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Abstract Influence of different types of rubber and

ceramic material on cure characteristics, mechanical,

morphological, and dielectric properties of natural rubber

(NR) vulcanizate was studied. Two types of ferroelectric

ceramic materials: barium titanate (BaTiO3) and lead tita-

nate (PbTiO3) were prepared by solid-state reaction with

calcinations at 1100 �C for 2 h. The ceramic powders were

then characterized by X-ray diffraction (XRD), particle

size analyzer, and SEM techniques. Ceramic/rubber com-

posites were then prepared by melt mixing of rubber and

ceramic powders. Two different types of NR (i.e., epoxi-

dized NR [ENR] and unmodified NR) and two types of

ceramic powders (i.e., BaTiO3 and PbTiO3) were exploi-

ted. It was found that incorporation of ceramic powders in

rubber matrix and the presence of epoxirane rings in ENR

molecules caused faster curing reaction, and higher delta

torque but lower elongation at break. This is attributed to

lower mobility of molecular chains and higher interaction

between ENR molecules. Furthermore, SEM results

revealed that the BaTiO3 composites showed finer and

better distribution of the particles in the rubber matrix than

that of the PbTiO3 composite. This caused superior

mechanical properties of the BaTiO3 composites. Further-

more, higher dielectric constant and loss tangent was

observed in the ENR/BaTiO3 composites.

Introduction

Ceramic materials based on perovskite-like oxide struc-

tures have been currently interested in electrical and elec-

tronic applications. Barium titanate (BaTiO3) and lead

titanate (PbTiO3) are such materials that exhibit high

dielectric constant and piezoelectric properties with the

Curie temperature (Tc) of approximately 120 and 490 �C,

respectively. These two types of materials have been used

in various applications: multi-layer ceramics capacitors

(MLCC), piezoelectric sensors, transducers, actuators, and

microelectromechanical systems (MEMS) [1–3]. Ferro-

electric ceramics typically exhibit excellent thermal sta-

bility and functional properties of dielectric and

piezoelectric properties with high stiffness and low

toughness. Therefore, combination of high piezoelectricity

of ferroelectric ceramic with high viscoelastic elastomer to

form flexible ferroelectric composites has been one of the

interested areas in recent years [4]. The desired charac-

teristics of these materials are hybrid properties of the

composites with high dielectric constant and stiffness of

ceramic materials and excellent mechanical strength, flex-

ibility, formability, and robustness of polymer. General

properties of ceramic/polymer composites depend on

intrinsic properties of the ceramic and polymer, volume

fraction, connectivity, and polarizability of the ceramic

particles and polymer matrix. Therefore, ferroelectric

composites based on ceramic particles and polymer

matrices have been currently developed to embed in the

electrical devices [5–7]. Various advantages of these

materials are high dielectric constant, lightweight, high

mechanical strength, and good flexibility.

The composites with active piezoelectric ceramic par-

ticles (0-D) dispersed in three-dimensionally connected

polymer matrix (3D) are referred to as 0-3 connectivity [8].
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That is, the ceramic particles do not contact to each others

but the polymer phase is self-connected in all directions in

the 0-3 connectivity, as schematically shown in Fig. 1.

Examples of the composites with 0-3 connectivity include

lead zirconate titanate (PZT)/polyvinylidene fluoride

(PVDF) [9], lead titanate (PT)/polyvinylidene fluoride–

trifluoroethylene (PVDF–TrFE) [10], lithium tantalatum

oxide (LT)/PVDF-TrFE [5], and barium titanate (BT)/

PVDF-TrFE [6]. The polymer matrix based on PVDF and

its copolymer has been widely used in recent years owing

to their intrinsic ferroelectricity. Furthermore, other types

of the polymeric matrices have been used. These include

polyurethane [11], polyimide [12, 13], polystyrene [14],

and epoxy [15]. Moreover, various types of elastomeric

matrices have also been applied to prepare the composites.

These include silicone rubber (Q) [16], chloroprene rubber

(CR) [17], and acrylonitrile butadiene rubber (NBR) [18].

It was claimed that these types of elastomer could be used

to prepare the composite materials with the piezoelectric

and pyroelectric properties. The composite of natural rub-

ber (NR) may provide the material with good mechanical

properties, high flexibility, and superior elasticity. How-

ever, NR exhibits intrinsically poor electrical properties

with low dielectric constant (e0 = 2.68 at 1 kHz) [19],

compared with the PVDF (e0 = 12 at 1 kHz) [20]. There-

fore, modified form of NR by incorporation of polar

functional groups (such as epoxidized NR, ENR, as shown

in Fig. 2) might cause improving of electrical properties of

the composites.

In this work, ENR was used as a polymeric matrix to

prepare 0-3 connectivity composites with barium titanate

and lead titanate. Unmodified NR in the form of air-dried

sheet (ADS) was also used to prepare the composites for a

comparison purpose. Curing, mechanical, morphological,

and dielectric properties of the ceramic/NR composites

were investigated.

Experimental

Materials

Natural rubber (NR) (air-dried sheet, ADS) was manufac-

tured by Khuan Pun Tae Farmer Co-operation (Phattaluang,

Thailand). ENR with 25 and 50 mol% epoxide (i.e.,

Epoxyprene 25 (ENR-25) and Epoxyprene 50 (ENR-50))

were manufactured by Muang Mai Guthrie Public Co., Ltd.

(Surathani, Thailand). The zinc oxide (white seal) and

stearic acid used as activators in sulfur vulcanization system

were manufactured by Metoxide Thailand Co., Ltd. (Path-

umthani, Thailand) and Imperial Industry Chemical Co.,

Ltd. (Pathumthani, Thailand), respectively. Mercaptoben-

zothiazole (MBT) used as an accelerator was manufactured

by Flexsys (Termoli, Italy). The sulfur used as curing agent

was manufactured by Ajax Chemical Co., Ltd. (Samutpra-

karn, Thailand). The barium carbonate (BaCO3), lead oxide

(PbO), and titanium dioxide (TiO2) used as reactants for

synthesizing of barium titanate and lead titanate were

manufactured by Ajax Finechem Pty Ltd. (New South

Wales, Australia), Sigma-Aldrich Pte Ltd. (Buchs, Swit-

zerland) and Sigma-Aldrich Pte Ltd. (St. Louis, USA),

respectively. Isopropanol (commercial grade) was used as

solvent medium in ball-milling process was manufactured

by Shell Chemicals (Thailand) Co., Ltd. (Rayong, Thai-

land). High purified silver paint was used to cover the sur-

face of the composite sheet for electrical measurement was

manufactured by SPI supplies (West Chester, PA, USA).

Preparation of BaTiO3 and PbTiO3

Barium titanate (BaTiO3) and lead titanate (PbTiO3) were

synthesized by the conventional solid state reactions of

BaCO3|TiO2, and PbO|TiO2, respectively. Starting materi-

als (i.e., BaCO3|TiO2, and PbO|TiO2) were first weighed

with a molar ratio of 1:1. They were then incorporated into

a 1-L ball-milled jar and thoroughly mixed for 1 min.

Isopropanol was then added until 75 vol% of the jar was

reached. The mixing was continued for 5 min. The mixture

was then ball milling for another 24 h using zirconia balls

with a half capacity of the jar. Isopropanol was thereafter

separated by rotary evaporator. The remaining product was

then dried at 120 �C for 12 h in a hot air oven. The mixed

powder was then grinded, sieved through 120 mesh

screen, and then incorporated into the alumina crucible.

Ceramic

Polymer

0-3

Fig. 1 0-3 Connectivity model in a diphasic composite system

Natural Rubber (NR)

Epoxidized Natural Rubber (ENR)

Fig. 2 Molecular structures of natural rubber and epoxidized natural

rubber

1724 J Mater Sci (2011) 46:1723–1731

123



Calcination was then performed at 1100 �C for 2 h in the

muffle furnace (Thermolyne 6000 furnace, Barnstead

International, Dubuque, IA, USA).

Preparation of ceramic/NR composites

BaTiO3/NR and PaTiO3/NR composites were prepared

by mixing process at 60 �C using an internal mixer with

a capacity of 80 cm3, (Brabender Plasticorder, model

PLE331, Brabender OHG Duisburg, Germany) at a rotor

speed of 60 rpm. Two different types of NR were used:

unmodified NR (i.e., ADS) and ENR with two different

levels of epoxide groups (i.e., 25 mol% (ENR-25) and

50 mol% (ENR-50)). Compounding formulation used to

prepare the composites and mixing schedule are shown in

Table 1. NR was first masticated for 5 min. Zinc oxide and

stearic acid were then added and mixed for 2 and 1 min,

respectively. Ceramic powders were then incorporated into

the chamber and continued mixing for another 5 min. After

dumped the mixes out of the mixing chamber, MBT and

sulfur were added and mixed using two-roll mill for 1 and

2 min, respectively. The rubber compound was then

sheeted out and left at room temperature for 12 h before

testing and vulcanizing.

XRD analysis

X-ray diffractometer (XRD) (model X0Pert MPD, Philips,

Almelo, The Netherland) with nickel filtered Cu Ka radi-

ation was used to characterize phase structure of BaTiO3,

PaTiO3, and starting materials (i.e., BaCO3|TiO2 and

PbO|TiO2). The 2h scanning of X-ray intensity in a range

of 20–60� with a scan speed of 0.05�/s was used.

Cure characterization

Rotorless rheometer (rheoTECH MD?, Tech Pro, Inc.,

Cuyahoya Falls, USA) was used to determine curing

characteristics of the rubber composites at 160 �C with

1� arc and 60 min. The optimum cure time (tc90), scorch time

(ts1), minimum torque (ML), maximum torque (MH), and

delta torque (MH - ML) were determined from the curing

curves. The vulcanizates with a thickness of approximately

550 ± 50 lm was then prepared by compression molding at

160 �C according to the respective optimum cure time (tc90).

Mechanical, morphological, and dielectric properties of the

composite vulcanizates were then investigated.

Mechanical properties

The dumb-bell shaped specimens were prepared from a sheet

of the rubber vulcanizates by die cutting according to ASTM

die type C. Stress–strain behavior of the vulcanizates were

then tested using a universal tensile testing machine

(Hounsfield Tensometer, model H 10KS, Hounsfield Test

Equipment Co., Ltd, Surrey, U.K.) at a speed of 500 mm/min

and initial gauge length of 25 mm, according to ASTM

D412.

Microstructure studies

Scanning electron microscopy (SEM) (model JSM-

6510LA, Jeol Ltd., Akishima, Japan) was used to charac-

terize microstructures of the ceramic powders and the

cryogenic fractured surface of the ceramic/NR composites.

The samples were coated with a thin layer of gold under

vacuum condition before characterization.

Dielectric measurement

Capacitance and loss tangent (i.e., tan d) of the ceramic/NR

composites were determined in frequency ranges from

75 kHz to 30 MHz at room temperature using a precision

LCR meter (Agilent 4285A, Agilent Technologies, Penang,

Malaysia). Samples with diameter of approximately

16 mm and thickness of 0.50–0.60 mm were used. Sur-

faces of the samples were first painted with a thin layer of

high-purity silver paint. The dielectric constant (e0) was

calculated according to the formula [5]:

e0 ¼ Cd

Ae0

: ð1Þ

The loss tangent was then calculated by the following

relation:

tan d ¼ e00

e0
ð2Þ

where C is capacitance (F), e0 is dielectric constant of free

space (8.854 9 10-12 F/m), d is thickness of sample (m),

A is the area of electrode (m2), e0 is dielectric constant

(the real part), and e’’ is loss factor or dielectric loss (the

imaginary part).

Table 1 Compounding formulation used to prepare ceramic/NR

composites

Ingredients Quantities

(phr)

Mixing schedule

(min)

NR/ENRsa 100 5

Zinc oxide 6.0 2

Stearic acid 0.5 1

BaTiO3/PbTiO3 0.2b 5

Mercaptobenzothiazole (MBT) 0.5 1

Sulfur 3.5 2

a ENR-25 and ENR-50
b Volume fraction
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Results and discussion

XRD analysis

Figure 3 shows XRD patterns of mixed powders BaCO3|

TiO2 (Fig. 3a) and calcined product (BaTiO3) (Fig. 3b). It

can be seen that the mixed powders BaCO3|TiO2 exhibited

different XRD patterns compared with the BaTiO3 product.

That is, the structure of BaTiO3 was characterized by XRD

peaks at 22.02�, 22.23�, 31.49�, 31.65�, 38.89�, 44.90�,

45.37�, 50.98�, 55.27�, and 56.27� which corresponded to

the (0 0 1), (1 0 0), (1 0 1), (1 1 0), (1 1 1), (0 0 2), (2 0 0),

(2 0 1), (1 1 2), and (2 1 1) planes of perovskite structure,

respectively [21]. This proves that the reaction of BaCO3

and TiO2 at 1100 �C yielded BaTiO3 product, as follows:

BaCO3 þ TiO2�!
D

BaTiO3 þ CO2 ð3Þ

XRD patterns of PbTiO3 and mixed powders of PbO|TiO2

are shown in Fig. 4. It can be seen that the perovskite

structure of PbTiO3 was also observed. That is, the

presence of the peaks at 21.36�, 22.75�, 31.41�, 32.40�,

39.14�, 43.52�, 46.47�, 49.56�, 51.68�, 52.35�, 55.28�, and

57.17� which corresponded to the (0 0 1), (1 0 0), (1 0 1),

(1 1 0), (1 1 1), (0 0 2), (2 0 0), (1 0 2), (2 0 1), (2 1 0), (1 1 2)

and (2 1 1) planes, respectively [22]. Therefore, the

reaction of PbO and TiO2 at 1100 �C gave PbTiO3 product,

as shown in Eq. 4. Furthermore, the results in Figs. 3 and 4

agreed with the reported XRD data of the JCPDF files

(JCPDF 01-075-0583 and JCPDF 01-070-0746) for

BaTiO3 and PbTiO3, respectively [21, 22]. It is noted

that the broadness of the observed peaks at 112 and 211

planes related to the size of crystallize of the powder.

PbOþ TiO2�!
D

PbTiO3 ð4Þ

It is noted that the broadness of the observed peaks at 112

and 211 planes related to size of crystallite in the powder,

which could be estimated by Scherrer equation, as follows:

t ¼ Kk= B cos hð Þ ð5Þ

where t is the averaged dimension of crystallite, K is the

Scherrer constant (0.9), k is the wavelength of X-ray, B is

FWHM (full width at half maximum). High broadening of

peak (high B value) resulted in smaller crystallite than that

of the narrow peak (low B value).

Cure characteristics

Curing curves of gum and filled rubber compounds (i.e.,

ceramic/NR composites) are shown in Fig. 5. It can be seen

that the plateau curing curves were observed in the gum

compound of unmodified NR (i.e., ADS) but reversion

phenomenon (i.e., decreasing of torque with increasing
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testing time) was observed in the ENR gum compounds.

This is attributed to breakdown of monosulfidic and ether

linkages which contributed to the higher reversion in the

ENR networks [23]. Higher maximum torque was observed

in the ceramic filled rubber compound but the reversion

characteristic was more pronounced in particular in the

ENR compounds. This is attributed to the restructuring and

changing in cross-link structures of the vulcanizates after

the maximum vulcanization was achieved [24]. Cure

characteristics of the gum rubber compound and the cera-

mic/NR composites in terms of minimum, maximum and

delta torques, scorch time, cure time, and cure rate index

(CRI) are summarized in Table 2. It is seen that the ENR

compounds with and without ceramic particles showed

shorter cure and scorch times but higher cure rate index

(CRI) compared with the unmodified NR (i.e., ADS)

compounds. This may be attributed to higher reactivity of

the double bonds adjacent to the epoxide groups in the

ENR molecules [25, 26]. Also, it is clear that incorporation

of ceramic particles generated higher frictional heat during

mixing process. This caused increasing rate of crosslinking

and hence shortening cure time. In the BaTiO3 composites,

longer cure time but lower cure rate index was observed

compared with the PbTiO3 composites. This indicated

lower rate of vulcanization in the BaTiO3 compounds.

Furthermore, it can be seen that the delta torque increased

with increasing epoxide groups in the ENR molecules. This

might be due to higher polarity which led to higher

chemical interaction between the rubber molecules and

rubber molecules with ceramic particles. Furthermore,

incorporation of BaTiO3 caused higher delta torque than

that of the incorporation of PbTiO3. This may be attributed

to higher reinforcing capability of the BaTiO3 particles in

the rubber matrix.

Mechanical properties

Figure 6 shows stress–strain curves of gum and filled

vulcanizates (i.e., ceramic/NR composites). It is seen that

the ceramic/NR composites exhibited higher Young’s

modulus (i.e., slope of the linear region of the curves) than

those of the gum vulcanizates. This is due to incorporation

of the ceramics particles that caused lower mobility of

molecular chains and hence increasing stiffness of the

materials. This result agreed with increasing delta torque of

the composites, as shown in Table 2. In Fig. 6, it is also

seen that the gum vulcanizate exhibited higher elongation

at break than those of the filled ceramic/NR composites.

This is attributed to higher chain flexibility of the gum

vulcanizates. Mechanical properties in terms of tensile

strength and elongation at break based on the failure points

of stress–strain curves (Fig. 6) are summarized in Figs. 7

and 8, respectively. It can be seen that the gum and BaTiO3

filled vulcanizates of ENRs exhibited higher tensile

strength but the PbTiO3 filled vulcanizates showed lower

tensile strength than those of the unmodified NR vulca-

nizates. This may be due to higher chemical interaction

between BaTiO3 particles and ENR matrices which caused

higher reinforcing effect. It has been well established that

the surface composition of barium titanate consists of

hydroxyl groups [27, 28] and metal oxides [29]. Therefore,

the existence of chemical interaction and hydrogen bond-

ing between hydroxyl groups and metal oxides with

Table 2 Cure characteristics of gum vulcanizates and ceramic/NR composites

Properties Gum vulcanizates Filled BaTiO3 Filled PbTiO3

NR ENR-25 ENR-50 NR ENR-25 ENR-50 NR ENR-25 ENR-50

Min. torque (ML) (dN m) 1.70 1.12 1.37 0.73 1.22 1.32 0.93 1.89 2.06

Max. torque (MH) (dN m) 8.80 14.69 15.41 26.16 33.04 36.97 22.92 25.94 29.35

Delta torque (MH - ML) (dN m) 7.11 13.57 14.05 25.43 31.82 35.65 21.99 24.05 27.29

Scorch time (ts1) (min) 1.00 0.43 0.43 0.51 0.31 0.31 0.51 0.34 0.33

Optimum cure time (tc90) (min) 7.00 2.67 2.57 5.19 2.55 3.00 4.71 2.36 2.63

Cure rate index (min-1) 16.67 44.64 46.73 21.37 44.64 37.17 23.81 49.50 43.48
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Fig. 6 Stress–strain curves of gum and ceramics/rubber composites

vulcanizates with different types of rubber and ceramic materials
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epoxide groups in ENR molecules was pronounced. This

might be similar phenomenon to the formation of hydrogen

bonding in BaTiO3/polyimide composites [27]. On the

contrary, it was found that mechanical properties of

PbTiO3/ENR composites are lower than those of PbTiO3/

NR materials, and even lower than properties of NR and

ENR gum vulcanizates. This might be attributed to larger

particles of PbTiO3 together with poor distribution as large

agglomerate in the ENR matrix. In Fig. 8, it is also seen

that the unmodified NR vulcanizates exhibited higher

elongation at break. This is attributed to lower chemical

interaction between ADS molecules. This caused lower

restriction of molecular movement during stretching unlike

ENR molecules which contain functional groups with

higher polarity and hence higher chemical interaction

between the chains [30]. In the ceramic/NR composites, it

is seen that the BaTiO3 composites exhibited higher tensile

strength and elongation at break than those of the PbTiO3

composites. This might be due to better compatibility (i.e.,

higher chemical interaction) and better distribution of finer

BaTiO3 particles in the rubber matrix. This is a reason why

slight increasing of tensile strength of BaTiO3/ENR vul-

canizates was observed with increasing level of epoxide

groups. On the other hand, decreasing trend was observed

in the PbTiO3/ENR vulcanizates.

Morphological properties

Figure 9 shows SEM micrographs of BaTiO3 and PbTiO3

particles. It can be seen that the BaTiO3 particles are finer

than those of the PbTiO3 particles. It has been well

established that finer particles gave higher surface areas

and hence interfacial forces with elastomer [31, 32].

Additional quantitative information of the particle size

distributions of BaTiO3 and PbTiO3 using laser granul-

ometry experiment is shown in Fig. 10. It is confirmed that

the particle size of BaTiO3 is smaller than that of the

PbTiO3 with the average particle size of approximately

4.55 and 64.74 lm, respectively. Figure 11 shows the

cryogenic fractured surfaces of gum and filled vulcanizates

(i.e., ceramics/rubber composites). It is seen that the gum

vulcanizates exhibited smoother surface compared with the

filled vulcanizate (i.e., composites). That is, only white

spots of ZnO particles appeared in the images of gum

vulcanizates. However, the ceramic particles embedded in

the rubber matrix with 0-3 connectivity were clearly

observed in the composite materials. It is also seen that the

finer particles with better distribution in rubber matrix was

observed in the BaTiO3 composite. Therefore, larger spe-

cific surface areas caused higher filler–rubber interaction

with the enhancement of mechanical properties. This

caused the BaTiO3 composite exhibited higher Young’s

modulus (Fig. 6), delta torque (Table 2), and superior

mechanical properties (Fig. 7) than those of the PbTiO3

composites. Furthermore, it is clear that the BaTiO3

showed the best dispersion in the ENR-50 matrix. This

might be attributed to higher level of polar functional groups

which caused increasing interaction between BaTiO3 and

ENR-50 matrix. As a consequence, the BaTiO3/ENR-50

composites exhibited higher tensile strength and Young’s

modulus than those of the BaTiO3/ENR-25 and BaTiO3/

unmodified NR composites, respectively. However, the

SEM micrographs of the PbTiO3 composites showed no

significant difference among different types of rubber used

(i.e., unmodified NR, ENR-25 and ENR-50).

Dielectric properties

Dielectric constant (e0) as a function of frequencies in a

range from 75 kHz to 30 MHz for gum vulcanizates and

Te
ns

ile
 s

tr
en

gt
h 

(M
Pa

)

0

5

10

15

20

25

30
Gum vulcanizate

Filled BaTiO3

Filled PbTiO3

NR ENR-25 ENR-50

Fig. 7 Tensile strength of gum and ceramics/rubber composites

vulcanizates with different types of rubber and ceramic materials

El
on

ga
tio

n 
at

 b
re

ak
 (%

)

0

200

400

600

800

1000

NR ENR-25 ENR-50

Gum vulcanizate

Filled BaTiO3

Filled PbTiO3

Fig. 8 Elongation at break of gum and ceramics/rubber composites

vulcanizates with different types of rubber and ceramic materials

1728 J Mater Sci (2011) 46:1723–1731

123



composites of BaTiO3 and PbTiO3 are shown in Fig. 12. It

can be seen that lower dielectric constant was observed in

the unmodified gum NR vulcanizates compared with the

vulcanizates of composites. Furthermore, the dielectric

constant of the unmodified gum NR vulcanizates slight

decreased with increasing frequency but abruptly decreas-

ing trend was observed in the ENR gum vulcanizates. This

is attributed to orientation polarization where less polar

functional groups in polymer chains caused switching field

with increasing frequency. As a consequence, decreasing

trend of the dielectric constant was observed [12, 33, 34].

In Fig. 12, it is also clear that the abrupt decreasing trend

of dielectric constant with increasing frequencies was

observed in the ENR composites. This may be attributed to

dielectric relaxation of the ceramic particles and the

interfaces in the rubber composite [13]. It is also seen that,

with a given type of ceramic powder, the dielectric con-

stant of the composite increased with increasing epoxide

content in the ENR molecules. This is due to increasing

polarity of the rubber phase and hence the dipoles. This led

to increasing of orientation polarization and also interfacial

polarization [33]. Also, it is seen that incorporation of the

ceramics particles caused increasing of the dielectric con-

stant. This is attributed to interfacial polarization, known as

Maxwell–Wagner–Sillar (MWS) effect. This phenomenon

appears in the heterogeneous media of different phases

with different dielectric constant and conductivity. There-

fore, accumulation of charges at the phase boundaries

and formation of large dipoles on the ceramic particles or

clusters occurred [13, 35]. It is also seen that, at a given

frequency, the BaTiO3 composites exhibited higher

dielectric constant than those of the PbTiO3 composites.

This might be due to the intrinsic properties of the BaTiO3

which typically exhibited higher dielectric constant than

that of the PbTiO3. That is, the dielectric constant of

BaTiO3 and PbTiO3 are approximately 1700 [36] and 107

[37], respectively.

Figure 13 shows loss tangent as a function of frequen-

cies of gum vulcanizate and composites of BaTiO3 and

PbTiO3. It is seen that the dielectric relaxation with loss

tangent peaks was observed in this frequency ranges.

Furthermore, it can be seen that, at a given frequency, the

loss tangent increased with the presence and increasing of

epoxide groups in the ENR molecules. Furthermore,

incorporation of ceramic materials caused increasing of the

loss tangent. This could be interpreted by interfacial charge

polarization (i.e., Maxwell–Wagner effect) e00MW, intrinsic

electric dipole polarization e00D
� �

and leakage conductivity

loss e00dc

� �
inside the composite, as described by the fol-

lowing relation [5, 7, 13, 38]:

e00 ¼ e00dc þ e00MW þ e00D: ð6Þ

The loss tangent is the energy dissipation in the dielectric

system. It is proportional to the imaginary part of dielectric

constant or loss factor (e00), as shown in Eq. 2. In Fig. 13, it

is clear that the ceramic/ENRs composites exhibited lower

loss tangent than those of the ENR gum vulcanizates. This

result indicated that the ceramic/ENRs composites exhib-

ited higher ability to storage charges or lower energy loss,

as compared with the ENR gum vulcanizates. Furthermore,

the composites of PbTiO3/ENR-50 exhibited lower loss

tangent than those of the BaTiO3/ENR-25 composites. This

Fig. 9 SEM micrographs of

a BaTiO3 and b PbTiO3
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Fig. 11 SEM micrographs of gum filled (ceramics/rubber compos-

ites) vulcanizates with different types of rubber and ceramic materials

a NR gum vulcanizate; b ENR-25 gum vulcanizate; c ENR-50 gum

vulcanizate; d BaTiO3/NR; e BaTiO3/ENR-25; f BaTiO3/ENR-50;

g PbTiO3/NR; h PbTiO3/ENR-25; i PbTiO3/ENR-50
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result proved that the ENR-50 caused higher dielectric

constant while retaining excellent loss tangent properties

(i.e., lower energy dissipation). However, the PbTiO3

composites exhibited lower dielectric constant than those

of the composites based on BaTiO3. Therefore, it is con-

cluded that modification by adding polar functional groups

in NR molecules together with incorporation of ceramic

particles caused enhancement of dielectric constant of NR.

This confirms possibility to prepare NR composites with

high dielectric constant which could be possible to embed

in the electrical devices.

Conclusion

Composites based on blending of different types of rubbers

and ceramic materials were prepared. Cure characteristic,

mechanical, morphological, and dielectric properties of the

ceramic/NR composite were investigated. It was found that

the BaTiO3 and PbTiO3 were successfully synthesized by

the solid-state reaction. X-ray diffraction patterns were

used to confirm the perovskite structures of BaTiO3 and

PbTiO3 after calcination at 1100 �C for 2 h. It was also

found that faster scorch time (ts1), cure time (tc90), higher

delta torque (MH - ML) and cure rate index (CRI) were

observed in the gum ENR compounds and their composites

with ceramic particles. Furthermore, it was found that the

gum ENR vulcanizates and BaTiO3/ENR composites

exhibited higher mechanical properties than those of the

gum unmodified NR (ADS) vulcanizate and PbTiO3/ADS.

Moreover, the BaTiO3 composites exhibited finer and

better dispersion in the rubber matrix than those the

PbTiO3 composites. An increase in dielectric constant and

loss tangent of the ENR gum vulcanizates and ENR com-

posites were also observed. That is, the BaTiO3/ENR-50

composites exhibited the highest dielectric constant but

lower loss tangent.
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