosslink density. It was also noted that the modulus 
at 100% increased with higher LDH content. The highest tensile strength was achieved in the 
case of an XNBR composite filled with LDH-70 containing the highest amount of magnesium.

4. Conclusions

Layered double hydroxides are promising materials in the rubber industry. The presence of 
both unsaturated bonds and two functional groups nitrile and carboxyl in carboxylated nitrile 
rubber allows it to be crosslinked via conventional agents (such as sulfur and accelerators, 
metallic oxides (e.g., zinc oxide), organic and metallic peroxides.

This investigation shows that magnesium-rich LDH can be applied at once as a reinforcing filler 
and as a curing agent in a carboxylated elastomer. An interesting conclusion is that the appli-
cation of LDH Mg-Al as a filler may allow the amount of metal oxide curative to be reduced 
in XNBR compounds. This revelation is very essential from an ecological aspect because the 
European Union requires that the concentration of zinc oxide should be reduced as much as 
possible. When layered double hydroxides are used as an alternative to  conventional curing 

vt × 105 [mol/dm3] SE100 [MPa] TS [MPa] EB [%]

Cured with 3 phr 
ZnO

9.6 1.27 11.8 693

LDH-30, 10 phr 2.2 1.21 3.9 974

LDH 30, 20 phr 6.8 1.81 4.5 898

LDH 30,30 phr 8.6 2.08 12.1 831

LDH-63, 10 phr 5.9 1.32 8.92 812

LDH-63, 20 phr 7.5 1.56 10.9 793

LDH-63, 30 phr 8.1 2.06 12.2 739

LDH-63, 30 phr** 6.8 1.71 8.67 735

LDH-70, 10 phr 6.1 1.69 14.4 901

LDH -70, 20 phr 8.4 1.86 15.6 912

LDH -70, 30 phr 12.9 2.00 16.2 901

LDH-70, 30 phr** 7.1 1.82 9.81 743

vt, crosslink density; SE100, modulus at 100% strain; TS, tensile strength.
**Cured sample was cut and vulcanized again.

Table 11. Properties of LDH-30/XNBR, LDH-63/XNBR, and LDH-70/XNBR composites.
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systems, the production of mechanically strong and transparent  elastomer composites without 
any supplementary additives is enabled that is an important ecological and economical advan-
tage. It is huge benefit for layered double hydroxides (LDHs) to serve multifunctional suit-
ability in elastomers, such as crosslinking substance, UV screener, thermal, mechanical, and 
barrier property enhancer. Simplicity of synthesis and easy way of surface modification with 
different anions give this filler highly tunable characteristics, the possibility to control filler 
structure and interlayer spacing. Study has demonstrated that the incorporation of layered 
double hydroxides can remarkably change elastomer  properties. Layered double hydroxides 
were able to cure carboxylated nitrile rubber. The tensile measurements indicated the enhance-
ment of mechanical properties. Magnesium-rich layered double hydroxides (LDHs) act as a 
reinforcing filler and as a curing agent in carboxylated elastomers. Application of ionic liquids 
consisting of saccharinate and acesulfamate ions as surface functionalizing agents for layered 
double hydroxide enhanced dispersion and compatibility of nanoparticles in an elastomer 
matrix. Ionic liquids facilitated the compounding of nitrile rubber acting as plasticizing agents 
and influenced ionic clusters formation, resulting in increase of crosslink density.
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Abstract

The use of fillers in order to enhance the properties of polymers has been already well 
documented. Fundamentally, traditional fillers were applied to reduce the cost of the 
final polymeric products. Moreover, most micron-sized fillers required high loading for 
slight properties enhancement, thus causing problems in processing and melt flow due 
to the high viscosity of the obtained composite. Nanofillers might constitute the answer 
to the requirements made to the modern polymer materials. Nanofillers in the range of 
3–5 wt% achieve the same reinforcement as 20–30 wt% of micron-sized fillers. Therefore, 
this study presents the influence of three different types of nanofillers that differ in 
shape (aspect ratio) on the morphology, electrical conductivity, and thermal stability of 
polyester thermoplastic elastomer (TPE) matrix, by means of poly(trimethylene)-block-
poly(tetramethylene oxide) copolymer (PTT-PTMO). The morphology in this copolymer 
consisted of semicrystalline PTT domains dispersed in the soft phase of amorphous, 
noncrystallisable PTMO. The PTT-PTMO copolymer has been combined with 0.5 wt% 
of 1D (single-walled carbon nanotubes (SWCNTs), silicon carbide (SiC) nanofibers), 
2D (graphene oxide (GO), graphene nanoplatelets (GNPs)), and 3D (polyhedral oligo-
meric silsesquioxane (POSS)) through in situ synthesis to obtain nanocomposites (NCs) 
samples.

Keywords: polymer nanocomposites, thermoplastic elastomer, graphene derivatives, 
carbon nanotubes, SiC, POSS particles, in situ synthesis, electrical conductivity, 
morphology
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1. Introduction

Thermoplastic elastomers (TPEs) belong to the widely studied group of polymers, which express 
characteristics of both thermoplastics and rubbery materials based on weight concentrations of 
each part [1–5]. Recently, the incorporation of nanofillers into the TPEs has been converted to 
a challenging issue for many researchers to obtain unique functional materials with superior 
mechanical, thermal, and electrical properties [6–16]. Organic and inorganic nanoadditives, 
such as three-dimensional (3D) fullerenes, polyhedral oligomeric silsesquioxanes (POSSs), car-
bon black (CB); two-dimensional (2D) graphene nanoplatelets (GNPs), montmorillonite (MMT); 
and one-dimensional (1D) carbon nanotubes and nanofibers (CNTs and CNFs), are widely used 
as fillers in order to obtain polymer composites with enhanced physical properties at a very low 
content of nanoparticles. However, the shapes and aspect ratios, amount of concentrations, and 
large scale of aggregation, dispersion, and orientation degree of the nanofillers are the main 
factors for the overall characteristics of the nanocomposites (NCs) [17–20]. Furthermore, the dis-
persion state of nanofillers in the NCs could be influenced by viscosity of the matrix [21]. Hence, 
providing the excellent dispersion state of nanofillers into the matrix is one of the factors that the 
scientists design and produce novel functional materials based on the TPEs.

Poly(ether-ester)s (PEEs), which are segmented blocks of copolymers consisting of alternating 
sequences of flexible polyether and rigid polyester segments, exhibit a TPE behavior. They are 
of special interest due to their excellent mechanical properties, such as strength and elasticity 
in a wide range of temperature. PEEs based on poly(butylene terephthalate) (PBT) as rigid seg-
ments, and poly(tetramethylene oxide) (PTMO) as soft segments (PBT-PTMO) are available as 
commercial products (Elitel™, Arnitel, Hytrel®, DSM, etc.). Recently developed polyester ther-
moplastic based on poly(trimethylene terephthalate) (PTT) as the rigid segment and PTMO as 
flexible ones (PTT-PTMO) were first synthesized and characterized by Szymczyk et al. [5]. PTT 
is a recently commercialized aromatic polyester, which has become one of the most important 
polymer materials, since DuPont obtained PTT (Sorona® EP), which contains 20–37% renewable 
material from nonfood biomass, and has performance similar to conventional PBT plastics [22]. 
Additionally, the incorporation of nanofillers with different shapes and aspect ratios into the 
PTT-PTMO matrix has been already studied [7, 10–16]. The main objective of those studies was 
to investigate the effect of the addition of various types of nanofillers on the mechanical, ther-
mal, electrical, and viscoelastic properties of the PTT-PTMO. For instance, the incorporation of 
SWCNTs into the PTT-PTMO caused the significant increase in the values of the Young’s modu-
lus, yield stress, and elongation at break, while, the GNPs indicated the opposite effect on the 
mechanical properties of neat PTT-PTMO [11]. Moreover, the presence of SWCNTs and GNPs 
in the polymer speeded up the crystallization process as it was evidenced by a shift of the crys-
tallization peak to up to 45°C, which was recorded for the hybrid nanocomposite that contained 
0.5 wt% of SWCNTs and 0.1 wt% of GNPs. Furthermore, the addition of SWCNTs and GNPs 
individually, as well as the mixture of both, caused substantial enhancement of thermooxida-
tive stability, shifting the beginning of the chemical decomposition temperature by 20–25°C 
[11]. At the same time, a remarkable synergistic effect between GNPs and SWCNTs leading to 
an improvement of the electrical and thermal conductivities of the PTT-PTMO/GNPs/SWCNTs 
hybrid NCs was observed [10, 12]. Despite the fact that PTT-PTMO/GNPs nanocomposites were 
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found to be nonconductive at a total content of 0.1 and 0.3 wt%, which was perhaps due to large 
number of defects, free radicals, and other irregularities on the surface of nanoplatelets [12], a 
significant synergistic effect between SWCNTs and GNPs on improving electrical conductiv-
ity of nanocomposites based on segmented block copolymers has been observed. Moreover, 
ceramic silicon carbide (SiC) nanofibers, which improve electron mobility and thermal conduc-
tivity, and at the same time, ensure chemical and high temperature resistivity [23–25], can be 
a good candidate as a 1D nanostructure to combine with novel polymeric materials to be used 
in photovoltaic utilizations. For instance, Mdletsche et al. [16] has investigated the efficiency of 
the addition of SiC nanoparticles on the mechanical, thermal, and biodegradation properties 
of polycaprolactone. Moreover, the effect of GO as 2D nanofillers on the phase structure, melt 
viscosity, and the mechanical properties of PTT-PTMO was studied by the means of DSC, ARES 
rheometer, and tensile tests [11]. An improvement of the Young’s modulus and yield stress was 
observed in the PTT-PTMO/GO NCs with the increase of GO content from 0 to 0.5 wt% [11]. 
Such an improvement was observed most probably due to the large interfacial area and high 
aspect ratio of GO. Furthermore, the effects of POSS particles on the phase separation and glass 
transition temperature (Tg) of the PTT-PTMO has been investigated using dynamic mechanical 
thermal analysis (DMTA) [15]. POSS affected the phase separation of the polymer matrix, and it 
was shown that the glass transition temperature of PTMO-rich soft phase, melting temperature 
of PTT hard phase, and the degree of crystallinity of the nanocomposites were not affected by 
the presence of POSS cages in PTT-PTMO matrix. The crystallization temperatures shifted from 
154°C for the neat copolymer to 130–133°C for nanocomposites. This was indicated on the anti-
nucleating behavior of POSS particles for crystallization of PTT hard phase [15].

The main objective of this chapter is to compare the influence of nanofillers that differ in shape 
(aspect ratio) on the supramolecular structure, phase separation, thermal stability, and electri-
cal conductivity of the PTT-PTMO-based nanocomposites. The 1D (SWCNT, SiC), 2D (GO, 
GNP), and 3D (POSS) type nanofillers were selected to be mixed with the polymer matrix. The 
next sections exhibit complete discussion of the present study.

2. Materials and methods

2.1. Materials and synthesis

For the manufacturing process of the PTT-PTMO copolymers, the dimethyl terephtalate 
(DMT, Sigma Aldrich), 1,3-propanenediol (PDO, Sigma Aldrich), and poly(tetramethylene 
oxide) glycol (PTMG) with the molecular mass of 1000 g/mol (DuPont, United States) were 
used. Tetrabutyl orthotitaniate (TBT, Fluka) was applied as a catalyst in transesterification and 
polycondensation steps. Irganox 1098 (Ciba-Geigy, Switzerland) was used as an antioxidant.

Moreover, the selected nanofillers, which were described in details in Refs. [10–15, 26] have been 
listed as follows: SWCNTs with a diameter of <2 nm, length of 5–30 μm, purity higher than 95%, 
and surface area of 380 m2/g were bought from Grafen Chemical Industries, Grafen Co., Ankara, 
Turkey [10–12]; SiC nanofibers were produced via self-propagating high-temperature synthesis 
(SHS) from elemental Si and poly(tetrafluoroethylene) (PTFE) powder mixtures and provided 
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by the group of Prof. A. Huczko [26]; GNPs in the form of a powder with less than three gra-
phene layers, x–y dimensions of up to 10 μm, carbon content of ~97.0%, and the oxygen content 
of ~2.10% were bought from ANGSTRON Materials, Dayton, Ohio, USA [10–12]; GO sheets 
with average particle size of 50 μm obtained from expanded graphite (SLG Technologies GMbH, 
Germany) by Brodie oxidation method [27] were provided by the Polymer Institute of Slovak 
Academy of Science) [10, 11]; octakis[(n-octyl)dimethylsiloxy]octasilsesquioxane (POSS) was 
obtained according to a sequential methodology presented in scheme in Ref. [12] and provided 
by the Centre for Advanced Technologies, Poznan, Poland). The neat PTT-PTMO copolymer 
and PTT-PTMO-based NCs were produced by in situ polymerization technique. The procedure 
details were already published elsewhere [7–12]; however, the scheme of the synthesis process 
is presented in Figure 1. First, the nanofillers were dispersed for 30 min using high-speed stirrer 
device (Ultra-Turax T25) and ultrasonicator apparatus (Homogenizer HD 2200, Sonoplus, with 
frequency of 20 kHz and power 200 W) in PDO. Then, the polymerization process conducted in 
two stages has been applied. In the first stage, the dispersion of the selected nanofiller in PDO, 
DMT, and TBT catalyst were charged into 1 dm3 steel reactor (Autoclave Engineers Inc, USA), 
where DMT was transesterified with PDO in the presence of catalyst under nitrogen flow at 
165°C and atmospheric pressure under nitrogen flow. PDO was used in a sixfold molar excess 
over DMT. During the reaction, methanol was distilled off. After ca. 1.5 h to the reaction mix-
ture, comprises mostly of bis-(3-hydroxypropyl) terephthalate, the PTMG, Irganox 1010, and 
second portion of catalyst were added. Then, the temperature was slowly lifted up to 210°C and 

Figure 1. Scheme of the preparation process of PTT-PTMO and PTT-PTMO-based nanocomposites.

Elastomers78



by the group of Prof. A. Huczko [26]; GNPs in the form of a powder with less than three gra-
phene layers, x–y dimensions of up to 10 μm, carbon content of ~97.0%, and the oxygen content 
of ~2.10% were bought from ANGSTRON Materials, Dayton, Ohio, USA [10–12]; GO sheets 
with average particle size of 50 μm obtained from expanded graphite (SLG Technologies GMbH, 
Germany) by Brodie oxidation method [27] were provided by the Polymer Institute of Slovak 
Academy of Science) [10, 11]; octakis[(n-octyl)dimethylsiloxy]octasilsesquioxane (POSS) was 
obtained according to a sequential methodology presented in scheme in Ref. [12] and provided 
by the Centre for Advanced Technologies, Poznan, Poland). The neat PTT-PTMO copolymer 
and PTT-PTMO-based NCs were produced by in situ polymerization technique. The procedure 
details were already published elsewhere [7–12]; however, the scheme of the synthesis process 
is presented in Figure 1. First, the nanofillers were dispersed for 30 min using high-speed stirrer 
device (Ultra-Turax T25) and ultrasonicator apparatus (Homogenizer HD 2200, Sonoplus, with 
frequency of 20 kHz and power 200 W) in PDO. Then, the polymerization process conducted in 
two stages has been applied. In the first stage, the dispersion of the selected nanofiller in PDO, 
DMT, and TBT catalyst were charged into 1 dm3 steel reactor (Autoclave Engineers Inc, USA), 
where DMT was transesterified with PDO in the presence of catalyst under nitrogen flow at 
165°C and atmospheric pressure under nitrogen flow. PDO was used in a sixfold molar excess 
over DMT. During the reaction, methanol was distilled off. After ca. 1.5 h to the reaction mix-
ture, comprises mostly of bis-(3-hydroxypropyl) terephthalate, the PTMG, Irganox 1010, and 
second portion of catalyst were added. Then, the temperature was slowly lifted up to 210°C and 

Figure 1. Scheme of the preparation process of PTT-PTMO and PTT-PTMO-based nanocomposites.

Elastomers78

held to reach the endpoint of transesterification. Subsequently, the excess of PDO, used in the 
first stage, was distilled off during increasing the temperature and reducing the pressure. The 
second step, melt polycondensation was carried out at 250°C under reduced pressure of ~20 
Pa. During polycondensation, the torque was monitored in order to detect changes in viscosity. 
All syntheses were finished when the melt reached the same value of viscosity at 250°C. The 
obtained PTT-PTMO and PTT-PTMO NCs were extruded from the reactor under nitrogen flow. 
The content of rigid PTT and flexible PTMO segments was approximately the same (i.e., 50 wt% 
of each). Finally, the extruded neat PTT-PTMO and NCs were granulated, injection molded, and 
compressed to prepare the specimens in accordance to the standard tests.

2.2. Characterization methods

The SEM analyses have been applied using two different scanning electron microscopes (SEM, 
JEOL JSM 6100; SEM ULTRA-55 Zeiss and SEM SUPRA-55 VP Zeiss). Before SEM evaluation, 
the extruded specimens were cryo-fractured in liquid nitrogen and then fractured surfaces 
were coated with thin gold layers.

In order to evaluate DMTA analysis, a Polymer Laboratories MK II apparatus has been 
applied in the bending mode at the constant frequency of 1 Hz and a heating rate of 3°C/min 
from −100°C to the sample softening temperature.

The thermal behavior was observed using differential scanning calorimetry (DSC, TA 
Instrument Q-100) at the heating and cooling rates of 10°C/min in the heating-cooling-heating 
cycle. Cooling and second heating were used in order to determine melting and crystalliza-
tion temperatures. The heat of fusion was determined by integration of the normalized area 
of melting endotherm. The procedure of calculation degree of crystallinity and determination 
of glass transition temperature was already published in Refs. [5, 7, 10–12].

The electrical conductivity measurements were conducted by a Novocontrol broadband 
dielectric spectrometer. The complex permittivity ε* = ε ′– iε″, where ε′ indicates the permittiv-
ity and ε″ the dielectric loss, which was operated as a function of frequency ranging from 10−2 
Hz < F < 106 Hz. The broadband electrical conductivity is usually represented as σ(F) = σDC + 
σAC = σDC + A⋅(F)S, where σDC is the frequency independent direct current (DC) conductivity, 
caused by the movement of electrons in phase with applied electric field. A⋅(F)S = σAC is the 
component of conductivity associated with alternating current (AC), where F is frequency. 
The electrical conductivity of the samples was derived by σ(F) = ε0 2π F ε″, where ε0 is the vac-
uum permittivity [12]. Among all of the NCs specimens, the PTT-PTMO/POSS NC was not 
considered for the dielectric measurements, since the electrical conductivity of PTT-PTMO 
matrix as a host polymer cannot be influenced by the POSS nanoparticles.

Thermal and thermooxidative stability of the prepared polymer nanocomposites were 
evaluated by thermogravimetry (TGA 92-16.18 Setaram) at simultaneous TG-DSC system. 
Measurements were carried out in inert atmosphere (argon) and an oxidizing atmosphere, 
that is, dry, synthetic air (N2:O2 = 80:20 vol.%). The study was conducted at the heating rate 
of 10°C/min in the temperature range of 20–700°C. Measurements were conducted in accor-
dance with the PN-EN ISO 11358:2004 standard.
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3. Results and discussion

3.1. Nanocomposite morphologies

In this part, the morphologies of the produced nanocomposites were investigated by means 
of scanning electron microscopy (SEM). SEM is a useful tool to give a distinct insight into the 
nanocomposite morphology and for assessing the dispersion of nanoparticles. Especially for 
conductive nanoparticles, such as SWCNTs, SiC, GNPs, and contrast imaging techniques, one 
can use this to visualize the nanoparticles networks due to a different state of charge of the 
matrix and nanoparticles [28–30].

Figure 2a–e has indicated the SEM images of PTT-PTMO-based nanocomposites with 0.5 wt% 
of SWCNTs, SiC, GO, GNPs, and POSS nanofillers, respectively. SEM analysis presents the 
well-dispersed nanoparticles in the whole volume of polymer matrix, and thus the micro-
graphs confirm that in situ polymerization is a highly efficient method for preparing NCs. In 
Figure 2a, it is obvious that the SWCNTs were uniformly distributed in the PTT-PTMO matrix. 
Moreover, the fractured surface of PTT-PTMO/0.5SWCNT indicates that the SWCNTs were 
pulled-out from the matrix and still embedded at both ends in the matrix. It reveals the high 
potential of the SWCNTs to enhance the mechanical properties of the polymer nanocomposite 
[11]. Similarly, in the case of the SiC nanofibers, well-distributed nanoparticles with no obvious 
agglomerations were observed (Figure 2b). Moreover, most of the SiC NFs were embedded in 
the polymer matrix with both ends, just like the previously reported SWCNTs. Thus, the SEM 

Figure 2. The SEM micrographs of PTT-PTMO copolymer reinforced with 0.5 wt% of (a) SWCNTs, (b) SiC, (c) GO, (d) 
GNP, and (e) POSS nanofillers.
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images of NCs surface suggest the “pulling out” SiC NFs from the polymer matrix during the 
brittle fracture of the sample [10]. Thus, it can be concluded that 1D type nanofillers, that is, 
SWCNTs, SiC NFs, with high aspect ratio distinctly represent their efficiency for avoiding the 
existence of agglomerates due to the high shear mixing with high-frequency vibration [10–12, 
26], thus confirming the legitimacy of the use of in situ method to obtain nanocomposites.

In the case of PTT-PTMO nanocomposites containing 2D-type nanofillers, that is, GNP and GO 
(Figure 2c and d, respectively), equally good dispersion was obtained. The PTT-PTMO/0.5GNPs 
nanocomposite (Figure 2c) indicates the presence of lower interfacial interactions between the 
GNPs and polymer matrix that is due to the existence of defects, free radicals, and other regu-
larities on the surface of graphene nanosheets [12]. Additionally, the observations on the dis-
persion of GNPs were expanded upon Raman spectroscopy [12] and transmission electron 
microscopy (TEM) [13]. Since in our case, the Raman spectrum [12] of GNPs resembled the 
spectrum of reduced graphene oxide [31, 32], one could have expected strong interfacial inter-
actions between GNPs and polymer matrix. Furthermore, in the case of PTT-PTMO/0.5GNPs 
[13] nanocomposite, the bent or crumpled/wrinkled platelets were visible. Exfoliated graphene-
based materials are often compliant, and when dispersed in a polymer matrix are typically 
not observed as rigid disks (flat platelets), but rather as wrinkled ones. Moreover, randomly 
oriented, exfoliated platelets were observed, possibly due to restacking of the platelets. Ipso 
facto, the good dispersion of GO was also visible in Figure 2d, that it can result from the excel-
lent dispersion of GO in PDO at the level of individual sheets. During in situ polymerization, a 
stable interphase interaction between GO nanofillers and PTT-PTMO copolymer was created 
due to the strong connections among the oxygen-containing functional groups [33–35] through 
the polymer [14]. Therefore, extreme reinforcement effects [14] were observed, while GO nano-
fillers were added in the polymer matrix without exhibition of agglomerates.

Finally, from the SEM image of PTT-PTMO/0.5POSS (Figure 2e), one can clearly see that the 
(n-octyl)dimethylsiloxy groups of POSS can react with functional groups of the matrix during 
in situ polymerization process. Therefore, POSS nanofillers can be completely connected to 
the PTT-PTMO due to excellent interfacial adhesion [15]. Such a study expanded upon SEM-
EDX analysis [15] and provided the detailed insight into the distribution of POSS cages in the 
PTT-PTMO matrix along with the confirmation on the homogeneity in the silica distribution 
in the whole volume of polymer matrix.

Moreover, in our previous works [11, 13], the relation between dispersion of the nanofill-
ers within the matrix and the values of melt viscosity has been verified and well discussed 
through the morphological studies. One can find that various shapes and aspect ratios could 
affect the values of melt viscosity, and consequently, the dispersion quality and orientation of 
the nanofillers in the polymer matrix.

3.2. Phase structure of PTT-PTMO-based nanocomposites

The phase structure of PTT-PTMO-based nanocomposites resulting from the addition of 
different types of nanofillers at the same content of 0.5 wt% was investigated by dynamic 
mechanical thermal analysis (DMTA). Temperatures of β2-relaxation (Tβ2) and β1-relaxation 
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(Tβ1) were designated from the maximum of the loss modulus change curve and the loss angle 
tangent of temperature curve. Herein, the storage modulus (E′), loss modulus (E″), and tan 
δ for PTT-PTMO and PTT-PTMO-based nanocomposites are shown in Figure 3a–c, respec-
tively. At a low temperature, an obvious inflection on the E′ curves (related with the β1 in the 
E″ plot) can be observed, that is associated with the glass transition of the soft polyether-rich 
phase. At the temperature range between 20 and 120°C, a decrease and a subsequent increase 
in the quantities of E′ was perceived which is due to the changes associated with the glass 
transition temperature of amorphous polyester (PTT) phase which is followed by cold crys-
tallization. Moreover, the addition of carbon nanofillers into the multiphase block copolymer 
initiated the heterophase structure with one crystalline and two amorphous phases [11]. The 
elastic features of the segmented block copolymer result from the aforementioned microsepa-
rated phase structure, which is a result of the chemical nature and incompatibility between 
the rigid and flexible blocks/segments build into the polymer chains.

As a result, at a lower temperature, the increase in the values of E′ was only observed for the 
PTT-PTMO/0.5GO; however, the E′ decreased with the addition of SWCNT, SiC, GNP, and 
POSS. Above 20°C, the storage modulus depends on the type and amount of nanofillers, in 

Figure 3. Rheological behavior of the PTT-PTMO copolymer and its nanocomposites (a) E′, (b) E″, and (c) tan δ as a 
function of temperature at frequency 1 Hz.
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which the highest quantities of solid-like behavior for the nanocomposites were obtained 
with introduction of SWCNTs into the PTT-PTMO, which was probably due to the higher 
stiffening effect of the rigid SWCNTs and their extremely high modulus [36–39]. At peak β1, 
the difference in the values of the peaks height is due to the variety effects of nanofillers on 
the mobility of the chains in the polymer matrix. SWCNTs caused the greatest molecular 
motions in comparison to the other nanofillers. This may come from the strong connection 
of SWCNTs with PTT-PTMO matrix (confirmed previously by TEM and Raman spectros-
copy [10, 12]). In Figure 3c (tan δ curves), the β1 and β2 relaxation peaks are related to the 
glass transition of amorphous polyether phase and amorphous polyester phase, respec-
tively [11]. The incorporation of carbon nanofillers into this polymer caused stronger phase 
separation as evidenced by a shift in the β1 relaxation peak toward lower temperatures. 
In this case, at higher temperature, the GO nanoparticles exhibited the highest impact for 
the efficiency on the phase separation of the PTT-PTMO copolymer, comparing with other 
nanofillers such as SWCNT, SiC, GNPs, and POSS. And since, for PTT-PTMO/GO nanocom-
posites, an increase of long period (L) was observed [14], which resulted from an increase of 
amorphous layer thickness that was caused by the restriction of mobility of polymer chain, 
one can confirm that the addition of GO-induced interfacial interactions between polymer 
and nanosheets in the stronger manner. Moreover, in all of nanocomposites, the composi-
tion of each phase has taken place in the matrix, since the β2 peak showed the smaller and 
wider peaks.

Additionally, the DSC analyses performed for the series of PTT-PTMO-based nanocom-
posites (Table 1) confirmed that the glass transition temperature of amorphous part in 
semicrystalline PTT hard phase (Tg2) of nanocomposites remained unaffected by incorpo-
ration of SWCNT, GNP, GO, and POSS nanoparticles. At the same time, regardless of the 
effect of the addition of nanoparticles on the melting temperature (Tm), a slight increase 
(2–6°C) was observed, while the degrees of crystallinity of the prepared nanocomposites 
were comparable to the neat PTT-PTMO block copolymer. At the loading of 0.5 wt% SiC, 
GO, GNP, and POSS in PTT-PTMO matrix, the values of crystallization temperatures (Tc) 
of nanocomposites were close to the Tc of neat PTT-PTMO [11, 14, 15]. The only excep-
tion was the nanocomposite that contains 0.5 wt% of SWCNTs that accelerated the rate 
of crystallization probably due to affinity of nanotubes to act as crystallization agents. 
These states in agreement with many studies [40–45] proved that SWCNTs are the stron-
gest nucleation agents.

3.3. Electrical conductivity of nanocomposites

Polymer nanocomposites based on carbon nanoparticles have enjoyed a big interest due to 
their enhanced mechanical and thermal properties along with electrical and thermal con-
ductivity. In particular, nanocomposites based on carbon nanotubes (CNT), both SWCNTs 
and MWCNTs, carbon nanofibers, like SiC NFs [24, 26, 46], as well as graphene derivatives 
like GNP or expanded graphite (EG) have shown to exhibit exceptional mechanical strength 
and electrical conductivity [47–55]. In turn, in order to restore the electrical conductivity of 
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GO nanosheets, at least partial reduction is needed [18], since it is electrically insulating and 
thermally unstable. Therefore, in this work, the electrical conductivity of PTT-PTMO/0.5GO 
nanocomposite was also investigated, since during the synthesis process some partial reduc-
tion (second step of the synthesis takes place at 250°C) could have appeared. The use of 
in situ polycondensation method allows to obtain conductive nanocomposites filled with a 
relatively low loading (less than 0.5 wt%), which has been confirmed for the many types of 
polymer matrices [56–59]. Figure 4 shows the alternating current electrical conductivity (σ) 
as a function of frequency (F) for PTT-PTMO nanocomposites and neat PTT-PTMO copoly-
mer (reference sample).

PTT-PTMO block copolymers show at low frequencies characteristic conducting behav-
ior (the presence of a frequency independent component, σdc) associated with the pres-
ence of PTMO. Such behavior may be due to ionic conductivity [60]. According to the 
results, the creation of the conducting paths in the insulating PTT-PTMO copolymer 
was strongly influenced by the presence of carbon nanofillers. The electrical conductiv-
ity of the nanofillers plays a main role to produce conductive polymer nanocomposites. 
POSS nanoparticles can improve the dielectric properties of the materials; however, this 
improvement is attributed to various factors, such as large particle-polymer interfacial 
area, particle-polymer nanoscopic structure, change in internal electric field (polarity) due 
to the presence of nanoparticles, functionality [61–63]), herein only the effect of carbon 
nanofillers on the electrical conductivity of the PTT-PTMO copolymer was investigated. 
In order to obtain higher electrical conductivity at lower cost, several factors need to be 

Figure 4. Broadband electrical conductivity (σ(F)) as a function of frequency (F) at room temperature for neat PTT-PTMO 
and its nanocomposites.
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taken into consideration, that is, proper dispersion, orientation degree, and the amounts 
of agglomerates within the polymer-based nanocomposites [64–66]. The study of the 
broadband electrical conductivity confirms that the incorporation of the SWCNTs into 
the PTT-PTMO can covert the insolating polymers with two rigid and soft phases to the 
conductive specimens. The incorporation of 0.5 wt% of SWCNTs was high enough to pro-
vide conductive paths in the polymer matrix. However, even with the smaller loading 
of nanoparticles (0.1 wt% of SWCNTs), a slight increase in conductivity was observed, 
similarly as in the case of 0.3 wt% of SWCNTs [12]. Unlike SWCNTs, the GNPs and GO 
could not affect the electrical conductivity of the PTT-PTMO copolymer in the same man-
ner. Due to the existence of rich defects, free radicals, residual functional groups, and 
impurities on the surface of GNPs, the percolation threshold has not taken place in PTT-
PTMO/GNPs nanocomposites [10, 12]. However, by the way, it is also worth mentioning 
that conducting networks in PTT-PTMO block copolymer was already formed at 0.3 wt% 
of SWCNT alone [12], and further increase of 0.1 wt% of GNPs provided more electron 
pathways by synergy between the SWCNTs and GNPs. Once the filler content exceeded 
the percolation threshold, agglomerates could have even improved the electrical conduc-
tivity than well-dispersed CNTs. Along with an increase of the SWCNTs to GNPs content 
ratio to 5:1 (PTT-PTMO/0.5SWCNTs + 0.1GNPs), one observed the characteristic flat plot, 
where an extended frequency region of constant σ was detected [12]. The hybrid PTT-
PTMO/0.5SWCNTs + 0.1GNPs exhibited the typical behavior for semiconducting samples 
with conductivity of about 10−6 S/cm. These observations made for the improvement in 
electrical conductivity of PTT-PTMO/SWCNT by GNPs were supported by the fact that 
the GNPs’ surface rich of defects, free radicals, and other irregularities ensured strong 
nanotube-to-nanoplatelet interactions. These results highlighted the remarkable potential 
in industrial application of a new group of polymer hybrid nanocomposites, based on 
nanofillers with different shapes (SWCNTs and GNPs).

In addition, as mentioned above, GO nanosheets cannot create electric paths through the 
polymer due to the presence of functional groups such as –COOH and –OH on its surface 
[33–35]. Even the high temperature during in situ synthesis did not restore the conductivity of 
GO, thus the nanocomposite with 0.5 wt% of GO was found to be not conductive. Moreover, 
as shown in Figure 4, for nanocomposites with SiC nanofibers, the values of electrical con-
ductivity in low frequency range exhibit higher values than those of pristine matrix. This fact 
suggests that there are many connections between nanofibers, with small gaps of polymer 
between them, which promotes polarization phenomena [26]. Our further study on the elec-
trical properties of PTT-PTMO/SiC nanocomposites with higher content of SiC confirmed 
the electrical percolation threshold (φc) equals to 1.7 [26]. Additionally, the calculated critical 
exponent “t” [67] (equaled to 1.7) proved that a three-dimensional system was obtained [68]. 
Despite the fact that this study deals with nanocomposites based on PTT-PTMO block copo-
lymer, with the total concentration of 0.5 wt%, it should be mentioned that the rather low 
percolation threshold, the low cost of preparation of SiC nanofibers compared to nanocom-
posites containing SWCNTs (ca. 1000 USD/kg for SiC nanofibers and about hundreds USD/g 

Elastomers86



taken into consideration, that is, proper dispersion, orientation degree, and the amounts 
of agglomerates within the polymer-based nanocomposites [64–66]. The study of the 
broadband electrical conductivity confirms that the incorporation of the SWCNTs into 
the PTT-PTMO can covert the insolating polymers with two rigid and soft phases to the 
conductive specimens. The incorporation of 0.5 wt% of SWCNTs was high enough to pro-
vide conductive paths in the polymer matrix. However, even with the smaller loading 
of nanoparticles (0.1 wt% of SWCNTs), a slight increase in conductivity was observed, 
similarly as in the case of 0.3 wt% of SWCNTs [12]. Unlike SWCNTs, the GNPs and GO 
could not affect the electrical conductivity of the PTT-PTMO copolymer in the same man-
ner. Due to the existence of rich defects, free radicals, residual functional groups, and 
impurities on the surface of GNPs, the percolation threshold has not taken place in PTT-
PTMO/GNPs nanocomposites [10, 12]. However, by the way, it is also worth mentioning 
that conducting networks in PTT-PTMO block copolymer was already formed at 0.3 wt% 
of SWCNT alone [12], and further increase of 0.1 wt% of GNPs provided more electron 
pathways by synergy between the SWCNTs and GNPs. Once the filler content exceeded 
the percolation threshold, agglomerates could have even improved the electrical conduc-
tivity than well-dispersed CNTs. Along with an increase of the SWCNTs to GNPs content 
ratio to 5:1 (PTT-PTMO/0.5SWCNTs + 0.1GNPs), one observed the characteristic flat plot, 
where an extended frequency region of constant σ was detected [12]. The hybrid PTT-
PTMO/0.5SWCNTs + 0.1GNPs exhibited the typical behavior for semiconducting samples 
with conductivity of about 10−6 S/cm. These observations made for the improvement in 
electrical conductivity of PTT-PTMO/SWCNT by GNPs were supported by the fact that 
the GNPs’ surface rich of defects, free radicals, and other irregularities ensured strong 
nanotube-to-nanoplatelet interactions. These results highlighted the remarkable potential 
in industrial application of a new group of polymer hybrid nanocomposites, based on 
nanofillers with different shapes (SWCNTs and GNPs).

In addition, as mentioned above, GO nanosheets cannot create electric paths through the 
polymer due to the presence of functional groups such as –COOH and –OH on its surface 
[33–35]. Even the high temperature during in situ synthesis did not restore the conductivity of 
GO, thus the nanocomposite with 0.5 wt% of GO was found to be not conductive. Moreover, 
as shown in Figure 4, for nanocomposites with SiC nanofibers, the values of electrical con-
ductivity in low frequency range exhibit higher values than those of pristine matrix. This fact 
suggests that there are many connections between nanofibers, with small gaps of polymer 
between them, which promotes polarization phenomena [26]. Our further study on the elec-
trical properties of PTT-PTMO/SiC nanocomposites with higher content of SiC confirmed 
the electrical percolation threshold (φc) equals to 1.7 [26]. Additionally, the calculated critical 
exponent “t” [67] (equaled to 1.7) proved that a three-dimensional system was obtained [68]. 
Despite the fact that this study deals with nanocomposites based on PTT-PTMO block copo-
lymer, with the total concentration of 0.5 wt%, it should be mentioned that the rather low 
percolation threshold, the low cost of preparation of SiC nanofibers compared to nanocom-
posites containing SWCNTs (ca. 1000 USD/kg for SiC nanofibers and about hundreds USD/g 

Elastomers86

for SWCNT) [69–71], and their low viscosity values, which makes it easier for extrusion pro-
cess after in situ method, give rise to a new class of interesting materials with potential use in 
a wide range of applications.

3.4. Thermal stability of nanocomposites

The incorporation of nanofillers with high thermal conductivity into polymer matrix may 
facilitate heat distribution in the material and thereby improve its heat resistance. Most car-
bon nanostructures, such as CNTs, SiC, and graphene derivatives, exhibit electron affinities 
similar to those of fullerenes, and they are therefore capable of acting as radical scavengers 
in free radical chain reactions, including polymerization and the thermo-oxidative degra-
dation of polymers [69, 72]. Similarly, several studies confirmed that the incorporation of 
POSS can enhance the thermal stability of nanocomposites [61, 62]. The influence of the pres-
ence of SWCNT, SiC, GNP, GO, and POSS particles on the thermal and thermo-oxidative 
decomposition of the nanocomposites based on PTT-PTMO block copolymer has been inves-
tigated during heating in air and argon atmosphere. The weight loss (TG) and its derivative 
of weight loss (DTG) curves are shown in Figure 5a and b. The mechanisms of thermal and 
thermo-oxidative degradation of copoly(ether-ester) have been already widely discussed [73, 
74]. Decomposition of copoly(ether-ester) begins with the flexible segment PTMO. Oxygen 
mainly affects the carbon atom located in the α position relative to the ether oxygen atom 
in ether [73]. Detailed studies have been done for PBT-PTMO copolymers, however, for 
the PTT-PTMO, the mechanism is identical, differing only in decay fragments. The thermal 
decomposition process of poly(1,4-tetraoksymethylene) (PTMO) chains has a radical nature, 
and in the initial stage of PTMO chain decomposition is observed the secretion of tetrahydro-
furane (THF) aldehydes and low-boiling and volatile alkenes. At the temperature of 200°C 
occurs the thermal oxidation of PTMO segment with releasing volatile substances [69]. An 
analysis of the values of the characteristic temperatures of decomposition, including the tem-
perature of 5, 10, and and 50% weight loss and the temperature at the maximum weight 
loss rate (TDTG) of neat PTT-PTMO and PTT-PTMO nanocomposites (Table 2) showed that 
the presence of different types of nanofillers at the concentration of 0.5 wt% does not affect 
the thermal stability in an inert atmosphere (Figure 5b), regardless of nanofillers’ content, 
whereas in oxidizing atmosphere, an effect on thermo-oxidative stability of the polymer 
matrix has been observed. The studies on thermal decomposition of PTT-PTMO nanocom-
posites proved that in an oxidized atmosphere, the thermal degradation process proceeds in 
two steps (Figure 5a), whereas in inert atmosphere, proceeds in only one step (Figure 5b). 
Thermal degradation profiles of PTT-PTMO nanocomposites displayed that thermal stabil-
ity of the nanocomposites based on SWCNT and graphene derivatives (GO and GNP) was 
improved at the concentration of 0.5 wt%, while the incorporation of 0.5 wt% of SiC NFs 
and POSS particles caused a decrease in thermal stability of PTT-PTMO nanocomposites at 
the first stage of decomposition process (values of T5% and T10%). In turn, the values of T50% 
for the whole series of PTT-PTMO-based nanocomposites were comparable to one another. 
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Only in the case of PTT-PTMO/SWCNT composite, do the thermal degradation temperatures 
increase to about several degrees. Furthermore, the values of the temperature at the maxi-
mum weight loss rate (TDTG2) of neat PTT-PTMO and PTT-PTMO nanocomposites containing 
SWCNT and graphene derivatives suggested the strongest effect on the thermal stabilization 
behavior. Since all nanofillers are found to be well-dispersed in PTT-PTMO matrix (Figure 2), 
carbon nanotubes and graphene derivatives caused the annihilation of free radicals gener-

Figure 5. Weight loss and derivative weight loss versus temperature for neat PTT-PTMO and PTT-PTMO-based 
nanocomposites in air (a) and in argon (b) at a heating rate of 10°C/min.
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ated during thermal decomposition of polymer matrix in nanocomposite in the strongest 
manner, and thus retarding thermal degradation of the nanocomposites.

4. Conclusions

PTT-PTMO block copolymer-based nanocomposites were prepared by in situ polymerization 
with an addition of 0.5 wt% of several types of nanofillers, that is, SWCNTs, SiC, GO, GNP, 
and POSS nanoparticles. SEM micrographs verified that the dispersion of the nanofillers in the 
PTT-PTMO matrix was rather homogeneous suggesting that in situ polymerization is a highly 
efficient method for preparing nanocomposites with low loading of nanofillers. DMTA has 
been used in order to investigate the effect of nanofillers on the phase separation and phase 
transition temperatures (Tβ1, Tβ2) of the thermoplastic elastomer matrix. One can conclude 
that both, organic and inorganic nanofillers affected the phase separation of PTT-PTMO block 
copolymer. Additionally, it was observed that PTT-PTMO/0.5GO and PTT-PTMO/0.5GNP 
were found to be nonconductive. In turn, a conducting network has been formed by 0.3 wt% 
of SWCNT. While in the case of PTT-PTMO nanocomposites containing SiC, the percolation 
threshold equals to 1.7 wt%. Moreover, SWCNT and graphene derivatives caused the anni-
hilation of free radicals generated during thermal decomposition in oxidizing atmosphere of 
polymer matrix in nanocomposites in the strongest manner, and thus retarding thermal deg-
radation of the nanocomposites, in comparison to the effect of SiC NFs and POSS particles, 
while in an inert atmosphere no significant influence due to the addition of nanofillers that 
differ in shape was observed.

Symbol T5%, °C T10%, °C T50%, °C TDTG1, °C TDTG2, °C

Measurement carried out in an oxidizing atmosphere

PTT-PTMO 347 358 398 397 485

PTT-PTMO/0.5SWCNT 350 369 402 403 516

PTT-PTMO/0.5SiC 315 333 394 395 486

PTT-PTMO/0.5GNP 356 365 399 400 502

PTT-PTMO/0.5GO 353 360 396 368/397 501

PTT-PTMO/0.5POSS 336 350 395 395 496

Measurement carried out in argon

PTT-PTMO 371 382 407 406 –

PTT-PTMO/0.5SWCNT 367 380 406 408 –

PTT-PTMO/0.5SiC 360 374 403 401 –

PTT-PTMO/0.5GNP 373 383 409 410 –

PTT-PTMO/0.5GO 371 381 408 406 –

PTT-PTMO/0.5POSS 369 380 406 406 –

Table 2. Temperatures corresponding to 5, 10, and 50% weight loss and the temperature at maximum of weight loss rate 
for PTT-PTMO and PTT-PTMO-based nanocomposites obtained in an air and argon atmosphere.
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Abstract

In this book chapter, we focus on recent advances in thermoplastic elastomers based on 
synthetic polymers from the aspects of polymer architectures such as linear block, graft, 
and star copolymers. The first section is an introduction that covers a brief history and 
classification of thermoplastic elastomers (TPEs). The second section summarizes ABA 
triblock copolymers synthesized by various methods for TPE applications. The third sec-
tion reviews TPEs based on graft copolymers, and the fourth section reviews TPEs based 
on star copolymers. The differences between TPE research in academia and industry are 
addressed in the last section as a perspective, with a view toward the generation of new, 
advanced, commercially viable TPEs.

Keywords: thermoplastic elastomers, living/controlled polymerization, polymer architecture, 
functional polymers, mechanical properties

1. Introduction

Thermoplastic elastomers (TPEs) are biphasic synthetic polymer materials consisting of a con-
tinuous soft rubbery matrix physically cross-linked by glassy plastic domains [1, 2] (Figure 1). 
Such materials have the elasticity of a conventional rubber but are suitable for high-through-
put plastic-processing techniques such as injection molding and melt extrusion without 
requiring a curing process [3, 4]. This feature allows TPEs to be manufactured on a large scale 
using short production time, which makes TPEs one of the most commonly used polymeric 
materials in many fields [5].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Commercially available TPEs, based on chemical composition and morphology, can be cat-
egorized into eight different groups: (1) styrenic block copolymers (SBCs), (2) polymer blends 
by dynamic vulcanization (TPVs), (3) polyolefin-based thermoplastic elastomers (TPOs), (4) 
halogen-containing polyolefins, (5) thermoplastic polyurethane elastomers (TPUs), (6) poly-
amide-based thermoplastic elastomers (COPA), (7) polyether ester elastomers (COPE), and 
(8) ionomeric thermoplastic elastomers. These have been extensively reviewed in many hand-
books [5–8].

Starting from the 1990s, many fascinating polymers with various functionalities, well-defined 
structures, and advanced macromolecular architectures were prepared thanks to develop-
ments in living/controlled polymerization techniques such as living anionic [9–11]/cationic 
polymerization [12], atomic transfer radical polymerization (ATRP) [13], ring-opening 
metathesis polymerization (ROMP) [14], reversible addition-fragmentation chain-transfer 
polymerization (RAFT) [15], nitroxide-mediated radical polymerization (NMRP) [16], and so 
on. Many of these new polymers have great potential to be used as thermoplastic elastomers.

Along with innovations in synthetic polymer chemistry, this chapter summarizes recent 
advances in thermoplastic elastomers based on synthetic polymers from the aspect of poly-
mer architectures including (1) ABA-type triblock polymers, (2) graft polymers, and (3) star-
branched polymers.

2. ABA triblock copolymer-type TPEs

2.1. Polymers synthesized by anionic polymerization

The most common ABA triblock copolymer-type TPEs are polystyrene-b-polyisoprene-b-
polystyrene (SIS) and polystyrene-b-polybutadiene-b-polystyrene (SBS) triblock copolymers, 

Figure 1. Structure illustration of thermoplastic elastomers.
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designed and synthesized by Milkovich and Holden from Shell Development Company in 
1965 [17]. With proper composition, PI forms a continuous rubber matrix, which is physi-
cally cross-linked by rigid component PS due to the thermodynamic incompatibility between 
these two components. In a dynamic mechanical analysis of SIS with temperature ramp/fre-
quency sweep, SIS behaves like a glassy plastic with a high storage modulus (Gʹ) when the 
temperature is below the glass transition temperature of PI (Tg ~ −56°C). As the temperature 
increases but remains lower than the Tg of PS (95°C), the polyisoprene chains start to move 
and Gʹ reaches the rubbery plateau value. This temperature range is considered as the service 
temperature range where such polymers act as elastomer with typical stress-stain behavior. 
When the temperature is above 95°C, the polymer enters the melt-flow zone and behaves as 
a viscous liquid.

As many applications benefit from low-cost SBCs or styrenic-based TPEs (S-TPEs), high-tem-
perature applications and other advanced consumptions of S-TPEs, such as in tire rubber, 
are largely limited by the relatively low glass transition temperature of PS. When the service 
conditions approach 95°C, softening of PS domains dramatically reduces the tensile stress of 
S-TPEs. One major research interest in the field of anionic polymerization is to increase the 
upper service temperature of S-TPEs without changing the polymerization procedure, which 
has already existed in pilot plants for almost 50 years [18, 19]. These efforts mainly explored 
anionic polymerization of polymers with higher glass transition temperatures. Such polymers 
include the following:

2.1.1. Styrene derivatives

Styrene derivative polymers include polystyrene with functionalities at α- or para-posi-
tion: poly(α-methyl styrene) (PMS, Tg ~173°C) [20], poly(α-methyl p-methyl styrene) 
(PMMS, Tg ~183°C) [21], poly(tert-butyl styrene) (PtBS, Tg ~130°C) [22], and poly(p-ada-
mantyl styrene) (P-AdmS, Tg ~203°C) [23, 24].

For the anionic polymerization of α-methyl styrene and its derivative α-methyl p-methyl 
styrene, the bulky methyl group at the α-position results in a low monomer ceiling temper-
ature. In order to achieve quantitative yield, polymerization of these monomers requires 
low polymerization temperature (−78°C) in polar solvent (THF), which is not desirable 
in large-scale industry application [19]. High Tg polystyrene derivatives with bulky pen-
dent groups such as tert-butyl or adamantyl at the para-position will cause phase blending 
with polydienes due to the lipophilic nature of the tert-butyl or adamantyl group. In order 
to increase the strength of phase separation and generate effective physical cross-linking, 
high overall molecular weight is required for polybutadiene/poly(tert-butyl styrene) (PtBS, 
Tg ~130°C) systems [22].

2.1.2. Methacrylate derivatives

Polymers of methacrylate derivatives include syndiotactic poly(methyl methacrylate) 
(sPMMA, Tg ~120°C), poly(ethyl methacrylate) (PEMA, Tg ~90°C), poly(tert-butyl methacry-
late) (PtBMA, Tg ~116°C), poly(isobornyl methacrylate) (PIBMA, Tg ~202°C) [25], and poly(1-
adamantyl acrylate) (P-AdmA, Tg ~133°C) [26].
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Since the glass transition temperature of poly(alkyl methacrylate) depends both on tacticity 
and on the size of alkyl substituents [25–28], incorporating methacrylate derivatives with dif-
ferent tacticities as the hard segment in ABA-type triblock copolymers could tune the service 
condition over a large temperature range [28]. When using polydienes as the elastic matrix, 
methacrylate derivatives were initiated in THF at −78°C through a difunctional polydiene 
anion, which was synthesized in a hydrocarbon solvent since anionic polymerization of buta-
diene or isoprene in polar solvents forms less cis-1,4 microstructure, and thus dramatically 
increases the Tg.

In a typical synthesis of all acrylic TPEs such as PMMA-poly(n-butyl acrylate)-PMMA tri-
block copolymers, PMMA-poly(tert-butyl acrylate)-PMMA precursor was first synthesized 
by sequential anionic polymerization of MMA, tert-butyl acrylate, and MMA in THF at −78°C. 
By transalcoholysis with n-butanol of the precursor, PMMA-poly(n-butyl acrylate)-PMMA 
triblock copolymer was prepared with PMMA as the rigid domain and poly(n-butyl acrylate) 
(PnBA) as the rubbery matrix [29, 30].

The polymerization of the abovementioned monomers requires low polymerization tempera-
ture in a polar solvent. However, anionic polymerization on an industry scale is generally 
carried out in hydrocarbon solvent at mild temperature [18]. Thus, a high Tg polymer system 
that can be synthesized in hydrocarbon solvent at mild temperature is ideal for large-scale 
application. To follow this endeavor, the anionic polymerization of a third group of mono-
mers was explored:

2.1.3. Rigid-conjugated diene monomers

Polymer prepared by rigid-conjugated diene monomers includes poly(1,3-cyclohexadiene) 
(PCHD) and polybenzofulvene (PBF) (Table 1). One feature of anionic polymerization of con-
jugated dienes is that the microstructure of the resulting polymer varies with different initia-
tion systems. 1,3-Cyclohexadiene demonstrated controlled anionic polymerization behavior 
with three different initiation systems: n-butyllithium/tetramethyl-ethylenediamine (TMEDA), 
n-butyllithium/1,2-dimethoxyethane (DME), or sec-butyllithium/1,4-diazabicyclo[2.2.2]-octane 
(DABCO) [31–33]. Resulting poly(1,3-cyclohexadiene) (PCHD) has 55, 75, and 90% of 1,4-addi-
tion, respectively. Tgs of these polymers decreased from 155 to 110°C as the percentage of 

Name Monomer structure Polymer structure

1,3-Cyclohexadiene

benzofulvene

Table 1. Monomer and polymer structure of 1,3-cyclohexadiene (CHD) and benzofulvene (BF).
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1,2-microstructure decreased. PCHD-PB-PCHD triblock copolymer with 30 wt% of PCHD 
exhibited 10.2 MPa ultimate stress with a relatively low strain at break of 290% [34]. This might 
be due to side reactions during anionic polymerization of CHD. By partial hydrogenation of 
PB without saturated PCHD, ultimate stress increased to 14.0 MPa with better strain at break of 
570%, indicating a stronger physical cross-linking. The end block PCHD of this triblock copo-
lymer can completely hydrogenated into polycyclohexylene, a polyolefin with Tg above 231°C 
[35]. The completely hydrogenated triblock copolymers displayed 10.0-MPa tensile stress at 
600% strain without breaking.

Benzofulvene (BF), the polymer from which was first synthesized by Ishizone, is another 
interesting conjugated diene monomer that undergoes living anionic polymerization in both 
THF and benzene [36–39]. The resulting PBF has a Tg of 160°C when polymerizing in THF, 
and 145oC in benzene. The relatively high Tg and the ability to synthesize PBF-PI diblock 
copolymer in hydrocarbon solvent at room temperature make benzofulvene an ideal candi-
date to prepare high-temperature thermoplastic elastomer.

By using a difunctional lithium anionic initiator, we synthesized a serious of PBF-PI-PBF tri-
block copolymer (FIF) via sequential living anionic polymerization with 14, 22, and 31 vol% 
of PBF [39]. In dynamic mechanical analysis (Figure 2a), all samples showed two Tgs, respec-
tively, at −56°C for PI, and 145°C for PBF. For FIF with 14 vol% of PBF, the polymer displayed 
1390% strain at break with 14.3 MPa ultimate stress (Figure 2b). These mechanical properties 
are competitive with Kraton D1112P [40], a widely used commercial SIS triblock copolymer-
type thermoplastic elastomer.

Another interesting feature of BF is that by using different additive or solvent during the 
polymerization, the microstructure of the resulting polymer can be tuned from 24% (ben-
zene as the solvent), 41% (THF as the solvent), to 98% (1,2-dimethoxyethane as the additive 
and benzene as the solvent). The Tg of PBF with these three polymers is increased linearly 
from 152, 162, to 199°C as the percentage of 1,2-addition increases. Such properties open new 
opportunities to prepare TPEs with tunable upper service temperature. The chemical struc-
tures and Tgs of the abovementioned rigid and soft components have been summarized in 
Table 2.

Figure 2. (a) Dynamic mechanical analysis of FIF, (b) tensile test of FIF. (Reprinted with permission from Ref. [40]. 
Copyright 2016 American Chemical Society).
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Name Structure Tg

Styrene derivatives Polystyrene (PS) 95°C

Poly(α-methyl styrene) 
(PMS)

173°C

Poly(α-methyl p-methyl 
styrene) (PMMS)

183°C

Poly(tert-butyl styrene) 
(PtBS)

130°C

Poly(p-adamantyl styrene) 
(P-AdmS)

203°C

Methacrylate derivatives Poly(methyl methacrylate) 
(sPMMA)

120°C

Poly(ethyl methacrylate) 
(PEMA)

90°C

Poly(tert-butyl 
methacrylate) (PtBMA)

116°C

Poly(isobornyl 
methacrylate) (PIBMA)

202°C

Rigid conjugated 
polydienes

Poly(1,3-cyclohexadiene) 
(PCHD)

140–150°C

Polybenzofulvene (PBF) 140–195°C
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Name Structure Tg

Soft segments Polyisoprene (PI) −56°C

Polybutadiene (PB) −90°C

Poly(n-butyl acrylate) 
(PnBA)

−40°C

Table 2. Hard and soft segments of ABA-type TPEs synthesized by anionic polymerization.

2.2. Block copolymers synthesized by cationic polymerization

Since PI or PB was mainly used as the elastic domains for TPEs synthesized by living anionic 
polymerization, poor resistance to UV/oxidation can become another issue for PI or PB con-
taining TPEs. A renaissance in living cationic polymerization [12] advanced many research 
toward TPEs with better UV/oxidation stability and higher UST by employing isobutylene as 
the elastic block. Many cationically synthesized TPEs used polyisobutylene (PIB) as the elastic 
middle block due to its softness and chemical resistance. Triblock copolymer PS-PIB-PS pre-
pared by sequential living cationic polymerization through a difunctional initiator displayed 
an ultimate tensile stress of 26 MPa, which was competitive with commercial Kraton SIS TPEs 
[41, 42].

Another feature that distinguishes cationic polymerization from anionic polymerization 
is the ability to control the polymerization of high Tg monomers such as p-chlorostyrene 
(pCS) [43], indene (ID) [44], and acenaphthylene (ACP) [44, 45]. Triblock copolymers using 
PpCS (Tg ~129°C), PID (Tg ~225°C), or PACP (Tg ~250°C) as the hard segment and PIB as the 
soft segment were successfully prepared by cationic polymerization and showed stress-
strain behavior similar to typical TPEs. Notice that PpCS is a polar polymer with weather 
and flame resistance. Indene is potentially a very cost-effective monomer for high-temper-
ature applications.

2.3. Block copolymers synthesized by ring-opening transesterification polymerization

Poly(lactide) (PLA, Tg ~60°C) is an amorphous biodegradable polymer synthesized by ring-
opening transesterification polymerization (ROTEP) from racemic D,L-lactide, whereas isotac-
tic poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA) are semicrystalline polymers (Tm ~170°C). 
Blends of PLLA and PDLA can form stereocomplex crystals, which further improve chemical 
resistance with higher melting temperature (Tm ~203°C) [46]. Preparing polymers from renew-
able resource materials instead of from petroleum resources has been a lasting goal of chemists 
for many decades. Monomers including 3-hydroxybutyrate (HA), menthide (MD), 6-methyl-ε-
caprolactone (MCL), ε-caprolactone (CL), β-methyl-δ-valerolactone (MCL), and ε-decalactone 
(DL) potentially could be produced from sustainable resources [47]. These monomers undergo 
ring-opening transesterification polymerization (ROTEP), yielding biodegradable elastic poly-
mers [48, 49].
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Since ROTEP generated polymers with hydroxyl functionality on both ends, the resulting 
polymers could be directly used as a macroinitiators to polymerize lactide, producing vari-
ous types of biodegradable ABA triblock copolymer TPEs. When poly(3-hydroxybutyrate) 
(PHA) was used as elastic block, TPEs had strain at break lower than 200% [50]. Using poly-
menthide (PM) as elastic block, the strain at break was largely improved to 960% compared 
to PHA system. With diethylene glycol as a difunctional initiator and ZnEt2 as the catalyst, α, 
ω-functionalized polymenthide (HO-PM-OH) was prepared via ring-opening transesterifica-
tion polymerization (ROTEP). This difunctional PM was used as the initiator for ROTEP of 
(±)-lactide to yield PLA-PM-PLA triblock copolymers used as TPEs (Figure 3). Sample PLLA-
PM-PLLA (13-33-13) displayed a strain at break of 765% with ultimate tensile strength of 
19.5 MPa [51, 52]. With 30 vol% of poly(6-methyl-ε-caprolactone) (PMCL) as the elastic block, 
1880% strain at break was achieved with 10.2 MPa ultimate stress [53].

2.4. Block copolymers prepared by controlled radical polymerization

Starting from the late 1990s, tremendous progress has been achieved in the field of controlled 
radical polymerization such as atomic transfer radical polymerization (ATRP) [13, 54], revers-
ible addition-fragmentation chain-transfer polymerization (RAFT) [15, 55], and nitroxide-medi-
ated radical polymerization (NMRP) [16]. These techniques open up various opportunities to 
prepare functionalized polymers with predictable molecular weight, narrow molecular-weight 
distribution, and complicated macromolecular architectures [56]. Controlled polymerization 
was achieved for many monomers such as acrylonitrile [57], acrylamide [58], and vinyl amide 
[59], which cannot be controllably polymerized by anionic or cationic mechanisms.

Many block, star, grafted, and brush polymers with different functionalities have been 
prepared by ATRP [60]. However, ABA-type block copolymers synthesized by ATRP have 
received limited success for TPE applications mainly due to two reasons: (1) relatively broad 
distribution of the hard block reduces the strength of phase separation and (2) unavoidable 
diblock copolymer mixture in triblock copolymers acts as plasticizer diminishing the phase 
boundary [25, 30]. Significantly lower tensile stress and strain were observed for PMMA-
PnBA-PMMA triblock copolymers prepared by ATRP compared with triblock copolymers 
prepared by anionic polymerization followed by transalcoholysis [30]. The copolymerization 

Figure 3. ROTEP to synthesize PLA-PM-PLA. (Reprinted with permission from Ref. [49]. Copyright 2014 American 
Chemical Society).
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of methyl methacrylate with α-methylene-γ-butyrolactone as glassy block was necessary to 
improve the tensile properties of triblock copolymers with poly(n-butyl acrylate) as elastic 
block [58]. However, the ultimate stress was still lower than 3.2 MPa with strain at break of 
650%.

Poly[2, 5-bis[(n-hexogycarbonyl)]styrene] (PMPCS) is a mesogen-jacketed liquid crys-
talline polymer with a Tg of about 120°C. As a new type of rod-coil-rod TPE based on 
PMPCS and PnBA, tensile tests showed 1050% strain at break with 3.2-MPa ultimate stress 
[61]. Poly2,5-bis[(n-hexogycarbonyl)]styrene (PHCS) is an amorphous polymer with a Tg 
of about −10°C due to long-chain alkyl substitution at the 2- and 5- positions of styrene 
(Figure 4). Poly(4-vinylpyridine) (P4VP) is a high Tg polymer that can complex with Zn2+. 
Tuning stress-strain properties, glass transition temperature and morphology of TPEs 
based on P4VP-PHCS-P4VP was achieved by adding different amounts of Zn(ClO4)2 [62].

In order to minimize undesired chain transfer and termination reactions, controlled radi-
cal polymerization needs to maintain a very low radical concentration. This increases the 
reaction time compared to conventional free radical and ionic polymerization [63]. Radical 
segregation effect introduced by (mini)emulsion polymerization in heterogeneous system, 
on the other hand, reduced the reaction time and suppressed radical termination [64, 65]. 
Combining emulsion polymerization with RAFT, PS-PnBA-PS triblock copolymers with dif-
ferent molecular weight and composition were prepared in shorter reaction time [66]. By 
varying weight percentage of PS from 20.2 to 71.5%, the ultimate tensile strength was in the 
range from 3.0 to 12.5 MPa and strain at break was in the range from 90 to 1300%. It was also 
found that by using a poly[styrene-alt-(maleic anhydride)] (PSM) as a macro-chain-transfer 
agent in emulsion polymerization for PS-PnBA-PS [67], ultimate stress increased whereas 
strain at break decreased as the percentage of PSM increased. Another TPE based on PS and 
poly(lauryl acrylate) was prepared by a solution RAFT polymerization process [68]. Ultimate 
stress was lower than 1 MPa and strain at break was lower than 280%. An interesting ABA 
triblock copolymer was prepared by RAFT polymerization based on P4VP as a hard seg-
ment and random copolymer of PnBA and poly(acrylamide) (PAM) as the elastic block. The 
PAM moiety in the middle block cross-linked the elastic domain through hydrogen-bonding 
association [69].

Figure 4. Chemical structure of P4VP-PHCS-P4VP.
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3. Graft copolymer-type TPEs

As an important class of commercial polymeric materials, graft copolymers are composed of 
a polymer backbone with polymer side chains attached to it. Graft polymers can be prepared 
by three strategies: (1) “Grafting onto,” where both polymer backbone and side chain are pre-
synthesized and then through the end functionalities on side chain and in-chain functionality 
on backbone, side chains are grafted onto the polymer backbones. (2) “Grafting from,” where 
multifunctional polymer backbones serve as the macroinitiator and initiated the polymeriza-
tion of side-chain monomers to graft from the backbone. (3) “Grafted through” or “macro-
monomer approaches,” where polymer side chains having a polymerizable end group are 
synthesized, and those macromonomers are subsequently polymerized to form the backbone 
creating graft polymer [70–73].

By using anionic polymerization followed by polycondensation, Mays and coworkers pre-
pared a series of graft copolymers with regular spaced trifunctional, tetrafunctional, and 
hexafunctional junction points where PI was the backbone and PS was the side chain [74, 
75]. Structure-property relationship of these graft copolymers was elucidated by character-
izing morphology [76, 77] and mechanical properties [78–80] of grafted polymers with dif-
ferent compositions (14–23 vol% of PS) and architectures (trifunctional, tetrafunctional, 
and hexafunctional junction points). From their research, multigraft polymers with tetra-
functional junction points showed 1550% strain at break which is 500% higher than that for 
the commercial product Kraton 1102. This superelasticity is a consequence of having the PI 
backbone anchored by multiple PS physical cross-links (Figure 5). Both tetra- and hexafunc-
tional multigraft polymers displayed higher elasticity than commercial TPEs like Kraton or 
Styroflex. Polymers with more functionalities at one junction point had higher tensile stress 
and modulus.

Inspired by this work, the same group prepared graft all-acrylic TPEs based on PMMA side 
chain and PnBA backbone [81]. The PMMA macromonomers were synthesized by living 
anionic polymerization and copolymerized with nBA by RAFT polymerization. Similar to 
other linear and star all-acrylic TPEs, low modulus and stress were found in PnBA-g-PMMA 
graft polymers due to high entanglement molecular weight of PnBA and phase blending 

Figure 5. (a) Multigrafted copolymers based on PI backbone and PS branches. (Reprinted with permission from Ref. 
[75]. Copyright 2002 American Chemical Society.) (b) Chain conformation of multigrafted copolymers in microphase-
separated state. (Reprinted with permission from Ref. [78]. Copyright 2001 American Chemical Society).
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between PMMA and PnBA. Zhang and Mays further extended the versatilities of graft 
polymer architecture by a cost-efficient process combining (mini)emulsion polymerization 
with anionic polymerization or ATRP to prepare trifunctional- and tetrafunctional-grafted 
copolymers with PS or PMMA as side chain, and PI or PnBA as the backbone [82–85]. In a 
typical procedure (Figure 6), a hydroxyl end-functionalized PS (PS-OH) was first prepared 
by living anionic polymerization. Through esterification reaction, the end group of PS-OH 
was converted into a polymerizable styrene group as the PS macromonomer for emulsion 
polymerization.

4. Star-branched copolymer-type TPEs

Star-branched polymers are polymers with more than two arms radiating from the same core. 
If these arms have different chemical compositions or molecular weights, the star polymer is 
named miktoarm (mixed-arm) star polymer. Generally, star polymers are prepared by two 
methods: (1) “Arm-first,” where polymer arms are synthesized first and coupled onto a core 
decorated with appropriate reaction sites. (2) “Core first,” where polymer arms are grown 
from a multifunctional initiator [86, 87].

When more than two PS-b-PI diblock copolymers are connected at the same core through the 
end of PI end blocks, such (PS-b-PI)x star-branched polymers displayed mechanical properties 
similar to SIS linear triblock TPEs. By using an arm-first divinylbenzene-linking strategy, Bi 
and Fetters [88] prepared polystyrene-polydiene star block copolymers with number of arms 
up to 29. They found that these star copolymers had superior tensile properties compared to 
linear triblock copolymers of similar composition. The enhancement of tensile strength satu-
rated when the number of arms larger than six. Morphological analysis indicated multi-arm 
star polymers had smaller PS domain size as compared with linear polymers with the same 
molecular weight [89]. Thus, star polymers had more condensed physical cross-links per unit 
volume, which were attributed to their higher tensile strength. Another reason for better ten-
sile strength was that the core in star polymers acted as permanent cross-links due to covalent 

Figure 6. Scheme for emulsion polymerization route to superelastomers. (Reprinted with permission from Ref. [82]. 
Copyright 2014 American Chemical Society).
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chemical linkage. Besides better tensile stress of star polymers, the intrinsic viscosity of star 
polymers was lower than their linear analogs.

Confirmed by both experiments [90] and theory [91], the morphological dependence of block 
copolymers could be decoupled from chemical composition by varying chain architecture. 
Progress in self-consistent field theory (SCFT) [92] facilitated the ability to design TPEs based 
on nonlinear architectures such as miktoarm star polymer with superior mechanical proper-
ties [93]. For SIS triblock copolymer, over 36 vol% of PS component leads to lamellar mor-
phology which is unfavorable for TPE applications [94]. For A(BAʹ)4 miktoarm star polymer 
with one A block and four BAʹ blocks emanating from the same core, Fredrickson [93, 94] 
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a volume fraction of A polymer up to 70%. As shown in Figure 7a, asymmetric miktoarm star 
polymer S(ISʹ)3 contains one long PS chain and three PSʹ-PI chains connecting at the same 
core. For S(ISʹ)3 with 50 vol% of PS, a stable cylindrical morphology was observed (Figure 7b) 
where lamellar morphology was typically observed for an SIS triblock copolymer with the 
same composition [94]. The high volume fraction of PS enabled these new types of TPE with 
a higher modulus, strength toughness, and recoverable elasticity, while SISʹ with 50 vol% of 
PS yield at low elongation indicated its thermoplastic nature (Figure 7c). By blending with 
PS homopolymers, a new stiff TPE (modulus was 99.2 MPa) with aperiodic “bricks and mor-
tar” mesophase morphology was achieved with up to 82 wt% of PS [95]. Using similar mik-
toarm star polymer by blending with PS, a lamellar morphology with up to 97 wt% of PS was 
observed by Shi [96].

For the “core-first” strategy: developing multifunctional anionic initiators received limited 
success mainly because of the poor solubility of such initiators in hydrocarbon solvents [97]. 
However, multifunctional initiators for cationic polymerization are possible. (PpCS-PIB)8 
Eight arms star polymers were prepared through a calixarene core with eight initiation sites 
[98]. (PMMA-PIB)3 Three arms star polymers were prepared by a trifunctional cationic initia-
tor followed by ATRP of MMA [99]. For the “arm-first” strategy: at the end of living cationic 
polymerization, vinyl functionality was introduced by reacting the living cation of with all-
yltrimethylsilane. The vinyl end functionality further reacted with Si-H on cyclosiloxane by 
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Pt-catalyzed hydrosilylation and produced star polymers with different number of arms based 
on different numbers of Si-H on cyclosiloxane [100–102]. Similar to arm-first divinylbenzene-
linking strategy for anionic polymerization, 1,4-cyclohexane dimethanol divinyl ether was 
applied as the linking agent for arm-first cationic polymerization to prepare star polymers 
with poly(2-admantyl vinyl ether) as hard segment and poly(n-butyl vinyl ether) as elastic 
segment [103].

By using trifunctional ATRP initiator for “core-first” strategy, three arms star polymers with 
PMMA [104], polyacrylonitrile (PAN) [105], and PS [106] as glassy segment, PnBA as elas-
tic segment were prepared for TPE properties evaluation. As an all-acrylic TPE, three arms 
star (PMMA-PnBA)3 with 36% of PMMA showed 11-MPa ultimate stress with 545% strain at 
break. (PAN-PnBA)3 Star polymers displayed ultimate tensile stress from 6.3 to 12.7 MPa as the 
strain at break in the range from 382 to 700%. Phase separation between PAN and PnBA was 
retained when the temperature belows 250°C . As the temperature further raised up to 280°C, 
the PAN domain started to cross-link chemically, and the storage modulus of these materials 
dropped when the temperature was close to 300°C. With multifunctional ATRP initiator of 10 
and 20 initiation sites, 10 arms and 20 arms PMBL/PnBA star polymers were prepared for high-
temperature TPE applications [107]. The highest ultimate tensile stress achieved was 7.8 MPa. 
Strain at break was lower than 140%.

5. Perspective

The past 60 years has witnessed rapid development of thermoplastic elastomers from dis-
coveries in the laboratory to widely applied commodities involved in everyone’s daily life. 
Starting from the twenty-first century, progress made in different polymerization tech-
niques has advanced to new types of TPEs with various chemical compositions and mac-
romolecular architectures. However, each polymerization technique has both merits and 
weaknesses.

Kraton styrenic thermoplastic elastomers are the most commercially successful polymeric 
materials synthesized by living anionic polymerization. The disadvantage of S-TPEs is obvi-
ous: low service temperature and poor UV/oxidation resistance. All-acrylic TPEs show better 
chemical resistance; however, the mechanical properties of these materials are much lower 
than those of S-TPEs.

Cationic polymerization was used to prepare PIB-based TPEs showing higher service tem-
perature with better chemical resistance. The problem for cationic polymerization is the low 
polymerization temperature, which is not favorable for industrial applications. Low polym-
erization temperature also limits large-scale production of (methyl) acrylate-based TPEs by 
anionic polymerization.

Ring-opening transesterification polymerization produced biodegradable polymers from sus-
tainable resources. However, most metal-catalyzed ROTEPs need toxic tin as the catalyst. 
Atomic transfer radical polymerization needs to reduce the radical concentration in order 
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to control the polymerization. Polymers prepared by ATRP generally contain residual metal 
catalyst. Terminating the reaction at low conversion is necessary for block polymers prepara-
tion by ATRP.

Well-defined PI-g-(PS)n (n = 1–3) showed great mechanical properties competitive with 
Kraton products. However, these anionically prepared polymers required laborious synthetic 
procedures. As one of the most favorable polymerization techniques in industry, emulsion 
polymerization offers many benefits: polymers with high weight average molecular could 
be prepared quickly in water as the reaction medium. Particles of polymers could be directly 
applied for coating and painting without purification. Recent research using macromono-
mer approaches to synthesize PI-g-PS by a combination of anionic polymerization and emul-
sion polymerization opens up opportunities to prepare thermoplastic elastomers with highly 
tunable mechanical properties by a cost-efficient strategy. However, the PS macromonomer 
was prepared by anionic polymerization. Living anionic polymerization required oxygen- 
and moisture-free environment in order to retain the reactivity of chain-end anion. Thrilling 
opportunities are waiting if PS macromonomer could be prepared by all emulsion process 
with more than one branch point in the same macromonomer.
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Abstract

Electrospun nanofibers of rubber blending with poly(vinyl chloride) (PVC) were pre‐
pared by electrospinning. Various concentrations of rubber solution were added to the 
PVC solution for several purposes of the electrospun nanofibers. The pristine and rubber 
plasticized nanofibers were characterized by field emission scanning electron micros‐
copy (FE‐SEM), differential thermal analysis (DTA), and thermogravimetry analysis 
(TGA), respectively. Thermal properties from DTA and TGA results indicated that the 
addition of rubber decreased glass transition temperature (Tg) of PVC and increased heat 
resistance of PVC nanofiber. The dielectric constant of plasticized nanofibers measured 
using precision LCR meter indicated that the membranes were dense.

Keywords: PVC, rubber, electrospinning, nanofiber

1. Introduction

1.1. Elastomeric materials

Elastomers are important polymers having various applications in daily life. Elastomers can 
be classified by application purposes such as general and special. Elastomers are often mixed 
together to achieve superior properties which arise from the individual systems. Blending is 
macroscopically homogeneous mixture of two or more different species of polymers which is 
carried out for several purposes [1], such as improving the physical and mechanical proper‐
ties of the first elastomer and obtaining good processing characteristics of rubber compound. 
The most important characteristic of a blending of two (or more) polymers is the phase behav‐
ior. Polymer blends (like low‐molecular‐weight solvents) can exhibit miscibility or phase sep‐
aration and various levels of mixing in between the extremes and polymer blends as a mixture 
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of at least two macromolecular substances, polymer, or copolymer, in which the ingredient 
content is above 2 wt% [2].

Epoxidized natural rubber (ENR) is a modified molecule of natural rubber with the chemical 
name cis‐1,4polyisoprene. There structuring using chemicals such as peroxy acid will react 
with double bonds of the natural rubber molecules to form ring oxygen that is replaced; the 
epoxidation reaction of natural rubber is shown in Figure 1. In the beginning, formic acid 
reacts with hydrogen peroxide to form peroxy formic acid [3, 4]. Then, the peroxy formic acid 
reacts with double bond of natural rubber is arranged as a ring epoxide and formic acid is a 
by‐product as shown in Figure 1.

However, only three types of ENR are considered as commercial standard. These are ENR‐10, 
ENR‐25, and ENR‐50 where the integers designate 10, 25, and 50 mole% of epoxide incorpo‐
rated into the natural rubber chain, respectively [4, 5].

Besides the proposed commercial uses shown, ENR has the potential to be further exploited 
for its usage as advanced materials such as in blends, additives, and fuel cells applications [6]. 
ENR had been blended with various polymers such as natural rubber [7, 8], styrene‐butadiene 
rubber (SBR) [9], and poly(vinyl chloride) (PVC) [10–12].

Polyurethane (PU) is formed by reacting an isocyanate with a polyol. Both the isocyanates 
and polyols used to make polyurethanes contain on average two or more functional groups 
per molecule. Most polyurethanes are thermosetting polymers that do not melt when heated. 

Figure 1. The reaction epoxidation of natural rubber.
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Polyurethane has the flexibility and strength of rubber and the hardness of plastic. Many com‐
mercially available PU can be used to make good electrospinning solutions.

1.2. Electrospinning

Electrostatic spinning orelectrospinning is a unique process to prepare electrospun fibers 
with diameters in the range of micrometers to nanometers that depends on the type of poly‐
mer and processing conditions [13, 14].

Electrospinning is the process that occurred over 60 years. In the year 1934, Formhals was a 
patented process and used as electrical instruments in synthetic fibers [15]. In the year 1969, 
Taylor published work describing the phenomena occurring at the time. Polymer solution is 
ejected from a metal needle at high‐voltage power supply. As the electrostatic charge on the 
droplet overcomes the surface tension, the low‐molecular‐weight fluid breaks up into small 
droplets, named a Taylor cone [16].

The basic principles of electrospinning are very simple. There are mainly three components 
to fulfill the process as follows: a high‐voltage power supply, a syringe with a metal needle, 
and a collector. The polymer solution with surface tensionis encapsulated within a syringe, 
forming a hemispherical drop at the end of the capillary tip which is connected to an anode 
that connects to a high‐voltage power supply, usually between 5 and 30 kV, which supports 
the ejection of a liquid jet followed by solvent evaporation as the jet travels through the air 
leaving behind ultrafine polymer fibers collected on a grounded cathode‐connected metal‐
lic collector. The interaction between the liquid jet surface and external electric field is the 
cause of bending or a spiral track of the liquid jet which not only resulted in the electros‐
pinning jet being elongated up to ultrafine fibers but also randomly deposited nonwoven 
electrospun mats [17–19]. Surface area and pore size of electrospun mats are larger and 
smaller, respectively, than commercial nonwoven fabrics. So, they are used in a wide variety 
of applications of electrospun mats, for example, tissue engineering, drug delivery system 
[20], wound‐dressing [21] membrane [22], and conductive fiber [23].

It is well known that the morphology and size of electrospun fibers depends on various 
processing parameters such as the solution properties, controlled variables, ambient condi‐
tions, viscosity, and surface tension. With the control of these parameters, optimal nanofi‐
bers can be prepared. Electrospinning parameters and their effects on fiber morphology are 
as follows:

1.3. Solvents used for electrospinning

The polymer solution, used for electrospinning, usually was prepared by dissolving in differ‐
ent solvents. The solvent type is important on its spinnability both of first and foremost step 
of electrospinning process. The solvents should have some proper properties which are suit‐
able with polymer types such assurface tension, vapor pressure, and relative density. Thus, 
the selection of an appropriate solvent system is indispensable which cause successful elec‐
trospinning process [24]. It is well known that different solvents may contribute to different 
surface tensions. The solution viscosity is determined by the concentration of the polymer, 
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but the value of surface tension depends on both the polymer and the solvent [25, 26]. Table 1 
shows physical properties of different solvents.

The ability of the volatility in the solvent such as reported that study PVC/PU electrospinning 
by solutions for electrospinning were prepared in a mixed solvent of tetrahydrofuran (THF) 
and N,N‐dimethylformamide (DMF). It was found that THF has the ability ofa good volatility 
and DMF has the ability of a poor volatility. It is found that when THF is used, 100% of the 
fibershavehigh porosity, and when DMF is used 100% of the fibers are smooth and microtex‐
ture fiber [27].

2. Fabrication of polymer nanofibers

There are a wide range of polymers that are used in electrospinning and are able to form fine 
nanofibers within the submicron range and used for varied applications. Electrospun nano‐
fibers have been reported as being from various synthetic polymers, and natural polymers 
were electrospun from polymer solutions, such as poly(vinyl chloride) [28], poly(ethylene‐co‐
vinyl alcohol) [29], polycarbonates [30], nylon‐6 [31], polyurethane [32], polyacrylonitrile [33] 
polylactide [34], and poly(ε‐caprolactone) [35].

Poly(vinyl chloride)is a hard, stiff material with low thermal stability, can be extensively modi‐
fied with plasticizer and thermal stabilizer to enhance flexibility and thermal stability, respec‐
tively. Almost all plasticizers are commonly phthalate ester. The plasticizers interpose between 
every individual strand of polymer causing breakdown of polymer‐polymer interaction. The 

Solvents CAS number Surface tension at 
20°C (mN/m)

Vapor pressure 
(hPa at 20°C)

Relative density at 20°C 
(g/dm3)

Acetone 67‐64‐1 25.2 233 0.79

Acetic acid 64‐19‐7 27.4 15.4 1.05

Chloroform 67‐66‐3 27.5 211 1.48

Dichloromethane 75‐09‐2 26.5 475 1.33

N,N‐Dimethylformamide 68‐12‐2 37.1 3.77 0.94

Ethanol 64‐17‐5 22.1 59 0.80

Formic acid 64‐18‐6 37.6 42 1.22

Hexafluoroisopropanol 920‐66‐1 16.1 269 1.62

Methanol 67‐56‐1 22.7 128 0.79

Tetrahydrofuran (THF) 109‐99‐9 26.4 173 0.89

Trifluoroacetic acid 76‐05‐1 21.9 141 1.48

Water 7732‐18‐5 72.8 23.39 0.998

Table 1. Physical properties of some common liquids.
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polymer structure is modified into more porous, flexible, and with less cohesive structurere‐
sulting in lower glass transition temperature (Tg). The plasticized PVC behaves like a rubber 
at room temperature. However, plasticizer can slowly leach out with time anddeform PVC 
at a lower tensile force. Moreover, the phthalate esters are endocrine disrupters or mutagens.

In this chapter, the effects of electrospinning condition including electric voltage, tip‐to‐collector 
distance, and PVC solution concentration were studied on the morphology of formation of PVC 
nanofibers. The physical properties of PVC nanofibers were studied by varying the blending 
ratio of PVC with polyurethane and PVC with epoxidized natural rubber.

2.1. Electrospinning of poly(vinyl chloride) blending with polyurethane

Poly(vinyl chloride) with a K‐value of 580 was kindly supplied by Thai Plastic and Chemicals 
Co., Ltd. The solvents N,N‐dimethylformamide and tetrahydrofuran were used as received. 
DMF was mixed with THF at the ratio 50:50 and was used to prepare the PVC solutionwith 
varying PVC concentration for 10 and 15 wt% at 50°C. Polyurethane (Dow Chemical Co., Ltd.) 
was dissolved in the same solvent mixtures as PVC solution at a concentration of 10 wt%. The 
PU solution was directly mixed with PVC solution at room temperature.

The picture of PVC nanofibers obtained from SEM shows the morphological variation that 
depends on PVC concentration and electrospinning conditions as illustrated in Figure 2 [36]. 
PVC nanofibers were prepared from PVC solution at 10 and 15 wt% with an applied voltage 
of 12 kV and various distances between the syringe tip and the collector (12, 15, and 18 cm). 
The surface instabilities were induced by electrospun jet motion and charge interaction. Low 
concentration of PVC solution (10 wt%) led to the formation of beads on the fiber. On increas‐
ing the concentration of PVC solution (15 wt%), the beads formation decreasedwith a gradual 
increase in the average diameter which can be attributed to higher viscosity.

The morphology of PVC nanofiber is modified by blendingwith polyurethane solution at 
10 wt% as shown in Figure 3 [39]. PU blending with PVC smoothens the fiber withoutbeads 
which was found in PVC nanofiber. PU component can be attributed to higher viscosity and 
surface tension of polymer blend solution. Viscosity and surface tension play an important 
role in determining the electrospun nanofiber formability and diameter.

PVC nanofiber prepared from 10 wt% is rigid than that from 15 wt% which corresponds 
with thermal properties determined using differential thermal analysis (DTA). The nanofiber 
prepared from 10 wt% PVC has a high exothermal peak at 30 and 275°C, while the nanofi‐
ber from 15 wt% PVC shows endothermal peak. The thermal properties of nanofibers were 
improved after mixing PVC with PU solution. The mixture of PVC with high PU content gave 
more flexible nanofiber with a lower glass transition temperature (Tg) and heat resistance as 
illustrated in Figure 4 [39]. For higher concentration of PVC (15 wt%) with high viscous, it is 
not easily blended with PU solution which led to heterogeneous solution.

The thermal stability of the nanofibers was determined using thermogravimetric analysis. 
The thermogram of the PVC and PVC/PU blends as shown in Figure 5 [39] has two obvious 
decompositions. The thermogram of the PVC/PU blend nanofiber shows the decomposition 
temperature (T1) at 250°C, weight‐loss rate is the largest at approximately 300°C. There are 
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two decompositions of PVC/PU nanofiber. The first decomposition occurs at 275°C (T2) with 
a weight loss of about 10%, which may be due to the decomposition of PVC in the nanofiber. 
The second weight loss of about 62% occurs at around 433°C (T3), indicating that the PVC/PU 
blend nanofiber has a good thermal stability.

Figure 2. SEM images of electrospun nanofiber from PVC solution concentration of 10 wt% (a–c) and 15 wt% (d–f).
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The permittivity of PVC and PVC/PU blend nanofibers, which were measured over the fre‐
quency range from 75 kHz up to 30 MHz at room temperature, is illustrated in Figure 6. The 
dielectric constant of the nanofiber, which was prepared from 10 wt% of PVC mixed with 
high PU content, reduced the dielectric constant due to denseness of PU phase. On increasing 
the concentration of PVC solution to 15 wt% blending with PU solution, it was found that 
the dielectric properties were not changed with PU contents due to the prepared electrospun 
nanofiber membranes that were dense.

Figure 3. SEM images of electrospun nanofiber from PVC/PU blending of (a) PVC 10% with PU 10 wt% and (b) PVC 
15% with PU 10 wt%.

Figure 4. DTA thermogram of nanofibers from PVC and PVC blending with PU by varying PVC concentration and 
blending ratio.
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It was reported that [37] electrospun poly(vinyl chloride)/polyurethane‐blended solutions 
(10/0, 9/1, 8/2, and 7/3 wt%) were prepared by adding PVC and PU in the mixture solvent of 
THF/DMF (1/9, w/w). It was found that membranes exhibited relatively high tensile strength 
(9.9 MPa), good air permeability (154.1 mm/s), and excellent abrasion resistance (134 cycles).

As shown in Figure 7, when an external load is applied, the hydrogen bonding between C═O 
groups of PU and the α‐hydrogen of PVC, and the dipole‐dipole‐C═OλCl─C─ interactions 
tend to bear the stress on intermolecular levels, resulting in the elongation of less than 6% in 
the first linear elastic behavior.

2.2. Electrospinning of poly(vinyl chloride) blending with epoxidized natural rubber [38]

Poly(vinyl chloride) with a K‐value of 580 was kindly supplied by Thai Plastic and Chemicals 
Co., Ltd. N,N‐dimethylformamide was mixed with tetrahydrofuran at the ratio of 50:50 and 
was used to prepare the solution of PVC and epoxidized natural rubber at 50°C. The vari‐
ous concentrations of ENR solution were added to PVC solution at room temperature. The 
electrospinning process was operated at a flow rate of 0.5 mL/h with an applied voltage 
between 12 and 15 kV using e‐spinning machine (eS‐robot®) capable of generating voltages 
up to 30 kV at room temperature. The polymer solvent was injected from a syringe tip and 

Figure 6. Dielectric properties of nanofibers prepared from PVC blending with PU at difference ratio [38].

Figure 5. TGA of nanofibers from (a) PVC and (b) PVC blending with PU at difference ratio.
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was deposited on an aluminum collector plate to form the electrospun mats with a thickness 
of around 0.1 mm.

The morphological structure of PVC/ENR nanofibrous membranes was changed by changing 
the ENR composition as shown in Figure 8 [38]. PVC blending with ENR clearly shows that 
the beads on the fiber disappear as well as the blending of PVC with PU, where ENR composi‐
tion can be attributed to higher viscosity and surface tension with increasing ENR composition. 
Viscosity and surface tension play an important role in determining the fiber formability and 
diameter.

The thermal properties of the PVC nanofibrous membrane and PVC blending with ENR 
nanofibrous membranes were determined using differential thermal analysis; the results are 

Figure 7. (a) Stress‐strain curves of PVC/PU fibrous membranes fabricated from varied weight ratios and (b) a proposed 
three‐step break mechanism of tensile fracture process upon external stress [37].

Figure 8. SEM images of electrospun nanofibrous membrane from PVC blending with ENR (a) 0.7, (b) 1.0, (c) 2.2, (d) 3.0, 
(e) 4.0, and (f) 5.0 by wt.
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Figure 9. DTA and TGA thermogram of PVC and PVC/ENR blend nanofibrous membrane.
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illustrated in Figure 9 [38]. The PVC nanofibrous membrane, which was prepared from 10 
wt% of PVC, is rigid than that from 15 wt% of PVC. The low concentration of PVC solution 
(10 wt%) shows a high exothermal peak at 30 and 275°C, while a higher concentration of 
PVC solution (15 wt%) shows an endothermal peak. The thermal properties of nanofibrous 
membranes were improved after mixing PVC with ENR. The mixture of PVC with high ENR 
content gave more flexible nanofibrous membranes with a lower glass transition temperature 
(Tg). For higher concentration of PVC solution (15 wt%) with high viscous not easily to mixed 
with ENR solution as found in PVC/PU nanofiber. The nanofiber spun from higher concen‐
tration of PVC solution blended with rubber solution, which was a heterogeneous solution, 
needs to be optimized based on the electrospinning condition.

The thermal stability of the nanofibrous membrane was determined using thermogravimetric 
analysis. The thermogram of the PVC and PVC/ENR blends as shown in Figure 9 has two 
obvious decompositions, which is basically according to the reported TGA curve. The TGA 
curve of the PVC/ENR nanofibrous membrane clearly indicated that the blending of ENR 
with PVC enhances good thermal stability of the nanofibrous membrane.

3. Conclusions

The nanofibers of PVC and PVC blending with rubber can be prepared from electrospinning 
method. The electrospinning condition with an applied voltage of 12kV and different distance 
between the syringe tip and the aluminum collector plate were optimized. The blending of 
PVC with rubber using either PU or ENR smoothens nanofiber and enhances desired proper‐
ties of nanofibrous membrane.
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Abstract

Medical application of polyurethane (PU) elastomers has been contributed significantly 
to the quality and effectiveness of health care systems. Applications such as nasogastric 
catheter, sutures, wound dressing, drug delivery system, and insulation on the leads of 
electronics pacemakers are already in the market. Properties of polyurethanes such as 
thermal and chemical stability, mechanical performance, and low degradation rate make 
an outstanding material for that kind of application. More recently, castor oil as polyol 
source has been investigated due to the needs of friendly environmental sources. In this 
chapter, we want to approach the advances in polyurethane area from castor oil for appli-
cation in medicines. A review of castor oil-based polyurethanes, chemical modification, 
processing techniques, and applications in tissue engineering and medical devices will be 
made with the objective to understand the current situation, limitations, challenges, and 
perspective of this type of material.

Keywords: castor oil, polyurethane, biomaterial, elastomer, medicine

1. Introduction

Polyurethanes are an important class of polymers which are used in a surprising array of 
commercial applications [1]; this special group of heterochain polymers is characterized by 
the presence of urethane groups, which are esters of carbamic acid, but they are not contain-
ing primarily those groups [2]. The polyurethanes include those polymers containing a plu-
rality urethane groups in the molecule backbone, regardless of chemical composition of the 
rest of the chain. A type of polyurethane may contain aliphatic and aromatic hydrocarbons, 
esters, ethers, amides, urea, and isocyanurate groups [1]. In Figure 1, we can see the variety of 
functional groups in a polyurethane structure from castor oil and methylene diphenyl diiso-
cyanate against the structure of polyethylene glycol.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



The use of polyurethane in the medical field has been documented since 1965 [3]; these prod-
ucts range from nasogastric catheters to insulation on electronic pacemakers. The versatility 
of being rigid, semirigid or flexible, biocompatible, and hydrolytic stable has abrasion resis-
tance, good physical strength, thermoplasticity or thermosetting and also polyurethanes have 
been described to resist gamma radiation, oil, bases, and acid. These are some properties 
which made this type of polymer as an important resource in the medical devices industry [1].

However, current researches have focus on the design of biodegradable formulation for the 
tissue and organ engineering, drug delivery, and resorbable implants. Biodegradable poly-
urethanes have a set of design requirements that include the use of biocompatible monomer, 
tissue-like mechanical response, bioactivity, appropriate degradation rate, and so on [3]. The 
strong structure-properties relationship of this kind of materials is a good characteristic that 
allows structure modification to include biodegradable and cell response linkage or func-
tional groups to accommodate the designed criteria.

In this way, the use of castor oil as polyol source has been proved outstanding because it is a 
biocompatible and hydrophobic monomer which is composed of 90% ricinoleic fatty acid—
the unique natural fatty acid with hydroxyl groups in its chain [4]. This characteristic made 
the polyurethane synthesis easy and also, the reported noncytotoxic activity, elastomeric 
behavior, and tunable mechanical properties can mimic tissue performance.

According to all information above, in this chapter, we are going to study the recent advances 
in medical applications of castor oil polyurethanes; first, a brief review of the chemistry of 
polyurethanes to understand the qualities of these outstanding materials is discussed. Second, 
an overview of castor oil’s applications and advantages is discussed. Next, a review of castor 
oil chemical modification, filler agents, and scaffold fabrication techniques is discussed. At the 
end of the chapter, a reflection about perspectives and new challenges of castor oil polyure-
thanes applications in medicine is described.

Figure 1. (A) Basic structure of urethane bond. (B) Structure of polyurethane synthetized by the reaction between 
modified castor oil and diphenylmethane diisocyanate. (C) Structure of polyethylene glycol. Polyurethane structure 
shows the variety of functional groups in its structure.
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2. Chemistry of polyurethanes

The chemistry of urethanes makes use of the reaction of organic isocyanates with compounds 
containing active hydrogens. For example, hydroxyl groups, amines, and water react to pro-
duce urethane linkage, urea groups, and carbon dioxide, respectively.

It is possible to synthesize the urethane groups by various methods, but the most popular one 
is the reaction between an isocyanate and an alcohol as shown in Figure 2. This route was first 
reported by Wurtz in 1849. But in 1937, Dr. Otto Bayer synthesized the first polyurethane from 
a diisocyanate and polyester through a polyaddition reaction where the reaction product is 
exclusively the polymer [2].

As mentioned previously, polyurethanes are an extremely versatile group produced in wide 
range of densities, cross-link densities, and stiffness. For that reason, the polyurethanes are 
classified in two main groups: elastic polyurethanes (e.g., flexible foams, elastomers, coat-
ing, and adhesive) and rigid polyurethanes (e.g., rigid foams, structural foams, and wood 
substitutes). This classification is based on the polyol structure. The molecular weight and 
the number of hydroxyl groups/mol or polyol functionality are two important properties for 
the arrangement of the structure. Low functional polyol (2–3 hydroxyl groups/mol) and high 
molecular weight (over 2000 daltons) produce an elastic polyurethane; on the contrary, low 
molecular weight and high functionality produce a rigid cross-linked polyurethane [1, 2].

Because urethane groups can generate hydrogen bounds, they form a hard segment and the rest 
of the polyol chain is a soft segment. The increase in functionality also increases the hydrogen 
bound interaction and reduces the soft segment mobility, and further reduces the flexibility 
of the polymer. In Figure 3, a representation of the arrangement of each elastic polyurethane 
and rigid polyurethane has been shown.

Polyurethanes can be prepared by mixing diisocyanates with liquid diol or polyol at fixed 
NCO/OH ratio being casted in a mold. Isocyanate-terminated prepolymer can be made by 
mixing with excess of diisocyanate, to further addition of low molecular weight molecules 
to chain extension. This molecule is usually called chain extender. A brief explanation of these 
components is discussed in the following sections.

2.1. Polyol

Polyols are reactive substances containing at least two reacting groups. These compounds can 
be hydroxyl or amine-terminated. There are four types of polyols.

2.1.1. Polyether polyols

Polyether polyols are the products of reaction between a simple molecule called initiator and 
an alkylene oxide. The hydroxyl-terminated polyether polyol functionality depends on the 

Figure 2. Scheme of reaction between isocyanate and alcohol.
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functionality of the initiator. If the initiator is a diol, the product will have a functionality of 
two and, in the same way, if the initiator is a triol, the resultant functionality will be of three [1].

This type also includes active hydrogen-containing polymers such as acrylonitrile or styrene, 
and also polyureas prepared from the reaction of polyisocyanates and diamines, or polyure-
thanes prepared by the reaction of polyisocyanates and polyalkanol amines such as trietha-
nol amine. Polyether polyols produce high quality polyurethane foams and elastomers [1]. 
Figure 4 shows some structures of reported polyether polyols.

2.1.2. Polyester polyols

Figure 5 shows some structures of polyalkylene glycol esters. They are prepared by condensa-
tion polymerization of alkylene glycol and the corresponding diester or diacid.

Vegetable oil-based polyols are included in this category; however, these are produced in 
most cases by reacting saturated bonds to add hydroxyl groups. Castor oil is a natural veg-
etable oil-based polyester, and more related information is given in the next section [1].

Figure 3. Scheme of elastic and rigid polyurethanes arrangement of hard and soft segments. Adapted from Ref. [2].
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Figure 4. Examples of polyether polyols.

Figure 5. Examples of polyesters polyols.
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2.1.3. Polycarbonates

Polycarbonates are prepared by condensation of phosgene or alkylene glycol carbonates. 
This chemistry is controlled to ensure that resultant contain terminal hydroxyl groups [1]. 
Polycarbonates-based polyols are characterized by high polarity and strong carbonate 
bond expecting polyurethanes with good mechanical properties and phase separation [5]. 
Also, more stability has been observed toward oxidative and hydrolytic biodegradation 
than polyesters polyols [6]. However, production cost of polycarbonate-based polyols is 
greater than polyether and polyester. Polycarbonates synthesis is strongly dependent on 
petroleum. But recently, a new generation of polycarbonates from carbon dioxide has been 
studied [7].

One important property for polyol analysis is called the hydroxyl value. The quantification of 
that is described in ASTM D1957 standard.

2.2. Isocyanate

Isocyanate is an important and high reactive organic functional group which is involved in a 
surprisingly diverse range of chemical reactions. Commercially available organic isocyanates 
include aliphatic, cycloaliphatic, araliphatic, aromatic, and heterocyclic polyisocyanates [1]. 
Some examples are presented in Figure 6.

The high reactivity of this group can be explained by the electron density among atoms. 
Figure 7 shows that how oxygen, which has the highest electron density, has negative charge 
and carbon with the lowest density has positive charge. Nitrogen is an intermediate negative 
charge [2].

Figure 6. Some commercially available diisocyanates.
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The reaction between an isocyanate group and active hydrogen is an addition at the carbon-
nitrogen double bond. The nucleophilic center of the active hydrogen compounds attacks the 
electrophilic carbon and the hydrogen is added with the nitrogen atom [2] (Figure 7).

As shown in Figure 6, there are a lot of commercial isocyanates. However, 4,4-diphenylmeth-
ane diisocyanate (MDI) and 2,6-toluene diisocyanate (TDI) are the mostly used compounds in 
the polyurethane industry [1]. Mechanical performance of MDI- or TDI-based polyurethanes 
is superior against aliphatic diisocyanates and also, they are more reactive because of their 
aromatic structure. Despite of this, aromatic structures are not desired in materials for medi-
cal applications due to the fact that they could produce toxic degradation products. Recent 
researches are more focused toward aliphatic diisocyanates for polyurethane synthesis with 
medical purpose [8].

2.3. Chain extenders

They are low molecular weight reactants that produce familiar elastomeric behavior of the 
polyurethanes. Chain extenders have molecular weight in the range of 40–300 daltons and can 
be classified as hydroxyl-terminated or amino-terminated. However, only dysfunctional com-
pounds are considered as chain extender; higher functionalities are considered as crosslinkers 
[1]. Introduction of those compounds allows to build block copolymer with alternating blocks 
of hard and soft segments [3].

Introduction of high hard-segment content in the polyurethane backbone determinates the 
final properties and performance of the polymer. Hard-segment content controls the mechan-
ical properties such as modulus and ultimate strength, in addition to the thermal and hydro-
lytic stability of the finished product [1].

2.4. Catalyst

Polyurethane synthesis can be catalyzed in the form of any chemical reaction. A catalyst is a 
material that affects the rate of a reaction but emerges from the reaction unchanged. The cata-
lyst can be considered as the controlling agent of the reaction. It is widely used in  urethane 

Figure 7. (A) Electron density of isocyanate group, and (B) nucleophilic reaction between isocyanate and active hydrogen 
compounds. Adapted from Ref. [2].
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foam production; its primary job is to provide the desired reaction profile, which can be mea-
sured by cream, rise, gel, and tack-free times to obtain the desired properties of the foam 
[1]. The science of the catalytic process is out of range in this chapter; please see reference 
[1] to enhance your knowledge about the effect of catalyst in the process of polyurethane 
manufacturing.

Catalysts in polyurethanes are tertiary amines and some of them are organotin, lead, and 
mercury organometallics. Some tertiary amines used as catalyst are: triethylenediamine, 
dimethylcyclohexylamine, bis(dimethylaminoethyl) ether, and N-methyl-N′-(2-dimethyl-
aminoethyl)-piperazine. And some commonly used as organotin are dibutyltin dilaurate, 
stannous octoate, and tin(II) 2-ethylhexanoate.

To summarize, chemical composition of polyurethanes is a factor that determinates the final 
properties response such as mechanical properties, abrasion resistant, and hydrolytic degra-
dation. Also, as we can observe that the variety of sources opens infinite possibilities to design 
new and alternative polyurethanes which show the important role of this type of materials in 
the medical field and the potential to be applied in new fields to improve the health system.

3. Castor oil polyol

Castor oil is extracted from seed of Ricinus communis. Its chemical composition has been 
well described by many authors in the past. All of them agree that around 90% is ricinoleic 
acid triglyceride [9, 10]. In Figure 8, we can observe the distribution of compounds in  castor 

Figure 8. Mass spectroscopy of castor oil. Adapted from Ref. [9].
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oil obtained from mass spectrometry. In Table 1, a summary of the results forming mass 
 spectrometry is shown. Only 9% of the sample is having minor components such as stearic 
and palmitic acid.

Ricinoleic acid is the unique naturally occurring fatty acid with hydroxyl functional group in 
its structure. The abundance of castor oil makes it as friendly environmental alternative for 
polyurethane synthesis. The results of polyurethanes are characterized by being flexible and 
elastomeric due to the long fatty acid chain and these results lead polyurethanes as a thermo-
setting material because of their trifunctional functionality nature [10].

Recent studies have shown the potential of castor oil in polyurethane industry applications 
such as flame retardancy foams [11, 12], adhesives [13, 14], surface coating [15, 16], and, of 
course, biomaterials [8, 17]. For example, castor oil was used for the synthesis of rigid foams 
with flame retardancy properties; castor oil was alcoholyzed with glycerol and epoxidation 
of glyceride castor oil was then carried out to react with diethyl phosphate to get the flame 
retardancy polyols. Improvement in mechanical strength, thermal stability, and limiting oxy-
gen index at low concentration of phosphate compounds was observed [12]. Also, Zhang 
et al. [11] used castor oil-based glycerides from transesterification reaction with glycerol and 
pentaerythritol condensed with phthalic anhydride and ammonium polyphosphate as filler 
flame retardancy agent. Mechanical properties and thermal stability during pyrolysis were 
enhanced to obtain better results than the commercially available polyol PS-3152-based poly-
urethane foams.

In the adhesive field, Moghadam et al. [13] developed a group of castor oil polyester poly-
ols by condensation with difference carboxylic acid. These green adhesive showed superior 
bonding properties like wood to wood specimen and also, some of them showed good chem-
ical resistance. Polyurethane adhesive based on modified castor oil through transesterifica-
tion reaction with pentaerythritol was reported; this type of adhesive showed better response 
with regard to properties like physico-mechanical and anticorrosive with the modification, 
also improvement in properties was observed with the increase of pentaerythritol in the 
structure [14].

Above examples of castor oil application demonstrated the flexibility of this source; authors 
used the advantage of hydroxyl groups for urethane formation and also, they made additional 
modification to enhance polymer performance. In castor oil structure, there are other func-
tional groups susceptible for chemical modification through easy organic and well-reported 
reactions. In Figure 9, we can observe the structure of castor oil highlighting three important 
parts: ester bond, double bound, and hydroxyl group.

Component Composition

Ricinoleic acid Triglyceride 77%

Ricinoleic acid di and monoglyceride 14%

Minor components 9%

Table 1. Chemical composition of castor oil determinate by mass spectrometry.
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One of the commons reactions, which has been studied involving the characteristic ester bond 
of triglyceride, is the transesterification reaction. This type of reaction is widely described in 
biodiesel manufacturing process where a vegetable oil reacts with a low molecular weight 
alcohol such as methanol and ethanol. Instead of long linear chains for fuel applications, the 
aim of castor oil transesterification is to increase the hydroxyl group content, branching of 
polyols, and finally to increase the hard segments content and network formation of polyure-
thane structure. For those reasons, polyalcohol compounds such as glycerol, pentaerythritol, 
and triethanolamine are used in this field.

Application of glycerol in transesterification showed an enhancement on tensile proper-
ties, hardness, and chemical attack resistance due to higher increase of cross-linking den-
sity. Published works demonstrated an increase of hydroxyl value in glycerides of castor oil 
[18]. As mentioned above, more hydroxyl groups produce more urethane bonds and these 
are related with the hydrogen interaction determining cross-linking density. Also, products 
of transesterification generate more branched polyurethanes which tend to form network 
arrangements. However, those polymers characterize by low thermal stability [9]. Other 
works synthesized polyurethanes from modified castor oil obtained by transesterification 
reaction. Those materials exhibited better mechanical response and thermal stability against 
glyceride castor oil derivatives. Pentaerythritol by-products have higher hydroxyl value and 
also higher cross-linking density [18] which is related with an improvement of the perfor-
mance of the material. In the same way, Dave and Patel [10] use triethanolamine as polyhy-
droxyl agent in transesterification for interpenetrating networks.

Figure 9. Chemical structure of castor oil. Highlighted are the three main groups related with many chemical reactions. 
Those groups have been modified by several authors to add desired functional groups and enhance performance of 
materials.
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There are few instances that reported the involvement of the saturated bond in castor oil [12]. 
However, many reactions such as oxidation, polymerization, hydrogenation, epoxidation, 
halogenation, sulfonation, and other addition reactions could carry out. Additionally, many 
authors have reported the use of filler agents to enhance some properties [8, 11, 15, 19, 20], 
these agents are physically bonded with the castor oil and they do not react.

Exploring the chemical structure of the castor oil, we can realize the potential of this source 
for innovation in the polyurethane field. With the biocompatibility character, it seems obvious 
why it has excelled in the biomedical field. In the next section, we will study some described 
approaches of castor oil-based polyurethanes and their derivatives.

3.1. Medical applications

As mention above, medical applications of polyurethanes have contributed significantly to 
the quality of the care system. More recently, the study of biodegradable formulations for tis-
sue and organ engineering and resorbable implants has been outperformed.

In the context of castor oil, several researches have been carried out studying applications 
such as wound healing, bioadhesive, cardiac, and bone tissue engineering. To reach adequate 
degradation rate, mechanical performance, antimicrobial activity, cell-biomaterial interaction, 
cell viability, and proliferation techniques such as composite reinforced, segmented polyure-
thane, and scaffold manufacturing are applied. Following a little review of some applied cas-
tor oil-based polyurethanes will present highlighting chemical modifications, composites, 
and scaffolds structures used to achieve desired properties.

Nguyen Dang et al. [21] developed a castor oil-segmented thermoplastic polyurethane 
with controlled mechanical properties mixing difference soft segments like castor oil, 
poly(tetrahydrofuran) polyol, and poly(dimethylsiloxane) polyol. They demonstrated that 
mechanical properties and flexibility of polyurethane can be significantly altered by both 
incorporated castor oil and poly(dimethylsiloxane)/poly(tetrahydrofuran) polyol ratio during 
the synthesis. Polyurethanes, also, exhibited a good biocompatibility in 3T3 fibroblast culture. 
In the same way, Miao et al. [22] synthetized smart polymers with shape memory using castor 
oil and polycaprolactone triol. Full shape recovery was reached at physiological temperature 
with various recovery speeds according to the polymer composition. These examples show 
the use of segmented polyurethanes or block copolymer to control mechanical behavior of 
materials.

Combining polyester with polyether is a good option for controlled behavior too. Not only 
mechanical behavior is affected by block copolymerization, adding hydrophilic monomer 
at reactive mixture could also modify the degradation. Ganji et al. [20] used polyethylene 
glycol with castor oil to improve degradation rate, because it is a hydrophilic polyol which 
increases the permeability in bulk as well as surface and makes the material more susceptible 
to degradation.

Though, there are many different ways to achieve criteria design. As we have already described, 
alcoholyzed castor oil is an interesting alternative to increase mechanical  performance. 
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Products of transesterification of castor oil with glycerol and pentaerythritol have been 
used for medical purposes. Du et al. [17] worked with glyceride of castor oil to enhance the 
mechanical strength of hydroxyapatite/polyurethane scaffolds for bone tissue engineering. 
Compared to castor oil, the glyceride can provide more hydroxyl groups (from 155 to 288 
of the hydroxyl value) resulting in an increase of the scaffold compressive strength (from 
hundreds of kPa to 4.6 MPa). Likewise, Li et al. [23] reported that the molecular modification 
of soft segments by glyceride of castor oil can increase the scaffold compressive strength by 
48% and the elastic modulus by 96%. Those materials also demonstrated promising pros-
pects for bone repair and regeneration. Also, using pentaerythritol for castor oil modification, 
Uscategui et al. [24] compared polyurethanes from transesterification reaction with castor 
oil-based polyurethanes. Though mechanical behavior was increased in alcoholyzed castor 
oil due to increase of cross-linking density, cell viability of those polymers had lower values 
than castor oil. But, the observed viability was above 70% which was comparable to commer-
cial polypropylene suture used as positive control producing no toxic effects of materials on 
L-929 fibroblast.

Introduction of specific bounds or functional groups by chemical modification of castor oil 
is possible to regulate other properties rather than only mechanical stretch. For example, 
Sathiskumar et al. [25] had reacted castor oil with sebacic acid, citric acid, and D-mannitol by 
melt condensation polymerization to introduce ester linkages which are easily cleavable in 
aqueous medium. The contact angle measurement and hydration test results indicated that 
the surface of the polymer was hydrophilic and in vitro degradation of polymer in PBS solu-
tion carried out at physiological conditions indicated that the degradation goes to completion 
within 21 days. Physical, mechanical, and degradation can be tuned varying the curing condi-
tions of the polyurethanes accordingly to the desired application in human body.

Similarly, Yari et al. [26] synthetized epoxy-terminated polyurethane prepolymer based on 
castor oil and glycidyltriethylammonium chloride (GTEAC) as a reactive bactericidal agent 
for wound dressing. Membranes could maintain for a long period the moist environment 
over the wounds with low exudates. Cytotoxicity analysis of samples against mouse L929 
fibroblast and MCA-3D keratinocyte cells showed good cytocompatibility. The membrane 
containing 50% GTEAC exhibited an effective antibacterial activity while showing acceptable 
cytocompatibility.

Also, polyols from castor oil transesterification with glycoside starch obtained by glycosyl-
ation with ethylene glycol were used to synthetize polyurethanes type bioadhesives with 
methyl ester lysine diisocyanate (LDI) and isophorone diisocyanate (IPDI). It was determined 
that polyurethanes obtained from LDI have lower mechanical properties and adhesion, and a 
higher degree of cross-linking compared to homologs obtained from IPDI. The results of the 
biodegradable character (contact angle and weight loss) showed that these LDI polyurethanes 
materials had a greater hydrophobic character due to the presence of the ester bonds in the 
structure of the hard segment. It was also found that the polyurethanes obtained from LDI 
have lower cytotoxicity [27].

On the other hand, reinforced composite is another option, wide reported, to achieve design 
criteria. This process is based on adding some compounds with specific characteristic to get a 
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desired response of materials. These components are not involved in reactions, but are physi-
cally bounded with the polyurethane matrix. Figure 10 shows a method for composite poly-
urethanes preparation.

In that context, Uscategui et al. [24], additionally, studied the effect of polycaprolactone diol 
(PCL) incorporation into modified castor oil-based polyols, obtained from transesterification 
reaction with pentaerythritol. They studied the effect of three concentrations of PCL (5, 10, 
20% w/w). Mechanical test shows performance enhancement in some polymers with PCL, 
however in some cases, largest concentration of PCL (20%) reduces by phase separation of 
soft and hard segments. At cell viability test, PCL concentration did not have any effect on 
modified castor oil-based polyols but 20% of PCL reduced the cell viability and lower concen-
tration did not affect significantly in castor oil-based polyurethanes.

Also, Arevalo et al. [8] studied the effect of chitosan on the physico-chemical, mechanical 
properties, and biological activity on mixtures of PCL and polyurethanes obtained from cas-
tor oil. They studied three concentrations of chitosan (0.5, 1, 2% w/w) and two of PCL (5 and 
10%). It was found that the incorporation of chitosan enhances the ultimate tensile strength of 
the polyurethanes and does not affect the strain at fracture in polyurethanes with 5% of PCL. 
Mechanical stretch suggested applications on the aorta and the skin. Water absorption was 
increased with the concentration of chitosan in the matrix due to the hydrophilic behavior of 
chitosan. The results of in vitro biocompatibility suggested that polyurethanes do not cause 
risks to cell viability and can be used in biomedical applications.

Nowadays, with the enhancement of nanotechnology, nanocomposites have become a new 
field to study in the biomaterials area. In this case nanoparticles can induce morphological 
and structural changes in the hard and soft segment, also some nanoparticles give additional 
bioactivities such as antibacterial [19] and cell adhesion or proliferation [28]. Like this, some 
studies related with bone and cardiac tissue engineering with castor oil-based polyurethanes 
have been published.

Li et al. [23], also, studied the effect of nanoparticles of hydroxyapatite (HA) into glycerides 
of castor oil, when nanoHA particles were incorporated into the matrix, the compressive 

Figure 10. Scheme of composite polyurethane preparation.
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strength and elastic modulus further increased by 49–74%, from 2.91 to 4.34 MPa, and from 95 
to 165.36 MPa, respectively. Particles improved the interface bounding with the polyurethane 
and provided effective bioactivity for bonding with bone tissue.

Ganji et al. [20] fabricated nanocomposite scaffolds made of gold nanotubes/nanowires incor-
porated into biodegradable castor oil-based polyurethanes as alternative for cardiac patches 
to treat postmyocardial infarction. By incorporating gold nanotubes/nanowires into poly-
urethane scaffolds, the wired material structure can mimic the electromechanical properties 
of the myocardium. Cardiomyocyte adhesion and proliferation were strongly increased in 
response to electrical stimulation on composites. After 4 days of incubation and electrical 
stimulation on the scaffolds, cardiomyocytes on polyurethane scaffolds samples showed a 
more native morphology and enhanced proliferation compared to gold-free PU-0. A con-
centration of 50 ppm of nanoparticles induced optimum cell distribution and spreading, as 
well as the largest up-regulated expression levels of genes relevant to cardiac differentiation 
and hypertrophy. In another work, Ganji et al. [29] fabricated porous composite scaffolds 
for biomedical application based on gold nanotubes/nanowires and mixed with castor oil–
polyethylene glycol-based polyurethanes. Addition of 50 or 100 ppm nanostructures had sig-
nificant effects on thermal, mechanical, and cell attachment of fat-derived mesenchymal stem 
cells of polyurethanes. Higher cross-link density and better cell attachment and proliferation 
were observed in polyurethane containing 50 ppm. The results revealed that gold nanotubes/
nanowires formed hydrogen bonding with the polyurethane matrix and improved the ther-
momechanical properties of nanocomposites, as compared with pure PU.

The word “scaffolds” has been mentioned several times in this chapter. Scaffolds are con-
sidered as three-dimensional porous structure with the main goal to provide appropriate 
base for tissue growth and cell proliferation [30]. A lot of techniques are well described in the 
literature. Some of them are particle leaching, solvent casting/particle leaching, thermally-
induced phase separation, melt molding, gas foaming, emulsion freeze-drying, solvent cast-
ing/solvent evaporation, electrospinning, 3D printing, and rapid prototyping. However, few 
of these methods can be applied to castor oil-based polyurethanes because of the cross-linking 
and thermoset nature of these types of materials, it is not possible to solubilize in any organic 
solvent so techniques that involve solvents like solvent casting/particle leaching, thermally-
induced phase separation are discarded. Additionally, methods such as 3D printing and melt 
molding require thermoplastic behavior. The pore size of the scaffold should mimic the size 
of the specific type of cell accordingly with the application; also, pore interconnectivities are 
desired to allow fluid exchange and cell proliferation.

Methods like particle leaching, gas foaming, and 3D printed sacrificed mold are used to fab-
ricate castor oil-based polyurethane scaffolds.

3.1.1. Particle leaching

Specified diameter particles are added to prepolymer solution; particles remain embedded 
throughout the polymer matrix after curing period. After immersion in water, particles are 
leached out leaving a porous structure (Figure 11). The shape and size of pores are directly 
determined by the shape and dimensions of the leachable particles used. Tablet salt, sugar, 
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throughout the polymer matrix after curing period. After immersion in water, particles are 
leached out leaving a porous structure (Figure 11). The shape and size of pores are directly 
determined by the shape and dimensions of the leachable particles used. Tablet salt, sugar, 
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ammonium chloride, sucrose, starch particles, gelatine and paraffin microsphere have been 
used. However, it is important to know that particles must be inert during all manufacturing 
process. Another parameter that influences the structure is the amount of particles added. 
If the salt content is insufficient, the polymer solution will surround the particles and isolated 
pores will appear. On the other hand, if the amount of salt added is too high, a deficient struc-
ture with voids will be formed due to close geometric packing [30].

This technique was used to obtain porous size between 355 and 600 μm using sieved tablet 
salt. Scaffolds show cell attachment of H9C2 cardiomyocyte cells [20] and fat-derived mesen-
chymal stem cells [29]

3.1.2. Gas foaming

Gas foaming is a process that is widely used in industry for the preparation of e.g., expanded 
polystyrene, polyvinyl chloride foams, but it can also be applied for the preparation of scaf-
folds. Foaming can be carried out by reacting the components or releasing the gas which is a 
product of the thermal degradation of the gas-foaming agent. In polyurethanes, water can be 
added to polyol and isocyanate mixture. Water reacts with an excess of isocyanate producing 
carbon dioxide which is the foaming agent. This technique is rarely used for the fabrication 
of scaffolds, because it is hard to control pore diameter and the average pore diameter is too 
large to allow adequate cell proliferation [30]. However, some authors reported the use of 
nonreactive foaming agents like cyclopentane [11]. It evaporates with the heat of urethane 
reaction creating the foam. Most of the applications of this method are related with bone tis-
sue engineering. Like this, Du et al. [17] used gas foaming to develop their HA/glyceride of 
castor oil-based polyurethane scaffolds with an in situ reaction with water. Sixty percent of 
porosity and 500 μm of interconnectivity were reached with that technique. Also, Li et al. [23] 
used similar process for scaffold fabrication. They reached a porosity between 52 and 57%. 
They discussed that a porous structure with a pore size of approximately 200–800 μm and a 
porosity of 57% are appropriate for the growth of cells in bond tissue engineering.

Figure 11. Scheme of particle leaching polyurethane scaffolds preparation.
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3.1.3. 3D printed sacrificed mold

This technique required a 3D printer. In this technique, basically, a mold is printed with the 
desired characteristics of pore size and porosity. Then the prepolymers are casted in the mold 
allowing curing. After that, mold is removed by dissolving the printed mold with a compat-
ible solvent.

One advantage of 3D printing is to directly print porous scaffolds with designed shape and 
interconnected porosity from a CAD file with a variety of materials such as ceramic, metallic, 
polymeric, and composites. And the use of sacrificed mold is an opportunity for thermoset 
polymers. Generally, this technique contain inherent difficulties to form small-sized tubular 
channels around 250 mm; the pores in the printed scaffold from the guided approach here are 
actually the shape of the extruded fiber, which can be readily adjusted by shaping the size and 
geometry of the nozzle [22].

In this context, Miao et al. [22] use 3D printed PLA scaffold serving as a sacrificial mold to get 
PCL-castor oil-based polyurethanes with shape memory and with a gradient pore structure 
to biomimic the tissue structure. The pores had a gradient distribution from the top to the 
bottom as the distance between pores increased from 240 to 560 mm. These authors used the 
term four-dimensional printing to include the additional shape memory property of their 
polyurethanes. Four-dimensional (4D) printing is an emerging new concept that refers to the 
ability of 3D printed objects to change form and/or function after fabrication, thereby offer-
ing additional capabilities and/or performance-driven applications. For example, hydrophilic 
materials have been utilized to 4D fabricate self-evolving structures that perform geometric 
folding, curling, expansion, and various other programmed shape changes after submersion 
in water

In this chapter, we have been discussing how the polyol affects the materials response; how-
ever it is important to dedicate a place to talk about isocyanates. There are a lot of commercial 
available isocyanates and the mostly used in polyurethane industry are MDI and TDI because 
they are high reactive aromatic structure and also, as we described, they produce superior 
mechanical response. Aromatic structures should be avoided in medical applications because 
they are related to toxic degradation products. Many studies have demonstrated carcinogenic 
potential of aromatic diamines under in vivo conditions; these diamines are characteristic deg-
radation products of MDI and TDI [8]. In biomedical fields, there are many researches carried 
out with aliphatic isocyanates as an alternative, for example Valero et al. [31] compared the 
mechanical and degradation response of castor oil-based polyurethanes from three differ-
ence isocyanates: isophorone diisocyanate (IPDI), methyl ester lysine diisocyanate (LDI), and 
lysine triisocyanate (LTI). Mechanical stretch was similar in IPDI and LDI but higher in LTI-
based polyurethanes, due to high functionality isocyanate, and degradation rate was higher 
in LDI-based polyurethanes because LDI introduces additional ester bound, as we mention, it 
is high susceptible to hydrolytic degradation.

It can be realized that many authors were introduced in each section of this chapter. It is 
because they used different methods to study the effect on several properties, so they can 
identify the right method for the better performance.
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To summarize, castor oil-based biomaterials have been tested at in vivo models, especially 
for bone tissue regeneration. This means that castor oil-based polyurethanes achieve many 
requirements for real medical applications. It is another proof of the potential of this material 
in the biomaterials and tissue engineering field. Further, some reported examples of animal’s 
model are presented.

Du et al. [17] used female sprague dawley rats with a defect in region of femoral condyle to 
test the osteogenesis of HA/glyceride of castor oil-based polyurethanes scaffolds. They con-
clude with the histological studies that the newly formed bone tissue had appeared around 
the scaffold and in the pores of scaffold. After 8 weeks, there were more new bone forma-
tions around and within the porous scaffold, and no adverse inflammatory response could be 
noticed. In contrast, the amount of new bone was more in cell-seeded scaffold than unseeded 
scaffold. Although the cell seeded group seemed to perform slightly better than unseeded 
group, both scaffolds showed good in vivo osteogenesis.

Li et al. [23] tested the in vivo osteogenesis of HA/glyceride of castor oil-based polyurethanes 
scaffolds too with New Zealand white rabbits with a defect in femoral condyles. New bone 
with high density had formed in the surface region, and a bone matrix and trabecula had also 
grown into the scaffold porous structure. The quantity of new bone at 24 weeks is substan-
tially greater than the quantity of new bone at 12 weeks. New bone preferentially forms on the 
surface and subsequently grows inward following an osteoconductive pathway.

Nacer et al. [32] used male rattus norvegicus albinus, Wistar lineage submitted to bone defect 
filled with castor oil-based polymer. Three experimental groups were formed with (1) castor 
oil polymer containing only calcium carbonate; (2) castor oil polymer with calcium carbonate 
and doped with 5% of silica nanoparticles; and (3) castor polymer with calcium carbonate 
doped with 10% of silica nanoparticles. The results showed that there was bone growth in all 
the studied groups, with a greater tendency of growth in the group 1. After 30 days, all the 
groups presented similar results. After 60 days, a greater amount of fibroblasts, osteoblasts, 
osteocytes, and osteoclasts in group 3 were observed, with integrated activity of three kinds 
of cells involved in the bone activation-reabsorption-formation.

4. Conclusion and perspectives

In this chapter, we studied the chemistry of polyurethanes and we understood the versatility 
of these types of polymers and their importance in industry. Also, we reviewed the properties 
that made it an outstanding material for biomedical applications. Additionally, we explored 
the potential of castor oil-based polyols for biomaterials and tissue engineering applications. 
It is clear that castor oil have many qualities such as biocompatibility, biodegradability, nat-
urally occurring hydroxyl groups, and easy chemical modification which call the attention 
for this particular field. However, it is clear too that medical devices and tissue engineer-
ing require multiples criteria design, as we observed in the review, from several points of 
view such as mechanical performance, adequate 3D structure, and adequate degradation 
rate accordingly with the application, nontoxic degradation products, specific hydrophilic 
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and hydrophobic behavior, and so on. These requirements could be satisfied combining as 
many techniques of chemical modification, composite reinforced, scaffold manufacturing, 
and polyol-isocyanate composition, as need to achieve all the criteria designs for biomateri-
als. Also, new technologies advances, like 4D printing, are helping to solve the requirements.

Particularly, castor oil-based polyurethanes have a huge way for innovation in the biomateri-
als fields. As we saw, many of the applications are related with bone tissue engineering. New 
fields such as skin, vascular tissues, eyes, and connective tissues could explore and, also, for 
fabrication of medical devices, sutures, catheters, and wound dressing. Also, in the age of 
bioactive biomaterials, it is important to include the design criteria with additional properties 
like antibacterial activity which can increase the performance and the value of the material.
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Abstract

This chapter summarizes various types of chemical modification of natural rubber (NR). 
These chemically modified NRs are known as NR derivatives. Chemical modification 
reviewed includes chemical modification without introducing new atom such as cyclized 
natural rubber and deproteinized natural rubber (DPNR), modification by introducing a 
chemical group such as hydrogenated natural rubber (HNR), chlorinated natural rubber 
(CNR) and epoxidized natural rubber (ENR) and lastly modification by grafting on NR. 
Grafting can be carried out using DPNR latex to yield styrene‐grafted‐NR, methyl meth‐
acrylate‐grafted‐NR and styrene and methyl methacrylate‐grafted‐NR. The NR deriva‐
tives are reviewed in terms of their preparation, mechanism, properties and applications.

Keywords: natural rubber, chemical modification, graft copolymerization

1. Introduction

In this chapter, various types of chemically modified natural rubbers (modified NRs) are 
reviewed in terms of their preparation, physical, chemical and mechanical properties and 
their potential applications. These NR derivatives include liquid natural rubber (LNR), 
cyclized natural rubber, deproteinized natural rubber (DPNR), chlorinated natural rubber 
(CNR), epoxidized natural rubber (ENR), styrene‐grafted NR (SNR) and methyl methacry‐
late‐grafted NR.

Commercial natural rubber (NR) or cis‐1,4‐polyisoprene is obtained from Hevea brasiliensis [1]. 
The NR latex, which is exuded from H. brasiliensis bark, is processed in either wet or dry form. 
Rubber bale is obtained from either field latex or coagulum. The field latex will be coagulated, 
formed into crepe, dried and packed. Commercial NRs are graded based on dirt content, ash 
content, nitrogen content, volatile matter content, etc. as specified by International Standards 
Organisation (ISO). The technically specified rubbers were first introduced into the market 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



by Malaysia in 1965 as the Standard Malaysian Rubbers (SMRs). Currently, commercial NRs 
are also specified according to Standard Thailand Rubber (STR), Standard Indonesian Rubber 
(SIR) and Standard Vietnam Rubber (SVR). Due to the high molecular weight of NR as well as 
its low glass transition temperature (Tg), NR vulcanizates are elastic with high tensile strength 
and low heat build‐up. However, due to the presence of allylic carbons, the vulcanizates have 
poor abrasion, ageing and weathering resistance. These drawbacks can be overcome by chem‐
ical modifications of NR. In chemical modifications, changes in molecular structure occurred. 
Some examples of chemical modifications are hydrogenation and grafting.

Chemical modifications on NR can be carried out in either solid, solution or latex state. The 
modifications can be categorized into three categories:

• Modification by bond rearrangement without introducing new atoms. This type of modifi‐
cation will lead to changes in the chemical structure and/or reduction in molecular weight 
of NR. Cyclization is an example of bond rearrangement.

• Modification by introducing a chemical group such as hydrogen, chloride or epoxy via 
addition or substitution reactions at the olefinic double bonds. The resultant modified 
NR will possess the properties of the new chemical groups. For example, epoxidation of 
NR results in higher Tg and mechanical properties as well as higher hydrophilicity.

• Modification by grafting with one or two molecules, usually vinyl monomers at the allylic 
carbon. The new grafted polymer can either have low or high molecular weight. The de‐
gree of grafting and degree of polymerization measure the efficiency of the modification. 
Grafting of methyl methacrylate (MMA) onto NR; commercially known as Heveaplus MG 
results in harder and stiffer copolymer.

2. Modification by bond rearrangement

2.1. Cyclized NR

Cyclization is the simplest and earliest chemical modification of NR [2, 3]. Cyclization can be 
carried out by treating NR with a proton donor. Examples of the proton donors are sulphuric 
acid [2, 4–6], sulphonic acid [7], stannic chloride [8] and acid hydrochloric [9]. Modification 
can be carried out either in solution or in solid or emulsion form [2, 4–9]. For modification 
in emulsion state, destabilization of the NR latex is crucial and Lewis acid is not suitable. 
Figure 1 shows the cyclization mechanism of NR.

Recently, cyclization on deproteinized natural rubber (DPNR) latex was reported by Riyajan 
et al. [6, 10, 11]. Cyclization on DPNR was reported to be more effective as the presence of the 
protein can retard and disturb the chemical modification [12]. Cyclized NR in general was 
reported to be tough, hard and brittle but some elastic behaviour is still maintained. The Tg 
of cyclized NR increases with higher cyclization where the degree of cyclization is measured 
from unsaturation of the cyclized NR. For example, the elastomeric behaviour is retained at 
30% cyclization but at 60% cyclization, it has a leather‐like characteristic. Cyclization up to  
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90% resulted in a powdery form material indicating high brittleness [11]. Cyclized NR is used 
as adhesives, printing ink as well as paints [10, 13].

2.2. Liquid natural rubber

Liquid natural rubber (LNR) can be derived from depolymerization of NR. The initial objective 
to prepare LNR was to reduce the internal viscosity of NR. NR with lower viscosity facilitates 
the addition of additives [14]. This can be achieved via mechanical shearing using either two roll 
mill or internal mixer. Depending on the milling time and temperature, the average molecular 
weight in the range of 400,000–1,000,000 Da was achieved [15].

LNR with reactive terminal groups received high attention by researchers as the terminal 
groups can undergo further chemical reaction or take part during vulcanization. LNR with 
reactive terminal groups can be prepared via redox couples, photochemical or oxidation. 
Different preparation methods yield different molecular weights. The oxidation approach 
yields lowest number average molecular weight, Mn; that is, 2500–3000 Da while the redox 
couples approach reported Mn in the range of 3000–35,000 Da [16]. The photochemical 
approach received high attention from researchers. Its range of Mn is of 3000–8400 Da [16].

The only LNR obtained from oxidation is the hydroxyl‐terminated LNR. It was prepared by 
depolymerizing masticated NR in toluene solution under pressure of 200–300 psi and temper‐
ature of 150°C with the presence of hydrogen peroxide [17]. LNR prepared via redox couples 
used both oxidizing and reducing agents either in solution or in emulsion state [16, 18]. LNR 
with hydroxyl or carbonyl or phenylhydrazone terminal groups was prepared using either 
hydrogen peroxide or organic peroxide/sulphanilic acid or phenylhydrazine, or phenylhy‐
drazine/ferric chloride/oxygen, or phenylhydrazine/oxygen.

Photochemistry of NR was achieved by ultraviolet (UV) light or sunlight in the presence of 
compounds such as nitrobenzene and hydrogen peroxide [19, 20]. The former compound 
will produce carboxyl‐terminated LNR, while the latter compound hydroxyl‐terminated 
LNR. Figure 2 shows an example of light‐induced photochemical approach in producing 
hydroxyl‐terminated LNR [20]. Free radicals formed from the bond cleavage under either 
sunlight or UV light will lead to depolymerization of NR.

Metathesis of NR is a reaction which can induce the cleavage and reforming of the double 
bonds as well as exchange of substituents in depolymerization of NR. A study by Alimuniar 
et al. [21] shows that cyclic oligomer of isoprene was produced from intra‐ and inter‐molecular 
reaction by using tungsten hexachloride and tetramethyl tin in chlorobenzene with purified 
NR. Depending on the reaction temperature and duration, the molecular weight was in the 
range of 5800–110,000 Da.

Figure 1. Mechanism of NR cyclization [6].
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LNR can be used as viscosity modifier, adhesive, tackifier, sealing agent, plasticizer as 
well as compatibilizer [14, 22]. LNR was reported to be a good compatibilizer in linear 
low‐density polyethylene/natural rubber (LLDPE/NR) blends, polypropylene/natural 
rubber (PP/NR) blends, high‐density polyethylene/natural rubber (HDPE/NR) blends 
and low‐density polyethylene/natural rubber (LDPE/NR) blends. The presence of LNR 
in HDPE/NR blend changed the morphology from co‐continuous to dispersed phase sug‐
gesting better degree of compatibility. The tensile strength and elongation at break results 
were reported to be consistent with the morphological analysis [14].

2.3. Deproteinized natural rubber

Studies on deproteinized natural rubber (DPNR) were initiated due to protein allergy issue 
on dipped rubber products. DPNR latex is prepared by removing the protein layer covering 
the rubber particles [23]. The protein layer can be removed by centrifugation, enzymatic deg‐
radation or irradiation [24, 25]. Since the protein layer actually acts as stabilizer, surfactant is 
added during deproteinization. Figure 3 shows the schematic diagram on removing of pro‐
tein layer from high ammonia natural rubber (HANR) particle [26].

There are two typical methods used to prepare DPNR latex from field latex or commercial 
HANR latex. Deproteinization via centrifugation and hydrolysis of protein are the common 
methods [24]. In centrifugation, the latex is diluted in deionized water containing surfactant. 
The cream fraction is re‐dispersed into deionized water containing sodium dodecyl sulphate 
(SDS) surfactant. After five times of centrifugation, the total solid content (TSC) of the DPNR 
obtained is adjusted to 60%. In enzymatic method, the latex is diluted with deionized water 
and stabilized with surfactant such as SDS. The pH is adjusted to the pH which is suitable 
for hydrolysis of the enzyme. The range of the pH studied was 5.4–9.2 [27–29]. Table 1 shows 
the nitrogen content of the untreated latex and DPNR latex from field latex and HANR latex.

Irradiation of latex was also reported by Makuuchi [25]. In this method, the proteins decom‐
posed during irradiation at 20 kGy. Table 2 shows the nitrogen content before and after 
irradiation.

Figure 2. Mechanism of photochemical reaction of NR induced by light [20].
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Figure 3. Schematic diagram of deproteinization of rubber particles in HANR latex [26].

Source of latex Treatment on the latex Nitrogen content (%)

Field latex Untreated 0.87

Five times of centrifugation 0.03

Enzymatic method 0.008

HANR latex Untreated 0.56

Five times of centrifugation 0.03

Enzymatic method 0.008

Table 1. Nitrogen content of untreated latex and DPNR latex [24].

Treatment type Nitrogen content (%)

Non‐irradiated latex: non‐leached 0.26

Non‐irradiated latex: leached 0.19

20‐kGy‐irradiated latex: non‐leached 0.53

20‐kGy‐irradiated latex: leached 0.06

Table 2. Nitrogen content of non‐irradiated and irradiated latex [25].

Natural Rubber and its Derivatives
http://dx.doi.org/10.5772/intechopen.69661

163



DPNR latex is mainly used to manufacture dipped product such as gloves as lower pro‐
tein gloves are preferred. A significant amount of protein may cause allergies issue [23, 30]. 
Chemical modification on DPNR latex with vinyl monomers was also studied as the absence 
of protein layer was reported to enhance the degree of polymerization, degree of grafting and 
stability of the grafted NR latex [23, 26].

3. Modification by introducing a chemical group

3.1. Hydrogenated natural rubber

Hydrogenation is a process where hydrogen molecule was added onto NR which results in 
saturation of NR. Figure 4 shows the hydrogenation of NR [13].

The purpose of preparing hydrogenated natural rubber (HNR) is to improve NR retention 
properties while maintaining its Tg. HNR can be prepared in either solution or emulsion forms 
where the latter has greater interest due to environment and economic reasons [31–33]. There 
are three methods of hydrogenation: catalytic homogeneous hydrogenation, catalytic hetero‐
geneous hydrogenation and non‐catalytic hydrogenation. These methods differ in terms of 
yield, selectivity, side reactions and/or catalyst poisoning and removal.

Catalytic homogeneous hydrogenation usually uses organotransition metals as the catalyst 
together with reducing agent such as hydrocarbon activator. Thus, this method of hydroge‐
nation has high selectivity with the absence of microscopic diffusion problems. The catalyst 
used such as nickel is sensitive to impurities where the catalyst will react with the impurities 
[31, 34–44]. Catalytic homogeneous hydrogenation results in high yield of hydrogenation but 
degradation of NR occurs. The degradation can be overcome by using nickel catalyst [13].

Catalytic heterogeneous hydrogenation yields high purity HNR with 100% hydrogenation 
without any foreign groups or large‐scale structural changes [36, 37, 41, 45–47]. Recent study 
by Kongparakul et al. [48] on metathesis hydrogenation of DPNR using second‐generation 
Grubbs catalyst reported more than 97% hydrogenation.

Figure 4. Hydrogenation of NR [13].
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Non‐catalytic hydrogenation normally is via diimide reduction [37]. Diimide can be obtained 
from hydrazine [37, 49–56]. Interest in non‐catalytic hydrogenation is because of its mild reac‐
tion conditions [55, 56]. However, this hydrogenation usually results in chain scission [37]. 
In recent study by Mahittikul et al. [32], it was observed that hydrogenation of NR latex with 
diimide generated in situ by thermolysis of p‐toluenesulphonyl hydrazide (TSH) results in 
>90% hydrogenation without affecting the Tg of the NR.

3.2. Chlorinated natural rubber

Chlorination of NR can be carried out in solution or emulsion forms in the presence of gas‐
eous chlorine [33, 57, 58]. Four reactions of chlorination of NR are addition, substitution, cycli‐
zation and crosslinking, and are shown in Figure 5 [6].

In an early study, chlorinated NR (CNR) was prepared by dissolving NR in a solvent fol‐
lowed by chlorination [59]. Zhong et al. [60] later prepared CNR by passing chlorine gas 
into pH‐adjusted water, followed by the addition of stabilized NR latex. The water pH was 
adjusted with chloric acid. Chlorination of 60% was reported at where the CNR showed flame 
resistance, corrosion resistance, better thermal stability, acid‐proof, alkaline‐proof and wear 
resistance [60–63]. Due to these properties, CNR found its applications as a raw material for 
paints (for ships, containers, airport roads, etc.), adhesives, inks and coatings [3, 33]. Surface 
chlorination, supported by Fourier transform infrared spectroscopy (FTIR) analysis, on vul‐
canized NR sheets was investigated by Radabutra et al. [64] where the chlorination results in 
variation of surface roughness and stiffness. The surface roughness enhanced the bonding 
between CNR sheet and nitrile rubber (NBR) sheet.

3.3. Epoxidized natural rubber

Epoxidation of NR is carried out by converting the carbon‐carbon double bond into oxiranes. 
Epoxidized NR (ENR) was reported since 1920s by Pummere and Burkard [65]; however, 
its commercial value was only realized in 1980s. Epoxidation of NR latex usually used per‐
acid where the peracid can either be prepared separately or formed in situ from a precursor 
using acid and hydrogen peroxide. Figures 6 and 7 show the epoxidation of NR with peracid 
prepared separately and in situ, respectively. The latter approach is preferable commercially 
because of the peracid instability at room temperature and higher temperatures [66].

ENRs with 25 and 50% mol of epoxidation are available commercially under the trade name 
of Epoxyprene 25 and Epoxyprene 50, respectively. ENR has a higher Tg compared to NR, 
thus giving higher damping, better air permeability, higher hysteresis, better wet grip as well 
as higher polarity [3, 66–68]. Therefore, blends of ENR were studied extensively. Blends of 
ENR with poly(vinyl chloride) (PVC), NR, styrene butadiene rubber (SBR), poly(acrylic acid), 
poly(ε‐caprolactone) (PCL), nitrile rubber (NBR), and polychloroprene (CR) were reported 
[69–75]. Studies on ENR as pressure‐sensitive adhesive were also reported extensively by 
Hashim and Ong [76]. Epoxidation of NR not only maintains the elasticity of the original 
NR even at modification higher than 20 mol% but also opens the opportunities to utilize the 
oxirane groups in various chemical reactions. These reactions included novel crosslinking 
systems and reinforcement systems.
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ENR can be vulcanized with typical sulphur‐vulcanizing systems, peroxide, amine com‐
pounds, aminosilanes and moisture [66, 77–80]. It was reported that in sulphur‐vulcanized 
ENR, the residual acidity of ENR is neutralized with sodium carbonate, magnesium oxide, 
calcium oxide or calcium stearate [80]. The ENR‐amine network formed via ring‐opening 
reaction of p‐phenylenediamine (catalysed by bisphenol A) was reported to be more rigid, 
less stretchable and with higher Tg compared to the conventional sulphur‐vulcanized ENR 

Figure 5. Chlorination of NR: (1) addition of chlorine, (2) substitution chlorination, (3) cyclization, (4) crosslinking [6].
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at similar physical crosslink density [77, 78]. The curing of ENR with p‐phenylenediamine is 
shown in Figure 8 [77, 78].

Moisture‐cured ENR was carried out by first procuring ENR with 3‐aminopropyltriethoxysi‐
lane (APS) followed by hydrolysis and condensation. The ENR‐APS moisture‐cured vulcani‐
zate reported lower tensile strength than the sulphur‐cured vulcanizate but higher than the 
peroxide‐cured vulcanizate. Partial strain‐induced crystallization was demonstrated by mois‐
ture‐cured vulcanizate [79]. The moisture‐cured ENR‐APS reaction is shown in Figure 9 [79].

The precured ENR‐APS was also reported to be suitable in preparing sol‐gel silica‐reinforced 
ENR vulcanizate via in situ sol‐gel process using tetraethyl orthosilicate (TEOS) as the silica 
precursor [79, 81]. The in situ sol‐gel process to produce sol‐gel silica‐filled ENR‐APS vulcani‐
zate is visualized in Figure 10 [81].

Tensile properties of sol‐gel silica‐filled ENR‐APS network and silica‐filled ENR‐sulphur 
are shown in Figure 11 [81]. It is obvious that both the sol‐gel silica‐filled ENR‐APS net‐
work is stiffer and stronger as compared to the ENR‐sulphur system. By assuming that both 
particle size and dispersion of silica are not the dominant factors, sol‐gel silica is a better 
reinforcing agent [81].

3.4. Epoxidized liquid natural rubber

Epoxidized liquid natural rubber (ELNR) can be produced by the degradation of ENR. This 
low‐molecular‐weight ENR can be produced via mechanical breakdown with two roll mill, 
photo‐oxidation with UV radiation, or chemical degradation [82–87].

Figure 6. Epoxidation of NR with peracid [66].

Figure 7. In situ epoxidation of NR [66].
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Figure 9. Reaction in obtaining ENR‐APS moisture‐cure vulcanizate [79].

Figure 8. Proposed crosslinking reaction of ENR with p‐phenylenediamine catalysed with bisphenol A [77, 78].
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A study by Rooshenass et al. [87] observed the degradation of ENR 25 using UV radiation 
and chemical degradation initiated by potassium peroxodisulphate occurred predominately 
at the carbon‐carbon double bonds. Degradation via mechanical breakdown occurred due to 
chain scission of the saturated carbon‐carbon bonds. The photo‐oxidation resulted in more 
carbonyl and hydroxyl groups on the backbone of the ELNR and fewer double bonds com‐
pared with mechanical breakdown and chemical degradation.

Phinyocheep et al. [83] obtained ELNR by reacting ENR in emulsion state using periodic 
acid. Derouet et al. [82] prepared ELNR by epoxidized LNR where LNR was obtained in the 
presence of phenyl hydrazine and oxygen and followed by epoxidation via performic acid 
formed in situ. Apart from the applications mentioned earlier, ELNR is also used as polymeric 
herbicide [84], compatibilizer in polystyrene/natural rubber blend [86], glass coating [88] and 
toughening agent [89–91].

Figure 10. Sol‐gel process of ENR‐APS network with TEOS to produce silica‐filled ENR‐APS vulcanizate [81].
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ELNR can undergo further reaction to yield hydroxylated LNR (LNR‐OH) or hydroxyl‐ter‐
minated ELNR (ELNR‐OH). LNR‐OH was obtained when ELNR produced via Na2WO4/
CH3COOH/H2O2 catalytic system in toluene underwent higher reaction time, reaction tempera‐
ture and higher amount of catalyst [86]. Figure 12 shows the schematic diagram on the reaction of 
ELNR to LNR‐OH. The LNR‐OH is used as compatibilizer in polystyrene/natural rubber blend.

ELNR‐OH was prepared from oxidative degradation of ELNR with cobalt (II) acetylacetonate 
in toluene, and the molecular weight depends on the reaction time and cobalt amount [85]. 
The lowest Mn, approximately 34,000 Da, was reported at 20‐h reaction time when the cobalt 
amount was fixed at 1 wt%. Increasing the cobalt amount leads to greater reduction in Mn 
where the Mn reported was approximately 20,000 Da at 5‐h reaction time and 3 wt% of cobalt. 
The ELNR‐OH produced was used as binder for solid rocket propellant.

Figure 11. Tensile properties of ENR‐APS network and ENR‐sulphur network filled with different amounts of silica [81].

Figure 12. Schematic diagram representing reaction of ELNR to LNR‐OH [86].
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4. Modification by grafting

4.1. Maleated NR

Maleated NR can be prepared via NR solid phase by adding maleic anhydride using kneader, 
two roll mill or internal mixer [92–94]. Maleated NR can also be prepared in toluene solution 
[95]. NR was first masticated to reduce the NR molecular weight prior to dissolving in toluene 
(100 g NR in 1000 cm3 toluene). Then, maleic anhydride and benzoyl peroxide were added. The 
degree of conversion is in between 95 and 97% at 1–10 phr maleic anhydride at 80°C for 2 h 
and benzoyl peroxide at 3.0 phr. The degree of grafting is reported to be same as the degree of 
conversion as homopolymerization does not exist.

The proposed mechanism of preparing maleated NR initiated with benzoyl peroxide is shown 
in Figure 13 [96]. Maleated NR can used as compatibilizer in polyamide/NR blends [92, 93] 
and maleated NR/cassava starch blends [94].

4.2. Methyl methacrylate‐grafted NR

Methyl methacrylate (MMA) and styrene are the two monomers which are most suitable for 
grafting with NR [13, 97]. Vinyl monomer‐grafted NR can be carried out in solid phase, solution 

Figure 13. Proposed mechanism of benzoyl peroxide‐initiated‐maleated NR [96].
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phase and emulsion phase. Emulsion phase graft copolymerization is preferable due to eco‐
nomical reason, and it is also more practical than the other phases. The radical‐initiated grafting 
of vinyl monomers onto NR is shown in Figure 14 [3].

MMA‐grafted NR (MMA‐NR) is available commercially under the trade name of Heveaplus MG 
30 and Heveaplus MG 49 with 30 and 49% of MMA concentration, respectively.  Heveaplus  MG 
has the degree of grafting ranging in 60–80%. Heveaplus MG is harder, stiffer, and has higher 
abrasion resistance and electrical resistance as compared to the unmodified NR. Heveaplus MG 
is used as an impact modifier as well as a reinforcing agent. The solution or emulsion form of 
Heveaplus MG is used as an adhesive or a bonding agent between rubber and PVC, leather, 
textiles and metal [13, 98].

Several literatures have reported on the grafting of MMA onto NR using different initiator 
systems [99–111]. These studies show that at NR/MMA ratio (w/w), the range is between 
50/50 and 80/20 with grafting efficiency between 70 and 95% and degree of conversion of the 
monomer up to about 96% depending on the polymerization‐processing parameters.

A comparative study of in situ polymerization of MMA in HANR latex and DPNR latex 
observed that the latter is more stable and efficient in terms of grafting efficiency. It was 

Figure 14. Schematic diagram on grafting of NR with vinyl monomer via radical polymerization [3].
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hypothesized that both the radical initiator and MMA diffused better and faster into the rub‐
ber particles in using DPNR latex [26]. Further investigation was carried out by Jessy and 
Hashim [112] on in situ polymerization of MMA in DPNR latex via seeded emulsion polym‐
erization. The rubber:water ratio and initiator:monomer ratio were fixed at 0.2109 and 0.05, 
respectively, with monomer:rubber of 5:95 weight ratio with the reaction temperature of 65°C 
and the stirring speed of 340 rpm. The grafted DPNR, that is, MNR, had degree of conversion 
and degree of grafting of 99 and 96%, respectively.

MNR can be used as an impact modifier for poly(methyl methacrylate) (PMMA) [113]. In this 
study, MNRs (at 2.5, 5.0, 7.5 and 10.0% by weight) were blended with PMMA and compared 
with PMMA/poly(butyl acrylate) (PMMA/PBA):80/20 blend. The performance of PMMA/
PBA:80/20 blend was investigated by Neliappan et al. [114]. Figure 15 summarizes the frac‐
ture toughness, KIC of PMMA, PMMA/MNR blend [113] and PMMA/PBA blend [114]. It is 
obvious that the presence of both MNR and PBA results in higher KIC. The energy required 
to fracture the glassy and rubber phases is due to either chain stretching or chain scission or 
chain pull‐out or any of these combinations [115]. It is obvious that that presence of either 
MNR or PBA results in higher KIC indicating that higher energy is required to fracture both 
glassy and rubber phases. It is worth noting that with only 10 wt% of MNR content, the KIC is 
comparable with PMMA toughened with 20 wt% PBA.

4.3. Styrene‐grafted NR

Styrene‐grafted NR (SNR) has been reported by a comparative study on in situ polymeriza‐
tion of styrene in HANR latex and DPNR latex [23]. Table 3 shows the formulations, reaction 

Figure 15. Fracture toughness of virgin PMMA, PMMA/MNR blends and PMMA/PBA: 80/20 blend [113].
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conditions and the respective formulation of the study at 60°C for 10 h. Both the initiator, that 
is, ammonium peroxy disulphate concentration and TSC were fixed at 2.0% of styrene weight 
and 40%, respectively. The TSC is the total weight of both styrene and dry rubber.

From the results, it is obvious that the presence of protein/lipid layer in HANR latex rub‐
ber particles results in lower conversion. This is because of poorer diffusion of monomer 
and initiator into the rubber particles. Non‐rubber substances such as protein and lipid 
were found to inhibit free radical polymerization [116]. Consistently, the degree of grafting 
(via sol‐gel method) in DPNR is higher than in HANR as shown by Formulations 4 and 2, 
respectively.

SNR has a potential application as an impact modifier for PS [117]. As impact modifier for PS, 
5–20 wt% of SNR results in 141–1050% increment in impact strength in relation to the pure 
PS. The presence of 15 wt% of SNR in PS was reported to give a 25% higher impact strength 
compared to a commercial high‐impact polystyrene (HIPS).

SNR can also be used as compatibilizer in polypropylene/natural rubber (PP/NR) blends 
and PP/PS blend [118–120] as well as a modifier in PP‐based binary blend [121]. As a high‐
molecular‐weight compatibilizer in PP/NR blend, 10 wt% of SNR was reported to increase 

HANR latex DPNR latex

Formulation 1 2 3 4 5 6

HANR latex 
(g)

100.0 100.0 100.0 – – –

DPNR latex 
(g)

– – – 100.0 100.0 100.0

Styrene (g) 20.0 20.0 20.0 19.7 19.7 19.7

Initiator (g) 0.40 0.40 0.40 0.39 0.39 0.39

Surfactant (g) 0.00 0.24 0.36 0.00 0.23 0.35

Water (g) 80.0 80.0 80.0 77.0 77.0 77.0

Styrene:rubber 
ratio

25:75 25:75 25:75 25:75 25:75 25:75

Surfactant 
concentration 
(g/water)

0.0 2.0 3.0 0.0 2.0 3.0

Degree of 
conversion (%)

* 66.7 65.8 97.1 89.8 86.7

Degree of 
grafting (%)

– 24.4 – 79.1 – –

*Sample coagulated after 2.5 h.

Table 3. Formulations, reaction conditions and the degree of conversion of polymerization of styrene in HANR latex 
and DPNR latex [23].
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the tensile strength and Young’s modulus by 28 and 24%, respectively. Some improvement 
in elongation at break and flexural properties was also observed.

The effectiveness of SNR as compatibilizer, in comparison with commercial compatibilizers, 
in PP/PS blend is summarized in Table 4. It is obvious that SNR is a better choice compared 
to the others [120].

To highlight the effect of SNR as a high‐molecular‐weight modifier, PP/SNR 70/30 blend and 
PP/NR 70/30 blend were investigated where both blends were dynamically vulcanized [121]. 
The PP/SNR blend was observed to be stiffer and stronger with higher tensile strength, higher 
modulus and higher impact strength but with comparable elongation at break as shown in 
Table 5 [121]. The tensile properties of the PP/SNR blend are better than those of polyolefin/
NR blends [121]. Compared to Santoprene®, a commercial product, the properties are with 
the range although the modulus is significantly higher indicating a stiffer material.

Compatibilizers Tensile strength (MPa) Elongation at break (%) Impact strength (kJ/m2)

0 wt% 7.5 wt% 0 wt% 7.5 wt% 0 wt% 7.5 wt%

SNR 20.3 21.9 7.9 177.5 198.4 437

aSEBS 16.0 7.88 304

bSurlyn 20.3 4.24 240

cEVA 13.17 4.95 250

d4 ssa,ssh 17.61 3.06 198

aSEBS: styrene‐ethylene‐butylene‐styrene block copolymer.
bSurlyn: ionomer from ethylene acid copolymers.
cEVA: ethylene‐vinyl acetate copolymer.
d4 ssa,ssh: 4‐Styrenesulfonic acid sodium salt hydrate.

Table 4. Mechanical properties of PP/PS blends using various compatibilizers [120].

Properties PP/SNR: 70/30 blend PP/NR: 70/30 blend *Polyolefin/NR blend **Santoprene®

Tensile strength 
(MPa)

25.3 21.7 6–20 4.4–27.6

Elongation at 
break  (%)

341.9 362.4 200 330–600

Modulus at 100% 
elongation (MPa)

17.0 12.7 – 2.1–10

Impact strength 
(J/ m2)

150.3 140.8 – –

*[122].
**[123].

Table 5. Some properties of PP/SNR: 70/30 blend, PP/NR: 70/30 blend, polyolefin/NR blends and Santoprene® [121–123].
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4.4. Styrene/methyl methacrylate‐grafted NR

Grafting of two monomers could also be carried out in DPNR latex. It should be noted that, 
from chemical structure point of view, both HANR and DPNR are still NR, except that the 
latter contains much less protein content and the rubber particles are stabilized by adding 
surfactant as mentioned earlier. Styrene/methyl methacrylate‐grafted NR (SMNR) can be 
prepared using DPNR latex via seeded emulsion polymerization using ammonium per‐
oxydisulphate (N2H8O8S2) as an initiator resulting in 97.4% degree of conversion [124]. The 
styrene:MMA:rubber ratio studied was 10:10:80 by weight. The amount of styrene in SMNR 
was reported to be higher due to higher styrene reactivity [124]. Man et al. [125] later varied 
the concentration of both styrene and MMA concentration between 10 and 30 wt% fixing the 
styrene:MMA ratio at 1:1 by weight. It was observed that the highest degree of grafting is at 20 
wt% total monomer concentration as shown in Figure 16. At 10 wt% total monomer concen‐
tration, no grafting was observed indicating that only copolymerization took place. At 20 wt% 
total monomer concentration, the degree of grafting observed was at approximately 50%. At 
30 wt% total monomer concentration, the degree of grafting reduced to 30% due to copoly‐
merization between the two monomers is more pronounced. This was evidenced from the 
1H NMR results where similar styrene and MMA content was detected in the grafted rubber.

Based on the thermogravimetric analysis (TGA), the decomposition temperature of SMANR 
at different monomer concentrations was consistently higher than the DPNR. Both the SMNR 
gum and N330‐filled SMNR vulcanizates are stiffer and less elastic compared to the DPNR 
gum and filled vulcanizates, respectively [125].

5. Conclusions

Compared to NR, NR derivatives exhibit different physical, mechanical and chemical prop‐
erties; for example, the oxirane groups in ENR enable novel crosslinking system such as 

Figure 16. Degree of grafting of SMNR at different total monomer concentration where the styrene‐MMA ratio is fixed 
at 1:1 [125].
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ENR‐APS‐crosslinking system. The in situ sol‐gel silica‐filled ENR‐APS network system was 
reported to have better reinforcing efficiency giving higher mechanical properties. The degree 
of grafting of vinyl monomers onto NR backbones, carried out via emulsion polymerization 
in DPNR latex, was found to be more efficient than in HANR latex; the degree of grafting for 
styrene‐grafted NR, when carried out in DPNR latex, was observed to be four times higher 
than in HANR latex. The vinyl monomer‐grafted DPNR such as SNR was found to be stiffer 
and stronger and can used as impact modifier for PS and as compatibilizer for PP/PS and PP/
NR blends.
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Abstract

Silicone rubber (SR) is a common soft tissue filler material used in plastic surgery. 
However, it suffers from poor biocompatibility. Previous studies have found that the 
ion implantation technology can be used to improve the biocompatibility of metal mate-
rials. However, it is not clear whether it can improve the biocompatibility of polymer 
materials. In this study, carbon ion SR was prepared by carbon ion implantation. After 
that, the characteristics of ion implanted SR were investigated. Then, Escherichia coli 
was utilized to test the antibacterial ability of the carbon ion implanted SR. Besides, the 
dermal fibroblasts were used to evaluate the cytocompatibility. From the results, carbon 
ion implantation had no significant effect on the hardness, tensile strength and elonga-
tion at break of SR. At the same time, there was no significant change in the surface mor-
phology of SR. But the results show that the surface nano-morphology, surface element 
composition, hydrophobic and ζ potential of the surface of SR changed significantly. 
The changes further mediated the lower adhesion of bacteria and enhanced biocompat-
ibility. In conclusion, the carbon ion implantation technology can improve the surface 
properties of silicone rubber, and further improve its biocompatibility.

Keywords: silicone rubber, ion implantation, polymer, surface modification, 
biocompatibility
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1. Introduction

In the clinical application of plastic surgery, silicone rubber (SR) due to its good physical 
and chemical stability, physical inertia, easy processing, and corrosion resistance is still the 
most commonly used clinical soft tissue filling material [1–4]. However, a strong hydropho-
bic SR surface, leading to its poor biocompatibility, the fibrous connective tissue, forms a 
capsule around the material [5]. The capsule thickening and contraction over time easily lead 
to deformation and displacement of implant materials. Besides, certain materials made from 
silicone rubber, such as catheters, are widely used in medicine but have several limitations, 
for example, bacteria can readily colonize the surfaces of silicone rubber, facilitating infection 
and even causing patient death in certain cases [6–9]. It is of significance to carry out suitable 
surface modification to enhance its biocompatibility and further to improve the clinical effect 
of soft tissue filling [10].

At present, the surface modification of silicone rubber can be treated by plasma treatment, 
grafting copolymerization, and biomimetic coating, but there are some defects, such as the 
steps were cumbersome and substrate temperature and the conditions are not easy to control 
[11–18]. In this study, the technology of ion implantation which is mainly used in metal and 
semiconductor materials is introduced into the surface modification of silicone rubber mate-
rial. This technology has its unique advantages. The substrate temperature can be controlled, 
and there are a variety of ion sources that can be chosen and a micrographic structure that also 
can be formed on the surface of the material. At the same time, the ion implantation does not 
affect the bulk properties of material [19–21].

In this study, graphite was used as carbon source, and carbon ion was used to treat the surface 
of silicone rubber. Then, scanning electron microscope (SEM), Fourier transformation infra-
red spectroscopy (FTIR), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 
atomic force microscopy (AFM), water contact angle (WCA), ζ potential, Shore hardness A, 
elongation at break, and breaking strength were conducted to investigate the characteristics 
of modified silicone rubber. After that, E. coli was utilized to test the antibacterial ability of the 
carbon ion-implanted silicone rubber. Then, the dermal fibroblasts were used to evaluate the 
cytocompatibility through CCK-8, immunofluorescence, and WB. Furthermore, evaluation of 
tissue compatibility was carried out by the hematoxylin and eosin staining, Masson’s staining, 
and immunohistochemistry test after the sample was subcutaneously implanted to SD rats for 
7, 30, 90, and 180 days. The long-term goal of this study is to gain a better biomaterial for use 
by plastic surgeons or other clinical applications.

2. Materials and methods

2.1. Sample preparation

SR sheets with dimensions of 100 × 100 × 1 mm were prepared from a two-component sili-
cone system. Both component A and component B were clinical-quality liquids provided 
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by Chenguang Research Institute of Chemical Industry, China. Three doses of carbon ions 
were implanted using the ion implanter, respectively. The doses are 1 × 1015 ions/cm2. After 
that, SR and C-SR sheets were manufactured into disc-like samples with a diameter of 
6 mm using a hole puncher and into square samples with dimensions of 10 × 10 × 1 mm. 
The disc-like samples were used in in vitro antibacterial adhesion tests, and the square 
samples were used for in vivo tissue compatibility and in vitro cytocompatibility evalu-
ation. All samples were sterilized with 75% alcohol overnight. In all experiments, SR is 
served as the control.

2.2. Characterization of carbon ion-implanted silicone rubber

2.2.1. Scanning electron microscopy

Clean the sample with ethanol, then place it in a 37° incubator, and let it dry. After that, 
put the sample into the vacuum pump and gold plating on the surface under the negative 
pressure state. After cooling, the surface morphology was observed by scanning electron 
microscope.

2.2.2. Fourier transformation infrared

Put clean and dry samples in Fourier transformation infrared spectrometer, and then set the 
wave number to 4 cm−1; scan range is 400–4000cm−1. The surface composition of the samples 
was measured.

2.2.3. X-ray photoelectron spectrometer

The samples were cleaned and put in the X-ray photoelectron spectrometer. The Al Kα as radi-
ation source, press to collect photoelectron emission from the samples and the photoelectron 
spectrum. Then, the content of chemical elements on the surface of the material was analyzed.

2.2.4. X-ray diffraction

The materials to be tested were cleaned by ethanol and then put into the X-ray diffraction 
spectrometer and analysis crystal structure of the carbon ion-implanted silicone rubber.

2.2.5. Atomic force microscope

The sample are cleaned by ethanol before being scanned by the Environment-Controlled 
Scanning Probe Microscope (Nanonavi E-Sweep, NSK Ltd., Tokyo, Japan), and each sample 
was imaged with 5 × 5 μm scanned area. The surfaces were analyzed by measuring the aver-
age surface roughness (Ra) of five randomly chosen images per sample from selected areas 
of 1 × 1 μm under atomic force microscope (AFM) analysis software (NanoNavi II, SII Nano 
Technology Inc., Tokyo, Japan). Ra is defined as the average absolute deviation of the rough-
ness irregularities from the mean line over one sampling length and gives a good general 
description of height variations. Three replicas were used.
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2.2.6. Water contact angle

The contact angle of the prepared samples was measured by DSA100 contact angle mea-
suring instrument; the selected liquid is distilled water. When measuring the contact angle 
of the sample, six different parts of the sample were selected and measured at least three 
times.

2.2.7. ζ Potential

After the samples are cleaned by ethanol, the surface zeta potentials of materials were mea-
sured with a Zeta Potential Analyzer (DelsaNano C, Beckman Coulter, Germany). The mea-
surements were carried out in 1 mmol NaCl electrolyte solution and with standard particles 
for flat surface cell (Otsuka Electronics Co., Ltd., Japan). Each sample chooses five points, and 
each point is tested 20 times.

2.2.8. Shore hardness

The samples were washed with absolute ethanol and then measured by an A type of the Shore 
hardness tester; each sample was tested five times, and the average value was obtained.

2.2.9. Tear strength and elongation at break

After the samples are cleaned by ethanol, an electronic universal testing machine was used 
to gain parameters of the tear strength and elongation at break. Each sample was tested five 
times, and the average value was obtained.

2.3. Evaluation of antibacterial properties

2.3.1. Bacterial culture preparation

Gram-negative E. coli (ATCC 25922) was employed to bacterial experiments. The strains were 
streaked on blood agar plates from frozen stocks and grown for 24 h at 37°C in ambient air. 
The agar plates were then kept at 4°C until further use. For each experiment, one colony from 
an agar plate was inoculated into 10 ml of tryptone soy broth (TSB) and incubated for 24 h. 
The bacterial suspension was then added to 0.9% sterile sodium chloride to a final concentra-
tion of 1.5 × 106 colony-forming units per ml (CFU/ml), after which a McFarland standard was 
prepared (in practical terms, OD600 nm = 0.132). The samples were placed on 96-well culture 
plates and separately incubated in 200 μl of the bacterial suspension at 37°C for 1 or 24 h. 
After that, the plate colony counting, fluorescence staining, and scanning electron microscopy 
(SEM) observations were conducted.

2.3.2. Plate colony counting

After the sample incubation in bacterial culture for 1 and 24 h, the bacteria on each sample 
were gently rinsed with phosphate-buffered saline (PBS), respectively, and ultrasonically 
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detached in 1 ml of PBS solution. The bacteria in the PBS were re-cultivated on agar plates for 
colony counting. The antibacterial rates were determined based on the following relationship: 
antibacterial rate (%) = (CFU of control−CFU of experimental groups)/CFU of control × 100%. 
This assay was performed in triplicate.

2.3.3. Fluorescence staining

After incubation for 1 and 24 h, the various samples were gently rinsed with PBS before 
staining the bacteria on the samples. The staining was performed by applying LIVE/DEAD® 
BacLight™ Bacterial Viability Kit (L7029, Molecular Probes®, OR, USA) for 15 min in dark-
ness and was examined by laser scanning confocal microscopy (LEICA TCS SP5, Germany). 
The areas of green and red color in the pictures were then analyzed by using Image-Pro Plus 
version 6.0 (Media Cybernetics, Inc., USA) and then calculating the proportion of red color-
ation based on the following relationship: red proportion (%) = red area/(green area + red 
area) × 100%.

2.3.4. Scanning electron microscopy (SEM) observation

After bacterial incubation for 1 and 24 h, the samples were rinsed with PBS to remove free 
bacterial cells and then fixed in 2.5% glutaraldehyde for 3 h at room temperature. The samples 
were then progressively dehydrated in a series of ethanol solutions (15, 30, 50, 70, 80, 90, 95, 
and 100%) for 15 min each. After that, the specimens underwent critical-point drying and 
coating with a thin conductive layer of Au. Finally, the morphology and adhesion of the bac-
teria on the various samples were determined by SEM (VEGA 2 SEM, TESCAN Inc., Brno, 
Czech Republic).

2.4. In vitro cytocompatibility evaluation

2.4.1. Cell culture

The use of primary dermal fibroblasts derived from discarded human neonatal circumcision 
specimens and the institutional ethical committee of the Third Military Medical University, 
People’s Republic of China, approved this study. Cells were routinely cultured in Dulbecco’s 
Modified Eagle’s Medium (DMEM, Gibco) supplemented with 10% FBS and incubated at 
37°C in a humidified atmosphere supplied with 5% CO2. Trypsin-EDTA (Gibco) was used 
to detach cells. The loading concentration of cells for all experiments was 5 × 104 cells/ml. 
Incubation conditions remained unchanged.

2.4.2. CCK-8

To study cell proliferation, primary dermal fibroblasts were seeded on the samples and cul-
tured in DMEM supplemented with 10% FBS at 37°C in a humidified 5% CO2 atmosphere. 
Primary dermal fibroblast viability was quantified by cell counting kit (CCK)-8 assay after 24 h 
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of incubation. The CCK-8 solution and the medium were mixed at a volume ratio of 1:10. A total 
of 1 ml of mixed solution was added into each well after removing the medium and reincubated 
for further 2 h. The optical density (OD) was measured at the wavelength of 450 nm by using 
microplate reader.

2.4.3. Immunocytochemical staining

Immunocytochemical staining was performed as described previously. Primary dermal fibro-
blasts were cultured on different samples for 24 h and then rinsed with PBS and fixed with 4% 
paraformaldehyde. Cells were incubated with 1% Triton X-100 for 20 min and blocked for 20 
min with PBS containing 5% fetal calf serum and 0.1% bovine serum albumin (BSA; Sigma-
Aldrich, St. Louis, MO, USA). Afterward, slides were incubated for 60 min with the Actin 
Tracker Green antibody (1:100; Beyotime Biotechnology, Shanghai, China). Finally, coun-
terstaining of nuclei was performed with 4′, 6-diamidino-2-phenylindole (DAPI) (Biotium, 
Hayward, CA, USA) staining. Then, the cells were observed and photographed with a laser 
confocal scanning microscope (Leica TCS SP5, Germany).

2.4.4. Western blotting

The primary dermal fibroblasts were seeded on the samples for 24 h. Next, the cells were 
washed with ice-cold phosphate-buffered saline (PBS) and lysed with RIPA lysis buffer and 
protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN, USA). The lysates were soni-
cated for 4 s and were separated by centrifugation at 4°C and 14,000g for 2 min. Protein con-
centration was determined by a BCA protein assay kit. Aliquots of 40 μg of proteins from each 
treatment were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, 
UK). After blocking with 10% instant nonfat dry milk for 2 h, the membranes were incubated 
with primary antibody (dissolved in phosphate-buffered saline Tween 20) overnight at 4°C 
followed by incubation with secondary antibody for 1 h at room temperature. The immuno-
signal was detected with the enhanced chemiluminescence detection system (Amersham 
Biosciences, Piscataway, MD, USA). The detail of primary antibody used in this study was 
listed in Table 1. As a loading control, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was probed and visualized.

Antibody name Catalogue no. Isotype Dilution rate Molecular weight 
(kDa)

Manufacturer

FAK 12636-1-AP R 1:500 110 Proteintech

Vinculin sc-7649 G 1:200 117 Santa

Talin 14168-1-AP R 1:500 230 Proteintech

Zyxin 60254-1-Ig M 1:500 78 Proteintech

Paxillin 10029-1-Ig R 1:1000 68 Proteintech

GAPDH MAB374 M 1:300 36 Millipore

Table 1. The detail of primary antibody used in this study.
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2.5. In vivo tissue compatibility evaluation

2.5.1. Animals and surgery

This research was performed in accordance with the Guide for the Care and Use of Laboratory 
Animals published by the US National Institutes of Health (Washington, DC; National 
Academies Press, 2011), and all of the animal protocols were approved by the Institutional 
Animal Care and Use Committee of the Third Military Medical University, China. A total 
of 16 female Sprague-Dawley rats (weighing 160–200 g) were used (2 groups of 8 animals 
each), and all rats were housed under a 12-h light/dark cycle with free access to water 
and food. Prior to surgery, all of the rats were anesthetized with 3% pentobarbital sodium 
(1 ml/1000 g). The skin was swabbed with iodine, and four parallel incisions (10 mm) 
were performed. The material samples were implanted subcutaneously along the back 
region. The implants and their surrounding tissue were retrieved from each group by 
wide excision at 7, 30, 90, and 180 days after implantation and were then fixed in 4% para-
formaldehyde solution. After that, HE and Masson’s staining and immunohistochemistry 
were conducted.

2.5.2. HE and Masson’s staining

The fixed tissues were sectioned (6 μm thick) and stained using a HE Staining Kit (C0105, 
Beyotime Inc., Shanghai, China). The thickness of the fibrotic capsule around each implant 
was determined at five equidistant points for statistical accuracy. Collagen deposition in the 
tissue around the implants was studied by Masson’s trichrome staining, which was performed 
using a staining kit (MST-8003, Maixin Biological Technology Co., Ltd., Fujian, China). All 
procedures were performed based on the manufacturer’s instructions.

2.5.3. Immunohistochemistry

Immunohistochemistry was performed on 4% paraformaldehyde-fixed cryostat sections of 
frozen tissue specimens. Endogenous peroxidase and nonspecific antibody binding were 
blocked with 3% H2O2 and 100% methanol, with a ratio of 1:5 and a blocking time of 30 min. 
Next, 0.02 M PBS was used for antigen retrieval while heating in a water bath, followed by 
treatment with 5% blocking reagent at 37°C for 30 min. The slides were then incubated at 
4°C for 12 h with a primary antibody against CD68, CD4, TNF-α, α-SMA, or elastin (1:25) 
(Boster Biological Engineering Co., Ltd., Hubei, China). After washing in PBS, a secondary 
antibody was applied for 30 min. Visualization was achieved by adding 3, 3′-diaminobenzi-
dine chromogen.

2.6. Statistics

All data are expressed as the mean ± standard deviation (SD); statistics were analyzed using 
SPSS statistical software. One-way ANOVA combined with multiple comparisons performed 
along with Tukey’s multiple comparison tests was utilized to determine the level of signifi-
cance. In all of the statistical evaluations, P < 0.05 was considered significant.
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3. Results

3.1. Ion implantation changes the surface roughness and zeta potential of SR

After ion implantation, SEM, AFM, FTIR, XPS, XRD, water contact angle measure instrument, 
zeta potential detection instrument, Shore A durometer, and an electronic universal testing 
machine were used to investigate the change in properties of carbon ion silicone rubber.

The SEM results failed to find any significant differences between virgin SR and three C-SRs 
(Figure 1), indicating that carbon ion implantation did not change the macroscale surface of SR.

At the same time, there are no any significant differences, or the difference was very small on the 
results of FTIR (Figure 2), XRD (Figure 3), Shore hardness (Figure 4A), tear strength (Figure 4B), 

Figure 1. Representative scanning electron microscopic images of virgin silicone rubber and carbon ion-implanted 
silicone rubber.

Figure 2. The Fourier transformation infrared spectroscopy results of virgin silicone rubber and carbon ion-implanted 
silicone rubber.
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and elongation at break (Figure 4C). The FTIR showed that there has been no new peak, noting 
that there has been no functional group produced. The Shore hardness, tear strength, and elon-
gation at break showed that the ion implantation cannot change the bulk properties.

From the results of water contact angle, we found that carbon ion implantation significantly 
decreased the water contact angle of SR (Figure 5).

Figure 3. The XRD results of virgin silicone rubber and carbon ion-implanted silicone rubber.

Figure 4. The mechanical properties of virgin silicone rubber and carbon ion-implanted silicone rubber. (A) Shore 
hardness. (B) Tear strength. (C) Elongation at break.

Figure 5. Water contact angle of virgin silicone rubber and carbon ion-implanted silicone rubber. (*P < 0.05 compared 
with silicone rubber).
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Besides, the XPS results showed that carbon ion implantation significantly changed the sur-
face silicone oxygen rate and chemical element distribution of SR (Figure 6) (Table 2); note 
that with the ion implantation, the carbon content in the material increased, while the Si con-
tent decreased, suggesting that implanted carbon atom may replace the Si of virgin SR, inter-
rupting the original Si-O assemble, so the surface-free energy increases, thereby theoretically 
decreasing material’s water contact angle. Furthermore, AFM images revealed that the sur-
faces of C-SRs were composed of larger irregular peaks and deeper valleys, while virgin SR 
exhibited a relatively smooth and more homogeneous surface (Figure 7A). The surface rough-
ness of the CSR, which underwent carbon ion implantation, was the highest (Figure 7B).

In addition, all samples exhibited negative zeta potentials and reflect that the surfaces of all 
samples were negatively charged. The absolute value of the zeta potential increased with the 
ion dose (Figure 8). Considering the influence of surface roughness on contact angle, we pro-
pose that ion implantation can change the surface roughness of the material and increase the 
surface potential of the material.

3.2. Ion implantation inhibits bacterial adhesion on SR

Preventing bacterial adhesion and biofilm formation by improving the surface antibacterial 
adhesion property of the silicone rubber is critical for eliminating various types of infections. 
After ion implantation, we use Gram-negative E. coli (American Type Culture Collection 
25922) to evaluate the ability to resist bacteria adhesion. From the result, after 1 h of incuba-
tion, the rate of E. coli adherence on the carbon ion silicone rubber increased to approximately 
11% (Figure 9) (P < 0.05). After 24 h of incubation, the rates of bacterial adherence were slightly 
lower, but did not significantly decrease compared with that after 1 h of incubation (P > 0.05).

Figure 6. XPS results of virgin silicone rubber and carbon ion-implanted silicone rubber.

Group Si 2p C 1s O 1s

SR 28.82 47.57 23.65

C-SR 18.94 58.40 22.67

Table 2. Chemical composition (in at.%) from the XPS analysis.
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Figure 7. AFM results of virgin silicone rubber and carbon ion-implanted silicone rubber. (A) Representative atomic 
force microscope images. (B) Surface roughness. (**P < 0.01 compared with silicone rubber).

Figure 8. Zeta potential of virgin silicone rubber and carbon ion-implanted silicone rubber. (**P < 0.01 compared with 
silicone rubber).
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The ability of carbon ion silicone rubber to prevent viable bacteria colonization was also verified 
by fluorescence staining. The results showed that the amount of bacterial adhesion to the surface 
of carbon ion silicone rubber was reduced compared with the virgin silicone rubber (Figure 10).

Figure 9. The antiadhesion rates (percentage) of virgin silicone rubber and carbon ion-implanted silicone rubber. After 
all samples were cultured in bacterial suspension for 1 and 24 h, bacteria on the surface of all samples were recultured 
on the plate, and bacterial colonies were subsequently counted. According to the number of colonies, the antiadhesion 
rates (percentage) for E. coli were counted. The data are presented as the mean ± SD (n = 3); *P < 0.05 compared with 
silicone rubber.

Figure 10. Representative images of fluorescence staining observation of virgin silicone rubber and carbon ion-implanted 
silicone rubber. Representative images showing bacteria viability on SR and C-SR after 24 h of incubation, as indicated 
by staining with a LIVE/DEAD BacLight Bacterial Viability Kit (Thermo Fisher Scientific, Waltham, Mass.). The live 
bacteria appear green, whereas the dead bacteria are red (original magnification, ×200).
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Scanning electron microscopy was performed to examine the attached bacteria. The results 
showed that bacteria were observed on surfaces of all samples, but there were differences in 
quantity (Figure 11).

3.3. Ion implantation enhances the cell proliferation and adhesion on SR

Cell adhesion and proliferation were evaluated by the immunofluorescence, WB, and CCK-8 
experiments. After cell culture on samples for 24 h, the cell adhesion was reflected by the 
immunofluorescence and focal adhesion kinase (FAK), and adhesion-associated proteins vin-
culin, talin, zyxin, and paxillin were also detected by WB. As shown in Figure 12, primary 
dermal fibroblasts cultured on C-SRs have a higher adherence rate and higher cell areas.

Figure 11. Representative scanning electron microscopic images of the bacteria on SR and C-SR after incubation for 24 h.

Figure 12. Representative cytoskeleton images of the fibroblasts on SR and C-SR after incubation for 24 h.
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The WB results also showed that the primary dermal fibroblasts cultured on C-SR expressed higher 
levels of FAK and adhesion-associated proteins vinculin, talin, zyxin, and paxillin (Figure 13).

Besides, the cell proliferation was higher on C-SR (Figure 14). These results together indicate that 
carbon ion implantation could provide a better environment for cell adhesion and proliferation.

Figure 13. The WB results of FAK and adhesion-associated proteins vinculin, talin, zyxin, and paxillin.

Figure 14. Cell proliferation on SR and C-SR after incubation for 24 h.
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3.4. Ion implantation enhances the tissue compatibility of SR

After ion implantation, the host responses were evaluated by surveying inflammation and 
fibber capsule formation that developed after subcutaneous implantation in Sprague-Dawley 
rats for 7, 30, 90, and 180 days. The thickness values of tissue capsules around the implants 
were identified from hematoxylin and eosin-stained sections of the peri-implant soft tis-
sues and were analyzed as one of the physiologic responses to implantation. At 7 days after 
implantation, silicone rubber had the thinnest tissue capsules, and carbon ion silicone rubber 
had thicker (Figure 15) (P > 0.05) and weaker tissue capsules. Interestingly, the thickness 
decreased with longer implantation (Figure 15). At 180 days after implantation, silicone rub-
ber and C-SR had the thickest and the thinnest tissue capsules, respectively (Figure 15).

In addition, collagen deposition was revealed using Masson’s trichrome staining. Our results 
show that collagen gradually became sparser over time and with increasing carbon ion doses. 
Carbon ion silicone rubber had obviously lower collagen deposition than silicone rubber 
(Figure 16) (P < 0.05).

To gain insight into inflammatory foreign body responses and capsule contracture to the 
samples, the major biomarkers CD68, CD4, tumor necrosis factor-α, elastin, and α-smooth 
muscle actin were detected using immunohistochemistry. The results showed that all samples 
present lower expression of CD68, with no significant differences. The distribution of CD4 in 
the inflammatory infiltrate, which was induced by the samples, was investigated to further 
understand the local immunomodulation against these types of materials. The results show 
that there were many positive staining areas of CD4 in silicone rubber after 90 days, but posi-
tive staining in the carbon ion silicone rubber decreased with time. After 90 days, CD4 signifi-
cantly decreased compared with silicone rubber.

Figure 15. The capsule thicknesses around the implants.
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In addition, the expression results of pro-inflammatory cytokine tumor necrosis factor-α 
by macrophage cells show that silicone rubber had an obviously positive staining area 
(Table 3).

Furthermore, the positive staining areas of α-smooth muscle actin and elastin have no differ-
ence; the positive staining area of α-smooth muscle actin appeared predominantly in silicone 
rubber than in carbon ion silicone rubber (Table 4). Elastin was intensely expressed in silicone 
rubber, particularly after 30 days (Table 5).

Figure 16. The collagen density around the implants.

7 days 30 days 90 days 180 days

SR ++ ++ +++ +++

C1-SR ++ ++ + +

Table 3. Semiquantitative evaluation of TNF-α in peri-implant tissue.

7 days 30 days 90 days 180 days

SR + ++ ++ ++

C1-SR + + + +

Table 4. Semiquantitative evaluation of α-SMA in peri-implant tissue.
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4. Discussion

SR is the main method for the treatment of deformities and defects of body surface tissues 
and organs due to congenital or trauma. However, the SR material has poor cytocompatibil-
ity; cells are not easy to adhere to the surface of the material. It easy to form the fiber capsule 
on the surface, at the same time, deformation, displacement, and even cause skin infection 
and ulceration. By modifying the surface of SR and obtaining the modified SR material with 
good biocompatibility which it is expected to further improve the clinical therapeutic effect 
[22–25]. In this study, C ion implantation was used to modify SR. The surface properties of 
the materials were analyzed by a series of characterization techniques. The bacterial adher-
ence and cell compatibility of C-SR were also observed. At the same time, a preliminary 
study on the histocompatibility was also carried out.

After C ion implantation, the surface properties of the material changed. The surface proper-
ties of materials can affect the biocompatibility of materials. In the further study, we observed 
the biocompatibility of the modified materials. CCK-8 test showed that the proliferation of 
human dermal fibroblasts on C-SR surface was better than that of SR. The adhesion of cells 
on the surface of materials mainly depends on the formation of adhesion complex. In this 
study, we found that the adhesion complex on C-SR had higher expression. These results 
indicated that C-SR was more favorable for cell adhesion and growth than SR; C-SR has excel-
lent biocompatibility.

In this study, the surface properties and cell compatibility of modified C-SR were observed 
and analyzed. It was found that the surface properties of the modified materials changed 
somewhat compared with that of SR after carbon ion implantation. It is mainly because of 
the formation of new morphologies on the surface of SR after ion implantation; the change 
of surface properties may affect the hydrophobicity of material surface and improve the 
adsorption ability of the material to extracellular matrix proteins, so as to promote cell 
adhesion and proliferation on the surface of the material. Further studies also showed 
that C-SR was more favorable for cell adhesion and proliferation than SR. This suggests 
that if the modified material is implanted in the body, it will have a good affinity with 
the surrounding tissue, can reduce the degree of formation of the surrounding material, 
and can also reduce the deformation and displacement of the implant material and other 
complications. It can be concluded from the results that C ion implantation technology 
can improve the biocompatibility of polymer materials, and C-SR has great application 
prospect.

7 days 30 days 90 days 180 days

SR ++ +++ +++ ++

C1-SR + ++ ++ +

Table 5. Semiquantitative evaluation of elastin in peri-implant tissue.
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5. Conclusion

Our study evaluates the in vitro antibacterial properties and the in vivo host response to 
carbon ion-implanted silicone rubber. The results of our study indicate that the carbon ion 
silicone rubbers have good biocompatibility and lower bacterial adhesion and lower foreign 
body reaction with relatively thin fibrous capsules. All results show that ion implantation 
should be considered for further investigation and application, and carbon ion-implanted 
silicone rubber might be a better biomaterial for decreasing silicone rubber-initiated 
complications.

Acknowledgements

This work was funded by grants from the National Natural Science Foundation of China 
(81571918, 81401610) and a grant for Scientific Personnel Innovation from Chongqing 
(cstc2013kjrc-qnrc10003).

Author details

Xin Zhou, Yiming Zhang, Xiaohua Shi and Dongli Fan*

*Address all correspondence to: fdltmmu@sina.com

Department of Plastic and Cosmetic Surgery, Xinqiao Hospital, Third Military Medical 
University, Chongqing, China

References

[1] Liu P, Chen Q, Yuan B, Chen M, Wu S, Lin S, SHEN J. Facile surface modification of 
silicone rubber with zwitterionic polymers for improving blood compatibility. Materials 
Science & Engineering C-Materials for Biological Applications. 2013;33(7):3865-3874. 
DOI: 10.1016/j.msec.2013.05.025

[2] Lugowski SJ, Smith DC, Bonek H, Lugowski J, Peters W, Semple J. Analysis of silicon 
in human tissues with special reference to silicone breast implants. Journal of Trace 
Elements in Medicine and Biology. 2000;14(1):31-42. DOI: 10.1016/S0946-672X(00)80021-8

[3] Erlich MA, Parhiscar A. Nasal dorsal augmentation with silicone implants. Facial Plastic 
Surgery. 2003;19(4):325-330. DOI: 10.1055/s-2004-815652

[4] Cazacu M, Racles C, Vlad A, Antohe M, Forna N. Silicone-based composite for relining 
of removable dental prosthesis. Journal of Composite Materials. 2009;43(10):2045-2055. 
DOI: 10.1177/0021998309340447

Elastomers206



5. Conclusion

Our study evaluates the in vitro antibacterial properties and the in vivo host response to 
carbon ion-implanted silicone rubber. The results of our study indicate that the carbon ion 
silicone rubbers have good biocompatibility and lower bacterial adhesion and lower foreign 
body reaction with relatively thin fibrous capsules. All results show that ion implantation 
should be considered for further investigation and application, and carbon ion-implanted 
silicone rubber might be a better biomaterial for decreasing silicone rubber-initiated 
complications.

Acknowledgements

This work was funded by grants from the National Natural Science Foundation of China 
(81571918, 81401610) and a grant for Scientific Personnel Innovation from Chongqing 
(cstc2013kjrc-qnrc10003).

Author details

Xin Zhou, Yiming Zhang, Xiaohua Shi and Dongli Fan*

*Address all correspondence to: fdltmmu@sina.com

Department of Plastic and Cosmetic Surgery, Xinqiao Hospital, Third Military Medical 
University, Chongqing, China

References

[1] Liu P, Chen Q, Yuan B, Chen M, Wu S, Lin S, SHEN J. Facile surface modification of 
silicone rubber with zwitterionic polymers for improving blood compatibility. Materials 
Science & Engineering C-Materials for Biological Applications. 2013;33(7):3865-3874. 
DOI: 10.1016/j.msec.2013.05.025

[2] Lugowski SJ, Smith DC, Bonek H, Lugowski J, Peters W, Semple J. Analysis of silicon 
in human tissues with special reference to silicone breast implants. Journal of Trace 
Elements in Medicine and Biology. 2000;14(1):31-42. DOI: 10.1016/S0946-672X(00)80021-8

[3] Erlich MA, Parhiscar A. Nasal dorsal augmentation with silicone implants. Facial Plastic 
Surgery. 2003;19(4):325-330. DOI: 10.1055/s-2004-815652

[4] Cazacu M, Racles C, Vlad A, Antohe M, Forna N. Silicone-based composite for relining 
of removable dental prosthesis. Journal of Composite Materials. 2009;43(10):2045-2055. 
DOI: 10.1177/0021998309340447

Elastomers206

[5] Anderson JM, Rodriguez A, Chang DT. Foreign body reaction to biomaterials. Seminars 
in Immunology. 2008;20(2):86-100. DOI: 10.1016/j.smim.2007.11.004

[6] Vasilev K, Cook J, Griesser HJ. Antibacterial surfaces for biomedical devices. Expert 
Review of Medical Devices. 2009;6(5):553-567. DOI: 10.1586/erd.09.36

[7] Bazaka K, Jacob MV, Crawford RJ, Ivanova EP. Plasma-assisted surface modification of 
organic biopolymers to prevent bacterial attachment. Acta Biomaterialia. 2011;7(5):2015-
2028. DOI: 10.1016/j.actbio.2010.12.024

[8] Bergmann PA, Tamouridis G, Lohmeyer JA, Mauss KL, Becker B, Knobloch J, Mail 
Nder P, Siemers F. The effect of a bacterial contamination on the formation of capsu-
lar contracture with polyurethane breast implants in comparison with textured silicone 
implants: An animal study. Journal of Plastic Reconstructive and Aesthetic Surgery. 
2014;67(10):1364-1370. DOI: 10.1016/j.bjps.2014.05.040

[9] Tang CY, Chen D-z, Chan KYY, Chu KM, Ng PC, Yue TM. Fabrication of antibacterial 
silicone composite by an antibacterial agent deposition, solution casting and crosslink-
ing technique. Polymer International. 2011;60(10):1461-1466. DOI: 10.1002/pi.3102

[10] Rohrich RJ. Advances in breast augmentation. Plastic and Reconstructive Surgery. 
2006;118(7):1S-2S. DOI: 10.1097/01.prs.0000247292.96867.06

[11] Xue L, Zhang Y, Zuo Y, Diao S, Zhang J, Feng S. Preparation and characterization of novel 
UV-curing silicone rubber via thiol-ene reaction. Materials Letters. 2013;106(1):425-427. 
DOI: 10.1016/j.matlet.2013.05.084

[12] van der Houwen EB, Kuiper LH, Burgerhof JG, van der Laan BF, Verkerke GJ. Functional 
buckling behavior of silicone rubber shells for biomedical use. Journal of the Mechanical 
Behavior of Biomedical Materials. 2013;28(1):47-54. DOI: 10.1016/j.jmbbm.2013.07.002

[13] Abbasi F, Mirzadeh H, Katbab AA. Modification of polysiloxane polymers for biomedical 
applications: A review. Polymer International. 2001;50(12):1279-1287. DOI: 10.1002/pi.783

[14] Magennis EP, Hook AL, Williams P, Alexander MR. Making silicone rubber highly resis-
tant to bacterial attachment using thiol-ene grafting. ACS Applied Materials & Interfaces. 
2016;8(45):30780-30787. DOI: 10.1021/acsami.6b10986

[15] Ziraki S, Zebarjad SM, Hadianfard MJ. A study on the role of polypropylene fibers 
and silica nanoparticles on the compression properties of silicone rubber composites 
as a material of finger joint implant. International Journal of Polymeric Materials and 
Polymeric Biomaterials. 2017;66(1):48-52. DOI: 10.1080/00914037.2016.1180623

[16] Rahman CV, Ben-David D, Dhillon A, Kuhn G, Gould TWA, Muller R, Rose F, Shakesheff 
KM, Livne E. Controlled release of BMP-2 from a sintered polymer scaffold enhances 
bone repair in a mouse calvarial defect model. Journal of Tissue Engineering and 
Regenerative Medicine. 2014;8(1):59-66. DOI: 10.1002/term.1497

[17] Ling T, Lin J, Tu JJ, Liu SQ, Weng WJ, Cheng K, Wang HM, Du PY, Han GR. Mineralized 
collagen coatings formed by electrochemical deposition. Journal of Materials Science-
Materials in Medicine. 2013;24(12):2709-2718. DOI: 10.1007/s10856-013-5028-9

Preparation, Characterization, and Preliminary Biocompatibility Evaluation of Carbon Ion...
http://dx.doi.org/10.5772/intechopen.69251

207



[18] Meretoja VV, Rossi S, Peltola T, Pelliniemi LJ, Narhi TO. Adhesion and proliferation of 
human fibroblasts on sol-gel coated titania. Journal of Biomedical Materials Research 
Part A. 2010;95A(1):269-275. DOI: 10.1002/jbm.a.32829

[19] Tsuji H, Izukawa M, Ikeguchi R, Kakinoki R, Sato H, Gotoh Y, Ishikawa J. Surface treat-
ment of silicone rubber by carbon negative-ion implantation for nerve regeneration. 
Applied Surface Science. 2004;235(1):182-187. DOI: 10.1016/j.apsusc.2004.05.121

[20] Tsuji H, Sommani P, Hattori M, Yamada T, Sato H, Gotoh Y, Ishikawa J. Negative ion 
implantation for pattering mesenchymal-stem cell adhesion on silicone rubber and dif-
ferentiation into nerve cells with keeping their adhesion pattern. Surface and Coatings 
Technology. 2009;2003(17-18):2562-2565. DOI: 10.1016/j.surfcoat.2009.02.076

[21] Tsuji H, Sommani P, Kitamura T, Hattori M, Sato H, Gotoh Y, Ishikawa J. Nerve-cell 
attachment properties of polystyrene and silicone rubber modified by carbon negative-
ion implantation. Surface and Coatings Technology. 2007;201(19-20):8123-8126. DOI: 
10.1016/j.surfcoat.2006.01.074

[22] Baba K, Hatada R, Flege S, Ensinger W. Preparation and properties of Ag-containing 
diamond-like carbon films by magnetron plasma source ion implantation. Advances in 
Materials Science and Engineering. 2012;2012(1):536853. DOI: 10.1155/2012/536853

[23] Dudognon J, Vayer M, Pineau A, Erre R. Mo and Ag ion implantation in austenitic, fer-
ritic and duplex stainless steels: A comparative study. Surface and Coatings Technology. 
2008;203(1-2):180-185. DOI: 10.1016/j.surfcoat.2008.08.069

[24] Fang J, Zhao JH, Sun Y, Ma HY, Yu XL, Ma Y, Ni YX, Zheng L, Zhou YM. Biocompatibility 
and antibacterial properties of zinc-ion implantation on titanium. Journal of Hard Tissue 
Biology. 2014;23(1):35-43

[25] Hou XG, Wang XM, Luan WJ, Li DJ, Dong L, Ma J. Study of antibacterial, hydrophilic 
and nanomechanical properties of TiOx films modified by Ag + beam implantation. 
Surface and Coatings Technology. 2013;229:71-75. DOI: 10.1016/j.surfcoat.2012.04.092

Elastomers208



[18] Meretoja VV, Rossi S, Peltola T, Pelliniemi LJ, Narhi TO. Adhesion and proliferation of 
human fibroblasts on sol-gel coated titania. Journal of Biomedical Materials Research 
Part A. 2010;95A(1):269-275. DOI: 10.1002/jbm.a.32829

[19] Tsuji H, Izukawa M, Ikeguchi R, Kakinoki R, Sato H, Gotoh Y, Ishikawa J. Surface treat-
ment of silicone rubber by carbon negative-ion implantation for nerve regeneration. 
Applied Surface Science. 2004;235(1):182-187. DOI: 10.1016/j.apsusc.2004.05.121

[20] Tsuji H, Sommani P, Hattori M, Yamada T, Sato H, Gotoh Y, Ishikawa J. Negative ion 
implantation for pattering mesenchymal-stem cell adhesion on silicone rubber and dif-
ferentiation into nerve cells with keeping their adhesion pattern. Surface and Coatings 
Technology. 2009;2003(17-18):2562-2565. DOI: 10.1016/j.surfcoat.2009.02.076

[21] Tsuji H, Sommani P, Kitamura T, Hattori M, Sato H, Gotoh Y, Ishikawa J. Nerve-cell 
attachment properties of polystyrene and silicone rubber modified by carbon negative-
ion implantation. Surface and Coatings Technology. 2007;201(19-20):8123-8126. DOI: 
10.1016/j.surfcoat.2006.01.074

[22] Baba K, Hatada R, Flege S, Ensinger W. Preparation and properties of Ag-containing 
diamond-like carbon films by magnetron plasma source ion implantation. Advances in 
Materials Science and Engineering. 2012;2012(1):536853. DOI: 10.1155/2012/536853

[23] Dudognon J, Vayer M, Pineau A, Erre R. Mo and Ag ion implantation in austenitic, fer-
ritic and duplex stainless steels: A comparative study. Surface and Coatings Technology. 
2008;203(1-2):180-185. DOI: 10.1016/j.surfcoat.2008.08.069

[24] Fang J, Zhao JH, Sun Y, Ma HY, Yu XL, Ma Y, Ni YX, Zheng L, Zhou YM. Biocompatibility 
and antibacterial properties of zinc-ion implantation on titanium. Journal of Hard Tissue 
Biology. 2014;23(1):35-43

[25] Hou XG, Wang XM, Luan WJ, Li DJ, Dong L, Ma J. Study of antibacterial, hydrophilic 
and nanomechanical properties of TiOx films modified by Ag + beam implantation. 
Surface and Coatings Technology. 2013;229:71-75. DOI: 10.1016/j.surfcoat.2012.04.092

Elastomers208

Chapter 10

Devulcanization of Elastomers and Applications

Fabiula Danielli Bastos de Sousa

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68585

Abstract

In no other phase of human development was produced such amount of waste as cur-
rently. Its composition and quantity are directly related to the way the population lives, 
socioeconomic condition and the ease of access to consumer goods. The irregular dis-
position of such waste may cause harmful environmental impacts. One of the most 
dangerous solid wastes is the vulcanized rubber, which, besides having high natural 
degradation time, has many chemical additives on its formulation and the possibility to 
store rain water when disposed in landfills and may become a breeding place for vectors. 
So, recycling comes against this problem and devulcanization is a way of recycling that 
restores the fluidity of the rubber. One of the applications of this devulcanized rubber is 
in the production of polymeric blends. Devulcanization of rubbers, the application of this 
material in polymeric blends based on thermoplastic/recycled rubber, and the param-
eters involved during the processing of these materials will be addressed in this work.

Keywords: sustainability, recycling, devulcanization, revulcanization, polymer blends

1. Introduction

Elastomers consist in a class of materials widely used today in many fields of application. 
Their typical properties such as high levels of elasticity and damping are what make this 
class so important. For this, the elastomers must, first, go through a complex process known 
as vulcanization [1]. Chemically, it is the process in which the molecular chains of rubber, 
independently, are joined by chemical bonds forming primary cross-linkings, which lead to 
the formation of a three-dimensional network in the material. This structural organization 
allows to maintain or increase the elastic properties and to reduce the plastic behavior of the 
material. The elastomer becomes insoluble and with greater mechanical resistance, different 
from nonvulcanized elastomer.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



However, while the vulcanization provides improvements in the properties of the elastomers 
and with it the possibility of a wide use as consumer goods, it brings difficulties for recycling 
after the use, once the vulcanized polymer becomes a thermosetting, making it impossible for 
subsequent molding into another product.

Presently, a key expression is the sustainable development, which refers to the responsible 
search for economic and material development without damaging the human being and the 
environment, using natural resources wisely so that future generations will not be harmed. 
Among the related subjects are the waste problem, and one of the possible solutions is the 
recycling of recyclable materials (especially postconsumer polymeric materials) [2].

Among the most harmful polymeric materials include those that contain heavy metals fill-
ers, plasticizers and vulcanized elastomers. The latter ones, for being nonreprocessable due 
to the presence of cross-linkings, may cause serious public health problems, since they may 
be accumulators of rain water when disposed in landfills (especially tires), becoming a place 
able to the proliferation of vectors, such as the aedes aegypti mosquito, transmitter of dengue, 
chikungunya and zika (and day by day the scenario is getting worse, since new diseases 
transmitted by the same vector are being discovered) [2]. Adding, vulcanized elastomers are 
materials which require long periods of time to degrade naturally due to their structure of 
cross-linkings, presence of stabilizers and other additives in their formulation [3], making 
them infusible and difficult to be reprocessed. Besides, these are considered high value-added 
materials, due to the range of chemical additives on the formulation, making their discard a 
waste. According to Imbernon and Norvez [4], “Because of the scarcity and increasing prices 
of natural resources, and of the growing environmental awareness, waste management has 
become a crucial issue in today’s society.”

Presently, the high growth of consumption and inadequate disposal of polymeric materials 
have increased problems related to solid urban residues. The ideal would be that 100% of all 
the polymeric materials used around the world was recycled, assisting in sustainable devel-
opment. However, the real scenario is quite different for bumping into numerous difficulties, 
which generates serious environmental, public health, economic and governmental problems 
[2]. In this way, devulcanization is against this serious global problem, seeking a viable reuse 
way of postconsumer vulcanized elastomers.

This work aims to discuss about devulcanization of vulcanized elastomers and some possible 
applications of this material, with focus on the preparation of polymeric blends containing 
recycled elastomers (based on thermoplastic and recycled rubber), and the factors that affect 
the properties of the final material, with the purpose of being a useful literature serving in 
obtaining final materials applicable in consumer goods.

2. Devulcanization of elastomers

A very prominent form of recycling is the devulcanization, which is the process of total or 
partial cleavage of the cross-linkings formed during the initial vulcanization [5–8]. Despite 
returning to the material its flow capacity, the higher the devulcanization degree, the greater 

Elastomers210



However, while the vulcanization provides improvements in the properties of the elastomers 
and with it the possibility of a wide use as consumer goods, it brings difficulties for recycling 
after the use, once the vulcanized polymer becomes a thermosetting, making it impossible for 
subsequent molding into another product.

Presently, a key expression is the sustainable development, which refers to the responsible 
search for economic and material development without damaging the human being and the 
environment, using natural resources wisely so that future generations will not be harmed. 
Among the related subjects are the waste problem, and one of the possible solutions is the 
recycling of recyclable materials (especially postconsumer polymeric materials) [2].

Among the most harmful polymeric materials include those that contain heavy metals fill-
ers, plasticizers and vulcanized elastomers. The latter ones, for being nonreprocessable due 
to the presence of cross-linkings, may cause serious public health problems, since they may 
be accumulators of rain water when disposed in landfills (especially tires), becoming a place 
able to the proliferation of vectors, such as the aedes aegypti mosquito, transmitter of dengue, 
chikungunya and zika (and day by day the scenario is getting worse, since new diseases 
transmitted by the same vector are being discovered) [2]. Adding, vulcanized elastomers are 
materials which require long periods of time to degrade naturally due to their structure of 
cross-linkings, presence of stabilizers and other additives in their formulation [3], making 
them infusible and difficult to be reprocessed. Besides, these are considered high value-added 
materials, due to the range of chemical additives on the formulation, making their discard a 
waste. According to Imbernon and Norvez [4], “Because of the scarcity and increasing prices 
of natural resources, and of the growing environmental awareness, waste management has 
become a crucial issue in today’s society.”

Presently, the high growth of consumption and inadequate disposal of polymeric materials 
have increased problems related to solid urban residues. The ideal would be that 100% of all 
the polymeric materials used around the world was recycled, assisting in sustainable devel-
opment. However, the real scenario is quite different for bumping into numerous difficulties, 
which generates serious environmental, public health, economic and governmental problems 
[2]. In this way, devulcanization is against this serious global problem, seeking a viable reuse 
way of postconsumer vulcanized elastomers.

This work aims to discuss about devulcanization of vulcanized elastomers and some possible 
applications of this material, with focus on the preparation of polymeric blends containing 
recycled elastomers (based on thermoplastic and recycled rubber), and the factors that affect 
the properties of the final material, with the purpose of being a useful literature serving in 
obtaining final materials applicable in consumer goods.

2. Devulcanization of elastomers

A very prominent form of recycling is the devulcanization, which is the process of total or 
partial cleavage of the cross-linkings formed during the initial vulcanization [5–8]. Despite 
returning to the material its flow capacity, the higher the devulcanization degree, the greater 

Elastomers210

the breakage of the main polymer chain links. The effect of this degradation is the signifi-
cant reduction of stiffness and other mechanical properties when the material is revulcanized 
 (second vulcanization process). Therefore, for the choice of the parameters of the devulcaniza-
tion process, must be taken into account the balance between the processability and mechani-
cal properties of the final material [9].

The literature presents several works that discuss the different methods used to devulca-
nize rubbers, as mechanical and chemical mechanical method [10–12], microwaves method 
[9, 13–19], ultrasound method [20–22], chemical method [23, 24], microbial method [25, 26], 
and still other methods as bioreactor and spraying for solid-state shear [27, 28]. Subsequently, 
when the goal is to use the recycled elastomer in the production of a blend, the role of devul-
canization is to increase the interaction between the raw and recycled material, reducing the 
degradation of the properties of the finished product, and making it possible to increase the 
amount of recycled elastomer in the compound raw phase/recycled phase [29].

A well-established way of recycling vulcanized elastomers is through the production of poly-
meric blends, that is, physical mixes of two or more polymers that can be miscible or not. 
As two or more properties of the polymers can be combined, the blends have been studied 
widely with the aim of improving the physical properties compared to neat polymers, that is, 
obtain materials with additional properties, and minimal loss of original properties [30], as 
well as being more economically viable to unite two existing polymers to synthesize another 
nonexistent [31], for the creation of a new molecule.

A plethora of polymeric blends composed of elastomers can be obtained. There are basically 
two types of polymeric blends composed in at least one of the phases an elastomer: blends 
composed of two or more types of elastomers (elastomeric blends) and blends composed of 
a thermoplastic phase and the other elastomeric. These can be of two types: when there is 
a high concentration of elastomer (thermoplastic elastomers—TPEs) and when there is low 
concentration of elastomer (toughened plastic). In all cases, the goal is to obtain materials with 
desired properties, additional to the properties of the neat materials.

In addition to restore the fluidity of the rubber, devulcanization is able to chemically change 
the structure of the material [19]. All these changes certainly affect its revulcanization. So, 
revulcanization is still more complex than the vulcanization itself, since other parameters 
influence it. And especially in the production of dynamically revulcanized blends (blends 
based on thermoplastic and recycled rubber in high concentrations, in which the last phase 
was revulcanized during processing), beyond this, others related to processing get place, to 
be discussed ahead.

According to Karger-Kocsis et al. [32], among the vast number of possibilities concern-
ing blends containing ground tire rubber (GRT), value-added application can especially be 
expected in thermoplastic elastomers, and rubber combinations. In the literature, several stud-
ies about elastomeric blends with satisfactory results are easily found [16, 33]. Despite the 
great advances obtained by this type of material, a great difficulty, or even a disadvantage, 
is that the rejects produced during processing are not easily recycled and reworked and may 
cause environmental problems due to incorrect disposal of this waste. On the other hand, 
rejects of TPE blends can be easily reworked, which presents some remarkable advantages, 
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being the most important one the ability of being processed as a thermoplastic, presenting the 
performance of a vulcanized elastomer. However, even today with all the progress achieved in 
the field of science and technology, the use of recycled elastomer in this type of blend remains 
a major challenge. Even so, this class of polymeric blends represents a major current trend for 
the use of recycled elastomers and will be addressed in more details in the following section.

3. Thermoplastic elastomers

Thermoplastic elastomers contain high concentrations of elastomeric phase (usually above 
50%), combining the processability of thermoplastics and the functional performance of vul-
canized rubbers at room temperature [34–37]. There are three distinct classes of thermoplas-
tic elastomers, namely: block copolymer, thermoplastic/dynamically vulcanized elastomer 
blends—thermoplastic vulcanizates (TPVs) and ionic thermoplastic.

The unique combination of properties allows the processing of TPEs in conventional equip-
ment used for processing of thermoplastics in processes such as injection and blow molding, 
film production and extruded profiles, keeping the elastomeric properties. Such behavior is 
attributed to their structures that contain both flexible and elastic fields of high extensibility 
with low glass transition temperature (Tg), and rigid low extensibility areas with a Tg and/or 
crystalline melting temperature (Tm) high [38].

The key advantages of TPEs include [38]: (i) their ability to become fluid with heat and then 
hardening with cooling gives manufacturers the possibility to produce articles with rubber 
behavior using equipments commonly used in the processing of thermoplastics. (ii) Little 
or no mixing of additives necessary for the production of TPEs. The majority is ready for 
manufacturing. Rubbers, however, require the mixture of all the additives. (iii) TPEs, once 
prepared, do not need vulcanization stage. Their processing consists of fewer stages than the 
processing for obtaining a vulcanized rubber. (iv) Scraps produced in the production process 
can be reprocessed. Scraps generated in processing of vulcanized rubbers, however, have 
their potential reuse limited, and the cost of its production is higher, due to the loss of mate-
rial and disposal cost of scraps. (v) Thermoplastic processing consumes less total energy by 
having a more efficient processing and smaller time cycles.

A particular type of TPE blend, thermoplastic vulcanizate blend, known as TPV, is largely 
adopted when using devulcanized elastomers, due to its typical features and properties. It 
will be described in more details in the following sections.

4. Thermoplastic vulcanizate blends

TPV is a type of TPE produced via dynamic vulcanization of the elastomeric phase of an immis-
cible blend of thermoplastic in molten state and elastomer under high shear rates [39–43]. TPVs 
are materials widely used in automotive [12, 44] and electronics industries, civil construction, 
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wiring and cables, biomedical products [12, 45–47], among others. Due to the high applicabil-
ity of this kind of blend, the use of recycled rubber can be useful and worth being studied.

Dynamic vulcanization is the vulcanization of the elastomeric phase in a molten mixture with 
other polymer(s) [48]. The process produces a cross-linked polymer dispersion in a continu-
ous polymer matrix phase not cross-linked [38, 40, 49–52]. The continuity of the thermoplas-
tic phase provides the thermo-plasticity and mechanical resistance necessary to blends [53], 
while the dynamically vulcanized rubber particles give elasticity, flexibility and stability [36, 
46, 54].The process can be described as follows: after enough fusion-blend of thermoplastic 
and rubber, vulcanization agents are added. The vulcanization of rubber phase occurs with 
a continuation of the mixture. After the output of the mixer, the cold blend can be chopped, 
extruded, injected, molded, pelletized, etc [43, 52].

The literature presents a vast number of works showing the differences in the properties 
of polymer blends resulting from dynamic vulcanization, among them: improvement in 
mechanical properties [55], greater thermal stability [56], minor swelling of the extruded [43], 
better reprocessability [46, 57], increase in the service temperature [49, 55], greater weather 
resistance [12] among others, depending on the analyzed system. Several papers also feature 
improvements in mechanical properties as a result of the dynamic vulcanization, but through 
the use of compatibilizing agents [36, 48, 58–60] as a result of greater refinement of mor-
phology [34, 61], in general. Among the improvements, it is also found reduced permanent 
elongation, increased fatigue resistance, greater stability of morphology and better chemical 
resistance.

TPV containing recycled elastomers, a special issue nowadays as a possible solution to the 
problem of solid urban residues, especially vulcanized rubbers, will be addressed in the fol-
lowing section.

5. Thermoplastic vulcanizate blends containing recycled elastomers

The reuse, recycling and recovery of waste of cross-linked rubbers are of great scientific and 
technological interest. As discussed previously, there is great difficulty in recycling, as they 
are infusible and insoluble materials, which have difficult processing [57] due to their struc-
ture of cross-linkings. In this context, many efforts have been made regarding the preparation 
and characterization of polymer blends containing GTR and various thermoplastics, as an 
alternative to recycling [62, 63].

The properties of these materials depend on the concentration of the recycled material, as well 
as the adhesion among phases [64, 65]. According to Zhang et al. [66], the adhesion between 
the GTR and the polymer matrix is usually very weak due to the three-dimensional structure 
of the cross-linkings, in the case of blends, in which the GTR is just ground. Cañavate et al. 
[63] report that the lack of adhesion among phases is due to the large particles of GTR, their 
superficial characteristics and structure of cross-linkings, hindering their adsorption by mol-
ecules of the thermoplastic matrix, being that the use of only ground GTR into blends makes 
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the processing a difficult step [67]. For Kumar et al. [68], for the production of TPVs containing 
recycled rubber, the addition of a raw rubber or the devulcanization (at least partial) of recy-
cled material is prerequisites. The devulcanization improves the compatibility between GTR 
and the matrix [4]. However, despite all the difficulties presented by Cespedes et al., “The use 
of GTR is an excellent option for reducing the cost of TPVs, and GTR is an environmentally 
friendly alternative because of its upcycling applications” [69].

In order to improve adhesion and interaction among phases, many authors have used com-
patibilization techniques [48, 66, 70], devulcanization of elastomeric phase [12, 20, 57, 66, 
71–74], addition of a third elastomeric phase or replacing part of recycled rubber for a raw 
one [53, 63, 68, 69], functionalization [75], filler addition [47, 70, 74], among others, beyond 
the dynamic vulcanization, which notoriously increases the adhesion and interaction among 
phases of the blends [20, 34, 55, 57, 68, 76]. Additionally, the dynamic vulcanization in blends 
containing recycled material gives them greater added value [37].

The next section will present the stages involved during the evolution of morphology of ther-
moplastic vulcanizate blends and some important parameters able to influence the develop-
ment of the final morphology of these blends.

6. Evolution of the morphology of thermoplastic vulcanizate blends 
during processing and important parameters

The final morphology of a blend is achieved during its processing, so it is a crucial stage in 
getting the final desired properties, since they are consequence of its morphology.

Many factors can change the morphology of polymer blends during processing such as tem-
perature, residence time (processing on extruders), intensity of the mixture (speed of the 
extruder and setting of the screw), composition of the blend, viscosities and elasticities ratio, 
and interfacial tension among the phases [77]. In this way, the final morphology of immiscible 
polymer blends depends on the properties of the individual components, as well as process-
ing conditions [78, 79].

Regarding the parameters related to the processing, the literature presents several works in 
which the processing variables are changed and analyzed [44, 55, 57, 72, 80–89].

As an important example of processing variable, temperature should be close to the Tm of the 
thermoplastic phase (or a little greater) [44] and be able to activate the vulcanization reaction 
of the elastomeric phase [46]. It is known that the behavior of vulcanization of the elastomeric 
phase varies according to the adopted temperature, besides that it should not be high enough 
so that, combined with the high shear rates involved in the process (especially in twin screw 
extruders), promotes high level of degradation in both phases of the blend. However, no mat-
ter the studied parameter, all of them are very important, since they are able to directly affect 
the final morphology of blends and, then, their final properties.
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Figure 1 shows in a schematic way the transformation of the morphology of thermoplastic 
vulcanizate blends during processing. According to the schema, initially a rubber-thermo-
plastic blend is formed, with co-continuous morphology and rubber phase non–cross-linked 
(stage A). In the next stage, rubber phase becomes stretched and strongly deformed due to 
the beginning of dynamic vulcanization. A rubber-thermoplastic blend is formed, with cocon-
tinuous morphology as well (stage B). Due to dynamic vulcanization, rubber phase is able to 
break up in the following stage (stage C). So, a TPV is formed, the rubber phase is cross-linked 
and is dispersed in thermoplastic phase. In the lasts stages (stages D and E), rubber particles 
have the distribution improved on the matrix phase.

On the whole, the blend completely changes its morphology, from co-continuous to dispersed 
phase. However, so that the blend presents typical final properties for noble uses, the process-
ing must be carefully analyzed and optimized. In the case of using an extruder, the analysis 
becomes more complex because of the large number of variables involved, but at the same 
time, it becomes a big advantage in the improvement of the technique. A good example of 
possible parameter change in an extruder is the number of feeders.

When producing a thermoplastic vulcanizate blend in an extruder containing two feeders, 
it is possible to introduce independently each phase through each one of the feeders. In the 
case of blends in which the elastomeric phase was previously mixed to vulcanization addi-
tives, this can be added in the second feeder, whereas, in the case of elastomeric phase not be 
previously mixed to additives, the two phases of the blend can be added together in the same 
feeder, while the additives can be added in the second one.

The change of some processing parameters was deeply studied by de Sousa et al. [61]. The 
authors produced dynamically revulcanized blends based on 60 wt% of devulcanized GTR 
(GTR5.5) and 40 wt% of high density polyethylene (HDPE), by using a twin screw extruder. 
Processing parameters such as screw speed and feeding mode were varied. In the production 
of blends using only one feeder, both HDPE and devulcanized rubber were added together. 
For blends produced with two feeders, the HDPE phase was added in the first feeder and 
the GTR phase in the second one. Vulcanization additives were previously added to the GTR 
phase. The authors proved the importance of knowing previously the rheological properties 
of the rubber phase, as well as matching these properties to the processing conditions.

Figure 1. Schematic morphology transformation during the dynamic vulcanization of polymeric blends. The black part 
represents the elastomeric phase, and the white represents the thermoplastic phase.
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According to de Sousa et al. [61], overall, the effects of screw speed on the mechanical proper-
ties were not significant. Furthermore, the mechanical properties of the blends were far below 
those of classical TPVs, probably because of the poor compatibility and adhesion between 
GTR5.5 and HDPE. In general, the blends produced by using the second feeding mode 
obtained a finer morphology.

Figure 2 shows some vulcanization parameters involved in the processing of dynamically 
revulcanized blends, as well as the scheme of a probable evolution of morphology during 
processing. The screw profile is for feeding mode 2, since it produced finer morphology and 
consequently slightly higher mechanical properties.

According to Figure 2, at point 1 of the extruder, there is only physical mixing among the 
phases and there is no revulcanization of the GTR5.5. At the beginning of the second high 
shear zone (point 2), the revulcanization reaction gets place (the residence time of the rubber 
from its introduction in the extruder to this point is about the same of ts1 (scorch time of the 
reaction)) and, around this point, the blend presents a cocontinuous morphology, in which 
the elastomeric phase is stretched in the flow direction [61].

Due to the high elongational flow in this zone (use of mixing or kneading blocks), the rub-
ber along vulcanization process can deform (due precisely to the three-dimensional structure 
formation of cross-linkings and consequent increase in viscosity of the blend [76]) enough for 

Figure 2. Screw profile relative to feeding mode 2 used in the preparation of the blends, showing the schema of the 
possible evolution of the morphology and rheology of the elastomeric phase involved during processing. Reprinted with 
permission from Ref. [61]. Copyright 2017, John Wiley and Sons.
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break of their particles in other smaller than the ones before [60] and phase inversion may 
occur. At this stage, the overall viscosity is increased (the elastomeric phase with high elastic-
ity is stretched and breaks into smaller particles due to high shear rates, intense elongational 
flow and high elasticity generated by cross-linkings (point 3), resulting in high mechanical 
stresses [61]. The elastomeric phase deforms until it reaches a critical tension, when it breaks 
up into small particles [90]. The biggest changes of morphology occur in the first high-shear 
region, in which both phases are together [39, 91–93].

At point 4, still under the effect of high shear rates, rubber particles break into smaller par-
ticles, and at point 5, there is a better distribution in the thermoplastic matrix. The end of 
the second shear zone (point 4) refers approximately to the optimum cure time (t90) of the 
elastomeric phase which, in the case of GTR5.5, is 44 s. The residence time of rubber from 
its introduction in the extruder to the end point of the reaction must be equivalent to t90, and 
this point should be in a high shear zone of the extruder for breakage of rubber particles in 
micrometric dimensions [61].

In the point 5, cross-linked rubber particles, at this moment, have a very high viscosity and 
elasticity, and it occurs only the distribution of the particles in the matrix, improving macro-
scopic homogeneity, being necessary the use of mixing elements. It must be pointed out that 
the dispersion process occurs instantly with the vulcanization reaction, and both processes 
are influencing each other. The rapid increase in the cross-linkings of rubber also leads to an 
increase in the surface tension of the elastomeric phase. Cross-linkings and the high superfi-
cial tension will reduce the driving force for the coalescence and, therefore, the characteristic 
of the particles of vulcanized rubber phase will be preserved, even in a new mixture after the 
completion of the cross-linking process [67, 90].

The increase of interfacial tension as a result of cross-linkings and the high elasticity of the 
particles produce the relaxation of the deformed structures; in an ideal case, spherical par-
ticles are formed. Due to the high viscosities ratio, elastomeric cross-linked particles can 
only be distributed, and no longer dispersed on a new mixing cycle [90]. In agreement, some 
results [94] revealed that the developed microstructure is highly affected by the type of the 
melt compounding process, as well as the feeding mode.

It is important to address here that, for both screw profiles used, the first mixing zone served to 
melt the HDPE, the second one to dynamically revulcanize the GTR and the last one to improve 
the distribution of the rubber particles in the HDPE. In the case of the blends produced through 
feeding mode 1, the high shear rate in the first mixing zone could bring about premature revul-
canization of the rubber phase, since the components were added together. As the length of 
this zone and the corresponding residence time were short, the time for the reaction to go to 
completion was longer than the residence time on the zone, which probably happened in the 
second transport zone. Thus, the rubber domains were not satisfactorily well dispersed and 
distributed in the HDPE matrix. However, in the case of the blends produced through feeding 
mode 2, the residence time of the rubber phase inside the extruder from its introduction to the 
end of the second mixing zone was closer to the optimum cure time of the GTR5.5 at 180°C 
(43.8 s). Therefore, the mixing zone was long enough for the revulcanization reaction to go to 
completion and the dispersed rubber domains to have its size reduced in the HDPE matrix [61].

Devulcanization of Elastomers and Applications
http://dx.doi.org/10.5772/intechopen.68585

217



The blend produced by using the second feeding mode and at 250 rpm presented higher finer 
morphology and consequently better mechanical properties, despite the fact that the compat-
ibility and adhesion between the phases were poor. The finer morphology is due to good 
match between processing conditions and rheological properties of the GTR5.5. The residence 
times of the GTR5.5 inside the extruder from its introduction to the respective points shown 
in Figure 2 were approximately 50 and 30 s, respectively, which were very close to the values 
of t90and ts1 (44 and 27 s, respectively) [61].

At this point, the presentation of some equations can be useful to understand all the modifica-
tion occurred to the blends during the processing. The elongation and breakage of polymeric 
particles suspended in another polymer under shearing flow were first studied by Taylor [95]. 
According to the author, two dimensionless parameters that enable the prediction of morphol-
ogy in the molten state are the number of Capillarity [Eq. (1)] and the viscosities ratio [Eq. (2)]:

   C  a   =   σR ___ α    (1)

where σ represents the shear stress, R is the radius of the particle or drop, and α is the inter-
facial tension between the phases of the blend.

  p =   
 η  d   ___  η  m      (2)

where ηd and ηm are the viscosities of the dispersed phase and the matrix phase, respectively.

If the value of Ca is small, interfacial forces dominate and the particles acquire the shape of 
ellipsoids. Above a critical value Ca crit, the particles become unstable and break down [96].

When two immiscible polymers are mixed to form a blend, in accordance with the principle 
of minimum dissipation of energy, it is expected that the most viscous polymer forms the 
dispersed phase and the less viscous forms the matrix phase. When this principle is satisfied, 
it means that the viscosities ratio [Eq. (2)] was the predominant factor in determining the state 
of dispersion of the blend [97].The viscosities ratio strongly affects the development of mor-
phology during the reaction [52].

Additionally, in order to study the development of the phase morphology and predict the 
inversion phase region in immiscible polymer blends, Avgeropoulus et al. [98] developed an 
empirical model based on torque ratio in internal mixer and volumetric fraction of each phase 
[Eq. (3)]. Jordhamo et al. [99] proposed a similar equation [Eq. (4)], based on the viscosities ratio:

    
 ∅  1   ___  ∅  2  

   .   
 T  2   __  T  1  

   = X  (3)

    
 ∅  1   ___  ∅  2  

   .   
 η  2   __  η  1     = Y  (4)

which results in the following variants morphologies:

X, Y > 1—Phase 1 is continuous or matrix and phase 2 is dispersed.

X, Y < 1—Phase 2 is continuous or matrix and phase 1 is dispersed.

X, Y = 1—Two phases are continuous or region of phase inversion.
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Where ø1, ø2 are volumetric fractions, T1, T2 are measures of torques at a same temperature, 
and η1, η2 are viscosity values for phases 1 and 2, respectively [50].

According to Zhang et al. [57], soon after the end of the dynamic vulcanization, vulcanized 
rubber particles present a high surface tension, which agglomerate them. Therefore, it is nec-
essary the application of high shear rates, which are generated due to the presence of mixing 
blocks in processing performed in extruder, as in point 5 (Figure 2). Also, Yao et al. [100] 
deeply studied the morphology evolution of bromo-isobutylene-isoprene rubber (BIIR)/poly-
propylene (PP) TPV blends. It was depicted that the dynamic vulcanization increases the 
compatibility among the phases, demonstrated by the increase in interfacial phase thickness 
and the decrease in interfacial tension. During the processing, single nanoparticles of elasto-
meric phase are being formed, and their agglomeration is getting lesser as dynamic vulcaniza-
tion advances. Thus, Sararoudi et al. [101] concluded that the extent of agglomerations among 
the vulcanized rubber particles in the twin screw extruder not only depends on the rubber 
content, but also are controlled by a common agglomeration and disagglomeration mecha-
nism which is, in turn, governed by the screw speed.

For the case of blends in which all phases are added together in the extruder in one feeder, 
studies show that as soon as the complete melting of the thermoplastic phase is reached, 
the blend reaches quickly its final morphology [39, 85] due to generated interfaces among 
phases. According to Covas et al. [102], the increase in the interfacial area raised soon after 
the melting of the thermoplastic, which induced chemical conversion and the evolution of 
morphology. Therefore, the choice of the parameters of the processing, the number of feeders 
to be used depending on the screw profile adopted is a factor of great importance. Van Duin 
and Machado [39] studied the dynamic vulcanization reaction of ethylene-propylene-diene 
rubber (EPDM)/HDPE blend through the withdrawal of peer-to-peer samples on twin screw 
extruder during processing. According to the authors, the cross-linking of EPDM phase began 
when the HDPE still was not fully melted, and the final morphology of blends was reached 
very quickly. The phase inversion occurred due to formation of cross-linkings. Machado 
and van Duin [103] analyzed the properties of EPDM/HDPE TPV blends and found that, the 
higher the content of EPDM, the greater the viscous dissipation, the higher the melting and, 
consequently, the greater the rate of cross-linkings.

The type of equipment can also alter the particle size distribution of rubber, in the case of 
morphology of dispersed phase. Studies show that blends produced on extruder tend to have 
smaller particle sizes compared to blends produced in internal mixer [20, 71, 104–106] due 
to the higher shear rate during processing in extruders and intensive flow field [105]. The 
elastomeric phase of the blends produced on extruder can also present greater cross-linking 
density, as verified by Sengupta and Noordermeer [104]. However, the distribution of sizes 
of particles is more uniform in the blends produced in internal mixer due to longer residence 
time and greater total shear stress, promoting the breakdown of particles [104]. According 
to Shahbikian et al. [105], that produced EPDM/PP blends in internal mixer and extruder, 
even with the shortest residence time for processing in extruders, the cure reaction occurred 
quickly, resulting in EPDM particles of sizes more heterogeneous and with greater cross-
linking density. By combining the effects of time, temperature and shearing, the matrix phase 
acquires elasticity, and it is extruded into sheets. At the same time, there is a break of these 
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sheets due to elongational and shear forces generated in the mixing equipment. So, there is a 
dynamic balance between the process of breakdown of phases and coalescence.

Among other factors mentioned, the final morphology is the result of processes of coalescence 
and breakage of the elastomeric phase particles (in the case of blends with the morphology 
of dispersed phases) during processing. In the case of TPV blends containing devulcanized 
rubber, the devulcanization acts on the process of break, while the dynamic revulcanization 
acts on the reduction of the coalescence process of particles [73].

In short, the process of devulcanization makes the rubber fluid, aiding in the process of break-
ing what, consequently, helps in reducing the size of the particles, increases the contact area 
among the phases and increases the transmission of tensions. Dynamic revulcanization helps 
in stabilizing the morphology by inhibition of coalescence process among the particles of the 
dispersed phase [73].According to Goharpey et al. [107], dynamic vulcanization can prevent 
the coalescence of the rubber particles from the early stage of the dynamic vulcanization.

As a conclusion, the stage of processing (dynamic vulcanization) is of extreme importance, 
and all aspects involved should be carefully analyzed and optimized, as they may change the 
final morphology of blends and, with it, completely alter their final properties [108].

7. Conclusion

The irregular disposition of solid urban residues, especially vulcanized elastomers like tires, 
may bring together dangerous environmental impacts. In this way, a very outstanding form 
of vulcanized elastomers recycling is the devulcanization. Along with a variety of possible 
uses, the devulcanized elastomer can be used in the formation of polymeric blends. Among a 
vast number of polymeric blends composed of elastomers, TPV is largely adopted when using 
devulcanized elastomers, due to its typical features and properties. However, parameters of 
processing as well as the devulcanization process itself must be considered and carefully ana-
lyzed, since they are able to dictate the final morphology of the polymeric blend and, conse-
quently, its properties as a whole.

TPV is considered a “green” polymer, since its recyclability promotes the environmental 
protection and resource saving. When it is composed by a recycled elastomeric phase, it aids 
the petroleum sources saving, saves raw materials and energy, not harming the environ-
ment, and still being a source of income for many families who survive from the collection of 
recyclable materials. The production of blends composed of recycled rubber is still a major 
challenge for the academic community, since its final properties need to justify all energy 
expenditures necessary for production, in addition to being economically viable. However, 
attention should be given to the subject, since it is a possible solution to the problem of final 
disposal of urban solid waste. On the other hand, it is observed that the subject is still little 
explored in literature, possibly due to difficulties encountered in the production and final 
properties obtained.
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Abstract

Dielectric elastomers (DEs) represent a class of electroactive polymers (EAPs) that exhibit
a significant electromechanical effect, which has made them very attractive over the last
several decades for use as soft actuators, sensors and generators. Based on the principle
of a plane-parallel capacitor, dielectric elastomer sensors consist of a flexible and stretch-
able dielectric polymer sandwiched between two compliant electrodes. With the devel-
opment of elastic polymers and stretchable conductors, flexible and sensitive dielectric
elastomer tactile sensors, similar to human skin, have been used for measuring mechan-
ical deformations, such as pressure, strain, shear and torsion. For high sensitivity and
fast response, air gaps and microstructural dielectric layers are employed in pressure
sensors or multiaxial force sensors. Multimodal dielectric elastomer sensors have been
reported that can detect mechanical deformation but can also sense temperature,
humidity, as well as chemical and biological stimulation in human-activity monitoring
and personal healthcare. Hence, dielectric elastomer sensors have great potential for
applications in soft robotics, wearable devices, medical diagnostic and structural health
monitoring, because of their large deformation, low cost, ease of fabrication and ease of
integration into monitored structures.

Keywords: dielectric elastomers, soft capacitance sensors, electronic skin, flexible
mechanical sensors, robot sensors, tactile sensors

1. Introduction

In recent years, the soft sensing systems have attracted considerable attention because of their
potential applications in assistive soft robots, healthcare and entertainment [1]. In contrast to
traditional rigid sensors, their advantageous compliant properties enable the soft sensors to
safely monitor soft movements or interactions with humans. Many of these devices can be
used to measure strain, pressure, force, light, humidity and temperature similar to the human

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



skin, which have advantageous properties such as flexibility, stretchability, highly sensitivity
and technological compatibility with a large area [2, 3].

Various transduction methods for fabricating flexible sensors have been developed [4], includ-
ing piezoresistivity, capacitance, piezoelectricity, optics and wireless antennas. Current appli-
cations require highly sensitive, flexible, stretchable and low-cost devices, where capacitive-
based sensors exhibit better potential for use, because of their high strain sensitivity, static force
measurement and low power consumption [5]. These capacitive tactile sensors measure the
magnitude of mechanical forces or strain by converting mechanical solicitations into an elec-
trical signal. Dielectric elastomer (DE) sensors are one type of the capacitive-based sensors,
which are flexible, soft and stretchable for measuring deformations, forces and pressures.

The dielectric elastomers (DEs) are a type of field-activated polymers that belong to the family
of electroactive polymers (EAPs) [6]. The typical structure of a dielectric elastomer (DE) is a
dielectric material sandwiched between two electrodes, which can produce a large strain
response and high electromechanical efficiency from an electric field. Based on the electrome-
chanical effect, DEs can be used as soft actuators, sensors and generators.

Recently, several reviews have been published in the literature, which have detailed the proper-
ties and chemistry of dielectric elastomers [6, 7]. However, these reviews focused primarily on
the development of dielectric elastomer actuators and generators. A detailed overview of the
recent progress in dielectric elastomer sensors has not been reported, so this current review
focuses on the recent research in dielectric elastomer sensors. In the first section, several sensing
principles of dielectric elastomer sensors are introduced. In the second and third section, the
materials of the dielectric and compliant electrodes are described. In the fourth section, a detailed
overview is given of the recent progress regarding applications of dielectric elastomers in elec-
tronic skin, structural health monitoring, tissue elasticity measurements, self-sensing actuators
and robotic technologies. Wearable dielectric elastomer sensor systems are also reviewed based
on multiple physical sensors. Conclusions and future developments in practical applications of
dielectric elastomer sensors are discussed in the final section.

2. Principle of dielectric elastomer sensors

The capacitance of a parallel plate capacitor can be written as:

C ¼ ε0εr
A
d

ð1Þ

where C is the capacitance, ε0 ¼ 8:854� 10�12F=m. is the permittivity of the vacuum, εr is the
relative permittivity, A is the electrode area and d is the dielectric distance [8]. A capacitive
sensor can be designed to provide elastic deformation by sandwiching an elastomer film
between two compliant conductive electrodes to form a dielectric elastomer sensor. The defor-
mation of the dielectric elastomer produces a change in capacitance of the sensor. A simple
sensing method is shown in Figure 1. When the sensor is subjected to external tension or
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compression, the surface of the sensor film expands, while the displacement between the two
electrodes decreases, which causes an increase in capacitance.

According to the model of an ideal dielectric elastomer, assuming that the volume and permit-
tivity remain constant, when a dielectric elastomer sensor is stretched in its plane, the change
in capacitance can be derived as follows:

Lstrech ¼ λ1L ð2Þ
Wstrech ¼ λ2W ð3Þ

dstrech ¼ λ3d ¼ 1
λ1λ2

d ð4Þ

where λ1, λ2, λ3 are multiples of L, w, d, which are the initial dimensions of the dielectric
elastomer as shown in Figure 1 [9]. Combining the above equations with the Eq. (1), the
capacitance C of the dielectric elastomer can be written as:

C ¼ C0ðλ1λ2Þ2 ð5Þ

where C0 is the initial capacitance. When a uniaxial stretch is applied, the length of dielectric
elastomer is λ times its initial length and the width and the thickness become 1ffiffiffi

λ
p times their

initial values, and the capacitance value of the deformed dielectric elastomer is then:

C ¼ C0λ ð6Þ

Hence, the capacitance change ΔC. can be expressed as:

ΔC ¼ C0 ε ð7Þ

where ε is the strain along the stretched axis of the dielectric elastomer. Eq. (7) implies that the
capacitance change is linear with the strain of dielectric elastomer sensor.

Another sensing method of the dielectric elastomer sensors can be found in the relative
position change of two electrodes, which produces a capacitance change as shown in Figure 2.
This sensing method is used for measuring shear forces.

Figure 1. Simple measurement principle of a dielectric elastomer sensor.
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To improve the sensitivity of dielectric elastomer sensors, Figure 3 shows a complex sensing
method that employs a multilayer dielectric including an air gap and dielectric films. By
constructing the air gap, the device is able to sensitively detect multiaxis force and pres-
sure [10, 11]. In addition, the micro/nanostructured dielectric layer can improve the sensitivity
of dielectric elastomer sensors as well.

3. Materials of dielectric elastomer sensors

For the large deformation requirements of dielectric elastomer sensors, many classes of dielec-
tric materials have been investigated, including acrylates, silicones, polyurethanes (PU), rub-
bers, latex rubbers, acrylonitrile butadiene rubbers, olefinic, polymer foams, fluorinated and
styrenic copolymers [7]. Acrylates and silicon rubbers such as VHB, polydimethylsiloxane
(PDMS) and Ecoflex have been widely used in fabricating flexible sensing devices due to their
commercial availability and good performance [9, 12, 13]. The relative dielectric constant and
modulus are important properties in the performance of dielectric elastomer sensors. The
typical properties of a number of candidate polymers are listed in Table 1 [7, 14–17].

A commercial acrylate adhesive film, VHB, produced by the 3M Company, is commercially
available and exhibits large deformation and transparency. It can be stretched more than six
times its initial length [9], and the strain is nearly linear with stress to as much as three times
the initial length of the film [7]. VHB acrylates have a dielectric constant that is higher than
silicon rubbers.

Figure 2. Measurement principle of a dielectric elastomer sensor when shear force is subjected.

Figure 3. Prototype of a dielectric elastomer sensor with an air gap. Left: one elastic layer between two electrodes and
right: two elastic layers between two electrodes.
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Silicones have also been studied for use as dielectric elastomers [18]. Many silicone materials
are produced commercially, such as Dow Cording Sylgard184. The modulus of these materials
typically ranges from 0.1 to 2 MPa and their dielectric constants are generally around 3 [7].
Their elongation at break is less than that of VHB adhesive film. Dow Corning Sylgard184 is a
type of polydimethylsiloxane (PDMS) that is generally used for fabricating dielectric elastomer
sensors as a dielectric [19] and a substrate [10]. The advantages of PDMS include variable
mechanical properties, transparency and stability over a wide range of temperatures [20]. For
bonding electric materials to its surface, defining potential adhesive and non-adhesive regions
can be accomplished by exposure to UV irradiation [20]. Another commercial silicone material,
Ecoflex rubbers are also widely used for flexible capacitance sensors [21]. Ecoflex rubbers are
platinum-catalyzed silicones that are soft, strong and “stretchy” [22]. Compared to Ecoflex,
PDMS is hard and brittle as shown in Figure 4 [23].

Elastomer material Relative dielectric constant Young’s modulus

VHB 4910 (acrylate) 4.7 1–2 MPa

Ecoflex 0050 (platinum-catalyzed silicon) 2.65 83 kPa

Ecoflex 0050 (platinum-catalyzed silicon) 2.65 69 kPa

Ecoflex 0010 (platinum-catalyzed silicon) 2.65 55 kPa

Dow Corning, Sylgard 184 (polydimethylsiloxane silicon rubber) 2.75 1.84 MPa

Table 1. Properties of several dielectric elastomers [7, 14–17].

Figure 4. Uniaxial tensile test of Ecoflex 0030 and PDMS [23].
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To improve the sensitivity of dielectric elastomer sensors, it is important to develop dielectric
elastomers that have a relatively high dielectric constant. There are generally three routes for
enhancing the dielectric constant of an elastomer, which include addition of high permittivity
inorganic particles [24, 25], addition of conductive fillers [26] and chemical design [27]. Chem-
ical design involves polymer chain modification. Titanium dioxide (TiO2) [28] and barium
titanate (BaTiO3) [29] have reportedly served as high permittivity inorganic particles for
improving the dielectric constants of elastomers. Conductive fillers enhance the dielectric
constant of elastomers by increasing the effective electrode area or facilitating electronic polar-
ization, such as carbon nanotubes (CNTs) [30, 31], metal particles [26] and conductive
polymers [32].

4. Compliant and stretchable electrodes

Much like the dielectrics, good stretching ability and flexibility in the electrodes are necessary
to enable the dielectric elastomer sensors to be used in soft robots, healthcare and entertain-
ment. They must have the ability to exhibit large deformation (bend, fold, twist, compress, and
stretch) while maintaining a high level of conductive performance, integration and reliabil-
ity [33]. Of the work performed on stretchable and flexible electrodes, two main types of
conductors, electrical conductors and ionic conductors, have been identified as the most
desirable for modification of the electrodes based on their conductance.

4.1. Electrical conductors

Sensors employing electrical conductors (e.g., carbon grease, metal films and carbon nanotubes)
as electrodes develop signals based on the movement of electrons in the material. The electronic
conductors used as compliant electrodes in sensors mainly include carbon-based electrodes
[11, 34], metallic thin films [35], composites of conducting materials and elastomers (or rubber
fiber mats) [36], conducting films (indium-tin oxide (ITO)-coated poly (ethylene terephthalate
(PET)) [37] and liquid conductors [38].

Carbon-based electrodes are widely used for dielectric elastomer sensors because they are com-
pliant, easy to fabricate and exert a low impact on the stiffness of the dielectric [7]. Carbon-based
electrodes are usually fabricated from carbon black, graphite [39], carbon nanotubes (CNTs) [34]
and single-walled carbon nanotube (SWNT) [1, 40] as loose particles or mixed with the matrix to
form a viscous media (carbon grease) [11] or mixed into an elastomer (conductive elastomer)
[41]. Goulbourne’s experiments showed that the performance of carbon grease was better than
that of graphite power, graphite spray or silver grease [42]. Lipomi et al. [34] developed a skin-
like pressure and strain sensor composed of carbon nanotubes (CNTs) as compliant electrodes.
The advantage of these sensors was that they were transparent compared to the electrodes of
sensors fabricated using other carbon-based electrodes such as carbon grease.

In other compliant electrodes composed of a single material (e.g., Au [43], Al [19] and Pt [44],
AgNWs [45, 46]), metallic thin films are generally deposited on elastomers by sputtering and
using an E-beam evaporator [7]. These electrodes are more suitable for use as pressure
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sensors [19, 43] or normal and shear force sensors [44], compared to strain sensors [40]. This is
because they are thin, highly conductive and can be patterned [7], but their hardness affects the
stretching of the capacitance sheets.

Conductive elastomers (composites of conducting materials and an elastomer) offer the advan-
tages of integration into the dielectric layer, robustness and durability. For example, Laflamme
et al. [41, 47] reported on a soft, large surface area capacitor network employed in structural
health monitoring that was composed of carbon black dispersed in poly-styrene-co-ethylene-
co-butyleneco-styrene (SEBS) solution. Experimental testing demonstrated the improved
robustness and stable capacitance of the device after it was cut or punched [47]. Cai et al. [36]
designed an excellent, durable capacitance strain sensor based on CNTs-doped Dragon skin 30
(Smooth-on, Inc., USA) that could measure strains of up to 300% over thousands of cycles. An
elastomeric capacitive sensor array was constructed with conductive PDMS (CNT-PDMS)
using micro-contact printing techniques [10]. These devices were stable under various elastic
deformations. In additional to these carbon-based electrodes, CNT fabrics were reported that
employed a capacitor geometry grid as multimodal skin sensors [2]. In addition to CNTs,
elastic conductors composed of silver nanowires (AgNWs) and elastomers have been used for
improving mechanical robustness of sensors that can detect stains of up to 50% [48, 49].

Other electrodes used in capacitive sensors include conductive textiles composed of conduc-
tive particles and fabrics. A commercial, stretchable conductive textile, termed Electrolyca
(Mindsets Ltd, UK), was composed of woven silver with nylon elastic fibers employed as
electrodes in a flexible capacitance-sensing element integrated in a measured structure [4].
Another conductive textile, Zelt fabric (Mindsets Ltd, UK), made of soft copper-/tin-coated
woven fabrics, was assembled into a dielectric film for use in soft tactile sensors [5]. Park et al.
[50] fabricated stretchable, thin-film electrodes using silver nanoparticles and rubber fiber
mats. The electrodes retained high conductivity at 140% strain and were compatible with
various substrates and could be deployed over large areas.

A conductive film has been reported, which was composed of indium-tin oxide (ITO)-coated
poly (ethylene terephthalate) (PET) film and exhibited good performance when its bending
radius was greater than 8 mm [51]. This ITO/PET film was suitable for use as a pressure sensor
with microstructured elastomeric dielectric film [37, 51, 52].

In addition to the use of compliant electrical conductors, conductive liquids have also been
employed based on liquid, metal-filled channels [38, 53, 54] or microliquid metal droplets [55].
This technical approach is beneficial to use in an array of soft tactile sensors.

4.2. Ionic conductors

There are instances when compliant electrodes must meet the stretch requirements of a sensor
as well as the biocompatibility and transparency requirements [9]. Sensors employing ionic
conductors can develop signals using these ions. Ionic conductors have been studied for use in
applications that demand greater stretch and greater transparency than electronic conductors,
such as polyacrylamide hydrogels [56–58] and ionogels composed of ionic liquid and
polyacrylic acid [59]. Recent work has demonstrated that these materials can be used as the
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electrodes of transparent sensors and actuators for artificial muscles, skin, axons and kines-
thetic sensing [60–64]. A transparent, capacitive sensor termed ionic skin was first developed
using a dielectric elastomer covered with ionic electrodes, which were composed of a poly-
acrylamide hydrogel with NaCl [9]. To solve the problem of water loss from the hydrogel,
high-retention hydrogel conductors [58] were applied in a highly stretchable and transparent
actuator [60]. This was then formed into a highly stretchable electroluminescence [65] and an
ionic cable that exhibited high-speed and long-distance signal transmission [66]. The high-
retention hydrogel conductors were very stretchable, with strains that exceeded 1000% as
shown in Figure 5. The hydrogel conductor was also very tough. We poked a knife at the
hydrogel conductor (Figure 6a). Figure 6b showed it remained intact after being poked [67].

For use in sensors, a good compliant electrode should exhibit low hysteresis of resistance
versus strain, a well-controlled surface resistance and limited degradation with load cycling [7].

5. Applications of dielectric elastomer sensors

Compared to traditional rigid sensors (resistance strain gages, piezoelectric ceramics sensors,
etc.), dielectric elastomer sensors exhibit advantages, including low cost, large deformation

Figure 6. (a) Poking at the hydrogel conductor with a knife and (b) the ionic conductor remaining intact after being
poked.

Figure 5. The hydrogel conductor from an original state to a stretched state.

Elastomers238



electrodes of transparent sensors and actuators for artificial muscles, skin, axons and kines-
thetic sensing [60–64]. A transparent, capacitive sensor termed ionic skin was first developed
using a dielectric elastomer covered with ionic electrodes, which were composed of a poly-
acrylamide hydrogel with NaCl [9]. To solve the problem of water loss from the hydrogel,
high-retention hydrogel conductors [58] were applied in a highly stretchable and transparent
actuator [60]. This was then formed into a highly stretchable electroluminescence [65] and an
ionic cable that exhibited high-speed and long-distance signal transmission [66]. The high-
retention hydrogel conductors were very stretchable, with strains that exceeded 1000% as
shown in Figure 5. The hydrogel conductor was also very tough. We poked a knife at the
hydrogel conductor (Figure 6a). Figure 6b showed it remained intact after being poked [67].

For use in sensors, a good compliant electrode should exhibit low hysteresis of resistance
versus strain, a well-controlled surface resistance and limited degradation with load cycling [7].

5. Applications of dielectric elastomer sensors

Compared to traditional rigid sensors (resistance strain gages, piezoelectric ceramics sensors,
etc.), dielectric elastomer sensors exhibit advantages, including low cost, large deformation

Figure 6. (a) Poking at the hydrogel conductor with a knife and (b) the ionic conductor remaining intact after being
poked.

Figure 5. The hydrogel conductor from an original state to a stretched state.

Elastomers238

(the strain even exceeds 100%) and fast response time, and are easily integrated into monitored
structures [5, 50, 52]. They have been used extensively as physical sensors, such as pressure
sensors [52], strain sensors [1, 36, 68], normal and shear force sensors [5, 34, 43, 53]. In addition,
for simulating multifunctional human skin, multimodal sensors have been made for measur-
ing pressure, temperature and humidity [2, 69]. These outstanding features make these sensors
potentially useful in soft robots, human-machine interfaces, human-activity monitoring, per-
sonal healthcare and structural health monitoring (Figure 7).

5.1. Flexible and stretchable sensors as capacitive electronic skin

Recently, flexible and stretchable strain sensors have been developed that can be worn as
electronic skin (e-skin) for soft robots, wearable devices and human motion monitoring in
medicine, including diagnosis development, rehabilitation assistance and activity monitor-
ing [3]. These flexible and stretchable capacitive strain sensors consisted of a dielectric polymer
film sandwiched by two compliant electrical conductors. Cohen et al. [68] proposed a highly
elastic strain sensor composed of dielectric elastomers sandwiched between CNT percolation
electrodes. These sensors can be stretched to 100% of their original size over thousands of
cycles with a 3% variability, which has resulted in the demonstration of useful applications in a
robotics context for transduce joint angles. A highly stretchable and transparent capacitive
strain sensor based on CNT elastic electrodes has been proposed [36]. The highly sensitive
strain sensors can measure strains up to 300% with excellent durability, stability and fast
response, which have potential applications in wearable smart electronics as demonstrated by
experiments in glove and respirationmonitoring. Yang et al. [1]made a recoverablemotion sensor
based on the surface-modified CaCu3Ti4O12 (S-CCTO) nanoparticles involving a self-healing

Figure 7. Applications of the dielectric elastomer sensors in soft robots, human-machine interfaces, human-activity
monitoring, personal healthcare and structural health monitoring.
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polymer matrix. The composites had a high dielectric permittivity of 93 at 100 Hz. These authors’
work showed the benefits of the electrical and mechanical self-healing properties of their motion
sensors.

Similar to the concept of human skin, the flexible and stretchable dielectric elastomer sensors
can be used as soft strain gauges but can also be used for measurements of pressure and three-
axis forces. Pressure sensors have been fabricated by sandwiching a soft dielectric between two
sets of flexible electrodes, such as metal thin films [43], CNTs [34], AgNW-based [45], liquid
electrodes [53]. Dielectric elastomer sensors were designed as skin-like tactile sensors, which
could measure pressure produced by the human-body activity. These pressures included a
low-pressure regime (<10 kPa) produced by intrabody pressure (intraocular pressure and
intracranial pressure), a medium-pressure regime (<100 kPa) generated by wave, vibration or
pulses (blood pressure, respiration, phonation, heart, radial artery, jugular venous) and a high-
pressure regime (>100 kPa) produced in the foot [52, 68]. Extremely robust pressure sensors
were fabricated using flexible polyurethane foams and Au thin films that could measure
normal pressures from 1 to 100 kPa for applications as artificial skin and in wearable robot-
ics [43]. Transparent and stretchable pressure and strain sensor arrays have been developed to
detect pressures of up to 1 MPa using nanomaterial electrodes. Potential applications include
prosthetic limbs, bandages, robotics and touch screens [34, 43]. Li et al. [53] proposed highly
deformable tactile sensing arrays based on low modulus platinum-catalyzed silicone polymer
(EcoFlex00-30) with embedded liquid metal microfluidic (eutectic gallium indium) arrays. The
wearable tactile sensors could be stretched greater than 400% and could conform to curved
objects or soft biological tissues.

However, the incompressibility and viscoelasticity of rubbers limit their sensitivity for use in
pressure sensors [52]. By constructing an air gap and compressible dielectric layers between
two electrodes, the performance of the pressure sensors can be improved [70]. Zhang et al.
[21, 71] designed a compressive soft sensor with an air gap and theoretically demonstrated that
the air gap could improve the sensitivity of the pressure sensors. These authors’ results showed
that when the thickness of the air gap was large, the detection range was large but the
resolution was small.

Based on the structure containing an air gap, three-axial force sensors were designed using a
2D overlap with a larger top electrode on four bottom electrodes [5, 11]. In this structure,
Zhang et al. [11] investigated the effect of the geometry (rectangle and circular sector) of the
electrodes on the sensitivity, linearly, hysteresis and detection range of the device using simu-
lations and experimentation. Their results showed that the rectangular strategy improved the
performance of the sensor over that of a circular design (four circular sector bottom electrodes).
Viry et al. [5] developed a highly compressible and sensitive capacitive three-axial force sensor
that was fabricated with a top textile electrode and four bottom textile electrodes sandwiching
a fluorosilicone film and an air gap. This device reportedly could detect pressures of up to 190 kPa
(estimated up to 400 kPa) and minimal weights of less than 10 mg. Hence, the application of
the sensor was extensive, including biomimetic touch, heartbeat monitoring and foot pressure-
distribution monitoring.

The micro/nanostructured dielectrics have been widely developed to improve the sensitivity and
response and/or relaxation time of the pressure sensors [72]. Mannsfeld et al. [52] proposed a
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type of organic thin film that consisted of a regularly structured dielectric layer with organic
field-effect transistors (OFETs) for use as pressure sensors. The design of this device resulted in
faster response and relaxation times (<<1s), and higher sensitivity (0.55 kPa�1) than the unstruc-
tured film (0.02 kPa). Using a device with microstructured rubber dielectric layers, Schwartz
et al. [37] further developed highly flexible transistor devices with high sensitivity (8.4 kPa�1),
high stability and low power consumption that were used as an electronic skin for human-
machine interfaces [37]. Various microstructures have been studied for use as the dielectric layer
for flexible capacitive pressure sensors, including pyramids [19], microhairs [73] and micro-
spheres [74]. Tee et al. [19] found that the pyramidal structures with relative small sidewall
angles were the optimum shapes for rendering improved sensitivity, compared to structures
with relative large sidewall angles and square cross-sectional structures. In addition, when the
structures were spaced further apart, the sensitivity increased. The authors also demonstrated
that these pressure sensors could be used for blood pulse monitoring and next-generation force
sensing track pads with high sensitivity, easy manufacturing and low cost [19]. The design of
microhair structures for flexible pressure sensors can enhance the signal-to-noise ratio and
enable signal detection of the deep-lying internal jugular venous pulses for healthcare monitor-
ing [73]. Li et al. [74] proposed a pressure sensor composed of polystyrene microspheres (dielec-
tric layer) and Au electrodes with a surface micropattern similar to lotus leaves. The devices
facilitated measurements over a wide dynamic response range (0–50N) in addition to high
sensitivity (0.815 kPa�1) and a fast response time. This device was suitable for use over a wide
pressure-measuring range for applications in wearable healthcare devices, patient rehabilitation
and biomedical prostheses. In other devices, a dielectric layer of the pressure sensor respectively
employed porous PDMS [51], porous silicone foam [75, 76] or graphene oxide (GO) foam [77]. In
particular, Chen et al. [51] developed a microstuctured elastomeric dielectric film with air voids
(porous PDMS) integrated with ITO/PETelectrodes, which was highly sensitive and fast, capable
of measuring pressures from 1 to 250 kPa and durable under loads larger than 1 MPa. Experi-
ments demonstrated that these advantages of this device readily let it for use as a smart insole
and a wrist pulse monitoring sensor.

5.2. Ionic skin

Ionic conductors have attracted attention in capacitive tactile sensing applications, due to their
high transparency and conductivity under large deformation [61–63]. Nie et al. [61] fabricated
a capacitive pressure sensor utilizing an ionic gel matrix. This transparent film sensor had a
high sensitivity (3.1 nF/kPa) because the electrical double layer produced an ultra-high unit-
area capacitance. The sensor also exhibited excellent mechanical and thermal stability and a
rapid response. The applicability of this sensor as a wearable device was successfully demon-
strated so that it was later incorporated into the consumer electronic devices including a smart
watch, augmented reality glasses and a custom fingertip-mounted tactile sensor. Sun et al. [9]
developed a highly stretchable and transparent capacitive sensing sheet called ionic skin,
which was composed of a dielectric and two ionic conductors. These sensors can detect strains
over a wide range (from 1 to 500%) and pressures as low as 1 kPa. The working principle of the
sensor was reported in detail in the literature [9]. A hybrid ionic-electronic circuit was formed
by connecting the ionic conductors to electronic conductors for transmitting electrical signals.
When a low voltage was applied between the two electrodes, electrochemical reactions did not
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occur, and no electrons or ions crossed the interface between the electrode and the ionic
conductor. This allowed electrical double layers to form at the interface, similar to a capacitor
CEDL, which was in series with a capacitor Cm formed by the ionic conductors and the dielectric
(Figure 8). As a result, the capacitance C measured between the two electrodes can be written
as C ¼ Cm=ð2Cm=CEDL þ 1Þ. The capacitance of the dielectric was much less than the electrical
double layer since the separation (nanometer) of the charges in the electrode and in the ionic
conductor was much less than the distance between the charges separated by the dielectric
with a thickness. Consequently, the measured capacitance Cwas dominated by the capacitance
of the dielectric Cm. According to this principle, a transparent capacitive sensing film was
fabricated in our laboratory for structural health monitoring.

5.3. Flexible and large-surface dielectric elastomer sensors applied in structural health
monitoring

Detecting and locating damage to bridges, roads, buildings and other structures is necessary to
ensure a long lifespan of the national infrastructure. Detecting defects and providing warnings
in time can prevent the collapse of structures. Soft film sensors employing functional materials
have been proposed for monitoring the condition of structures. These sensors include resis-
tance-based, piezoelectric, antenna, vacuum and capacitance-based strain sensors. Some of
these technologies are unsuitable for use on a large scale, because their complex manufacturing
processes make them too expensive.

In the recent developments in structural health monitoring, Laflamme et al. [78] first proposed
a sensing technique for damage localization using a layer of commercial dielectric polymer
(DEAP, Danfoss PolyPower) on the surface of a monitored structure with a same reference

Figure 8. A schematic diagram of additional electric charges accumulated when a voltage is applied between the electrical
conductors [9].

Elastomers242



occur, and no electrons or ions crossed the interface between the electrode and the ionic
conductor. This allowed electrical double layers to form at the interface, similar to a capacitor
CEDL, which was in series with a capacitor Cm formed by the ionic conductors and the dielectric
(Figure 8). As a result, the capacitance C measured between the two electrodes can be written
as C ¼ Cm=ð2Cm=CEDL þ 1Þ. The capacitance of the dielectric was much less than the electrical
double layer since the separation (nanometer) of the charges in the electrode and in the ionic
conductor was much less than the distance between the charges separated by the dielectric
with a thickness. Consequently, the measured capacitance Cwas dominated by the capacitance
of the dielectric Cm. According to this principle, a transparent capacitive sensing film was
fabricated in our laboratory for structural health monitoring.

5.3. Flexible and large-surface dielectric elastomer sensors applied in structural health
monitoring

Detecting and locating damage to bridges, roads, buildings and other structures is necessary to
ensure a long lifespan of the national infrastructure. Detecting defects and providing warnings
in time can prevent the collapse of structures. Soft film sensors employing functional materials
have been proposed for monitoring the condition of structures. These sensors include resis-
tance-based, piezoelectric, antenna, vacuum and capacitance-based strain sensors. Some of
these technologies are unsuitable for use on a large scale, because their complex manufacturing
processes make them too expensive.

In the recent developments in structural health monitoring, Laflamme et al. [78] first proposed
a sensing technique for damage localization using a layer of commercial dielectric polymer
(DEAP, Danfoss PolyPower) on the surface of a monitored structure with a same reference

Figure 8. A schematic diagram of additional electric charges accumulated when a voltage is applied between the electrical
conductors [9].

Elastomers242

capacitance. The next step entailed fabricating soft elastomeric capacitors (SECs) that were
inexpensive and useable on large surface areas [79]. The robust and static characterization of
the sensors was demonstrated through testing [47]. Static characterization, dynamic monitoring,
localization of fatigue cracks and the distribution of thin film sensor arrays on structures were
studied using the referenced SECs [80–83]. The electrodes of these sensors were composed of
SEBS containing carbon black particles, and the sensors were not transparent. The damaged
parts of the subject structure are invisible when the sensors were placed on the surface.

We have developed a transparent, capacitive sensor that is inexpensive and can easily detect
cracks in large-scale infrastructures [67]. The sensor was attached to a monitored surface by a
bonding layer (Figure 9). The sensor consisted of a transparent dielectric elastomer sandwiched
between two transparent and stretchable ionic electrodes. The transparent capacitive sensor
could be used to monitor large areas of a structure to detect potential damage. The robustness
of this sensor was demonstrated by tests (Figure 10a and b), particularly on the over-reinforced
beam. Tests conducted on the over-reinforced concrete beam demonstrated that the sensor was
capable of detecting small cracks (Figure 10c and d).

5.4. Cantilever sensors (force, torque and displacement) for robotic technologies

In the previously described applications of dielectric elastomer sensors, most of these sensors
were in the shape of a flat sheet. This is not suitable for measuring other mechanical parame-
ters such as concentrated force and displacement. The cantilever beam sensors are a class of
force sensors that are used extensively for weight measurement, environmental monitoring,
biological monitoring and gas detection. Most of these devices are rigid sensors that are
unsuited for soft robotics applications. There have been few reports in the literature about soft
displacement or force dielectric elastomer sensors based on the flexible beam. Lucarotti et al.
[4] proposed a strategy to sense-bending angle and force in a soft body based on beam
configuration, which was integrated with two capacitive sensing elements for distinguishing
between convex and concave bending. In their analysis of the device, they imposed a bending
and/or an external force to a soft beam. The results confirmed the superiority of this sensing
strategy for use in soft robotics.

Figure 9. A schematic of a dielectric covered with ionic conductors deployed over the surface of a monitored structure by
using a bonding layer [67].

Dielectric Elastomer Sensors
http://dx.doi.org/10.5772/intechopen.68995

243



We have proposed a dielectric elastomer cantilever beam sensor for measuring force or dis-
placement [84]. A dielectric membrane sandwiched between compliant electrodes was pasted
to the surface of a soft uniform strength cantilever beam by the bonding layer, which made the
sensing device as shown in Figure 11. The concentrated force at the free end induced a change
in the capacitance of the dielectric membrane. Therefore, the applied force could be deter-
mined from the change in the capacitance of the sensor. The beam of uniform strength was
used to determine that the deformation of dielectric membrane was homogeneous. The results
of the experiments showed the change in capacitance almost increased linearly with the
increasing of the force from 0 N to 2 mN, which was applied to the end of the beam. As the
results indicate, the dielectric elastomer cantilever beam force sensor appeared to work well.
Because the force was linear with the deflection at the free end of the cantilever beam, the
proposed device can be used as a displacement sensor.

5.5. Multimodality of dielectric elastomer sensors

The tactile sense of the human skin not only includes physical responses such as strain,
pressure, shear and torsion but also temperature and humidity. To mimic the human skin, the
electronic skin must be designed to sense multimodality consisting of physical, biological and
chemical stimuli. The integration of flexible and stretchable multiple sensors into wearable
platforms has been developed for applications in human-activity monitoring, human-machine
interfaces and personal healthcare [2, 3, 69, 85]. To assess these parameters, multimodal

Figure 10. (a) An illustrative photo of four cuts on the transparent capacitive sensor, (b) relative change in capacitance
when cuts were made, (c) a photograph of cracks formed under the sensor and d) relative change in capacitance of the
sensor and load against time [67].
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dielectric elastomer sensors have been tested. Kim et al. [2] described a highly sensitive and
multimodal capacitive sensor composed of Ecoflex and carbon nanotube microyarns. The
sensor was capable of measuring pressures as low as 0.4 Pa, temperature or humidity gradi-
ents and biological variables with different dipole moments in a single pixel. The measure-
ments of mechanical deformation, humidity and biological variables were realized by the
change in capacitance. The measurement of temperature was accomplished by determining a
change in resistance. Ho et al. [69] developed a transparent and stretchable multimodal elec-
tronic skin sensor matrix. This sensor could measure pressure, thermal and humidity simulta-
neously using independent electrical signals. Graphene (chemical vapor deposition) electrodes
sandwiched PDMS, which formed capacitive sensors for measuring pressure and strain. The
graphene oxide (GO) and reduced graphene oxide (rGO) were used as impedance humidity
sensor and resistive thermal sensor, respectively. The pressure, humidity and thermal sensors
were integrated into a layer-by-layer geometry. In addition, excellent sensitivity of the sensors
was demonstrated by monitoring moving hot air, breathing and finger touching.

In addition to the previously mentioned applications of dielectric elastomer sensors, other
applications have also been developed. For example, a soft capacitive tactile sensor consisting
of two sensing elements with different stiffness was reported for measuring tissue elastic-
ity [86]. The results of tests using this device showed that the sensor could detect tissue
elasticity from 0.1 to 0.5 MPa. Dielectric elastomer sensors have also been used as self-sensing
actuators, such as pneumatic actuators [62], dielectric elastomer actuators [87], coaxial actua-
tors [88] and McKibben actuators [39].

6. Conclusions and outlook

In this chapter, the primary sensing principles and materials used in flexible and stretchable
dielectric elastomer sensors have been described along with the efforts to develop dielectric
elastomer sensing devices for applications in soft robotics, structure health monitoring, electronic
or ionic skin for human-activity and personal healthcare. In addition, developments in our own

Figure 11. A sketch of the dielectric elastomer cantilever beam force sensor [84].
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laboratory on dielectric elastomers were presented, including cantilever force (displacement)
sensors for soft robotics and transparent sensors used in structural health monitoring.

Highly sensitive, flexible and stretchable dielectric elastomer mechanical sensors have been
developed for soft robots and personal healthcare; however, a tunable measurement range is
needed for different positions on the human body or on robots. For practical applications of
dielectric elastomer sensors, the performance of the sensors must be further improved to
increase their durability and minimize drift and interference. The multiple dielectric elastomer
sensors need be developed to improve their sensitivity in the measurement of temperature,
humidity, chemical and biological stimuli. For future development, a sensor-integrated wear-
able platform with low-power consumption will be needed, which is equipped with a wear-
able power generator with high output efficiency as well as a power-storage device with large
capacity [3].
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