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Abstract

The limited applicability of very high dielectric permittivity ceramic materials such
as copper calcium titanium oxide, commonly known as CCTO (e, = 100,000 at room
temperature and nearly independent of frequency from 1 Hz to 1 MHz), could be
improved through the fabrication of polymer matrix composites. Ceramic is brit-
tle while polymers are materials that are ductile and have excellent flexibility but
low €. Another contrast between the two materials is the fabrication process where
ceramic, specifically, requires pressing and a high sintering temperature. Hence,
the right combination of ceramic and polymeric materials should theoretically pro-
duce a composite with excellent mechanical and electrical properties. Therefore, a
study on CCTO ceramic powder blended with 25 mol% of epoxidised natural rub-
ber (ENR-25) was carried out. The CCTO powder was initially synthesised through
solid-state reaction followed by compounding with ENR-25 formulations with dif-
ferent CCTO loadings (0, 20, 40, 60, 80, 100, and 120 phr) in an internal mixer.
Small blocks of the composite were cast into~2 mm of mould thickness and then
hot compressed into square shapes. Samples were characterised by curing, mechan-
ical, electrical, and microstructural properties. As a result, the addition of CCTO
was found to have lowered the curing time, i.e. tcq, at 20 phr, compared to compos-
ites without CCTO loading. Then, the curing time gradually increased with filler
loading from 2.05 to 2.48 at 20 to 120 phr loading, respectively. Mechanical testing
of the composites showed an increase in tensile strength from 5.91 to 16.46 MPa.
However, with content higher than 40 phr content, the tensile strength’s magnitude
gradually decreased with increasing filler loading from 13.63 to 6.49 MPa. In com-
parison, hardness properties increased with an increase of filler loading from 30.5 to
44.7 Shore A. Meanwhile, LCR meter showed that increased CCTO content could
improve g, value from 6.134 to 12.114 at 75 kHz and decrease the dielectric loss
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(tan &) from 0.179 to 0.150 at 2 MHz. The composite’s microstructure also shows
CCTO crystals embedded in the ENR-25 with excellent surface contact. The surface
morphology showed that samples with filler content of 60 phr onwards had a lot
of CCTO particle pore agglomeration, which reduced its mechanical strength from
16.46 to 6.49 MPa.

Keywords Properties modification - Dielectric properties - Mechanical properties -
CCTO/ENR-25 composite

Introduction

Recent years have witnessed a growing academic interest in polymer-ceramic com-
posites. A flexible material with high €. and excellent mechanical properties can be
used in a wide variety of electromechanical applications such as for energy stor-
age, capacitors, antenna, electronic packaging, and actuators [1—4]. The combination
of the desired characteristics of high dielectric materials with improved mechanical
properties leads to the fabrication of polymer/ceramic composites. Ceramic materi-
als have always been known for their high €, and relatively low dielectric loss (tan d)
[5]. However, its main drawbacks are its brittleness as well as its high sintering tem-
perature which leads to the requirement for high processing temperatures of more
than 1000 °C [6]. In contrast, polymers have low dielectric properties but excellent
mechanical properties and require low processing temperatures. The current demand
for the incorporation of artificial intelligence (AI) technology drives new research
on a next-generation dielectric material. These new dielectric materials should pos-
sess high €., low tan §, low processing temperature, easy fabrication, low cost, and
most importantly, the ability to satisfy the market’s needs.

Material selection plays a vital role in determining and designing a new appli-
cation. Therefore, calcium copper titanate (CaCu;Ti,O,,: CCTO) was selected
due to its high dielectric properties. CCTO was first synthesised in 1967 by Alfred
Deschanvres and his co-workers without knowing its enormous benefit. After three
decades, the discovery of dielectric properties of CCTO by Subramanian et al. [7]
triggered a vast amount of innovative scientific inquiry. €, value for CCTO can reach
up to 100,000 at room temperature and is low-temperature dependent [8] which
are essential traits required in electronic devices and systems. The study [7] shows
that oxides with a perovskite structure will exhibit high e, but unfortunately, most
are ferroelectric or temperature-dependent. However, CCTO is not a temperature-
dependent property material; therefore, many researchers have shifted their interest
to CCTO [9]. Much research has been reported on polymer composites using high e,
materials such as barium titanate (BaTiO;) and lead zirconate (PZT) [6, 10]. Unfor-
tunately, both materials have weaknesses; for example BaTiO; is a temperature-
dependent dielectric material while PZT is harmful to health.

Natural rubber (NR) is a polymer under the elastomer group and is derived from
the latex of the Hevea brasiliensis tree. NR has attractive physical and chemical prop-
erties comparable to synthetic rubber [11]. It is favoured due to its low-temperature

@ Springer



Polymer Bulletin

flexibility, high elasticity, fatigue resistance, environmental friendliness, and tear-resist-
ance [12]. However, NR is a weak polar group [13] which caused researcher interest to
shift to ENR or epoxyprene. ENR is the product of the epoxidisation of NR using per-
acetic acid. The reaction from peracid leads to isoprene backbone modification which
also improves its properties, as shown in studies of gelling [14] and its polarity [15].
Composites consist of two or more distinct physical and chemical properties that can
differ by reinforcement and matrix. Surprisingly, the CCTO/ENR-25 composite has
still not been systematically studied. Therefore in this study, CCTO was chosen as the
reinforcement and 25% mol of epoxidised natural rubber (ENR-25) as the matrix. This
study aimed to determine the mechanical, electrical, and microstructural properties of
the CCTO/ ENR-25 composite.

Experimental procedure
Materials

Analytical reagent grade calcium carbonate (CaCO;), copper (II) oxide (CuO), and
titanium dioxide (TiO,) were obtained from R&M Chemicals (Malaysia) and used to
synthesise CCTO. Methanol (JT Baker, Malaysia) was used as a grinding medium. Zir-
conia balls, polyurethane mill jar, and milling machine were supplied by Magna Value,
Malaysia. The starting materials used for the fabrication of CCTO/ ENR-25 composites
were epoxidised natural rubber with 25% mol epoxide (ENR-25), zinc oxide (ZnO),
stearic acid (activators), Mercaptobenzothiazole (MBT) (accelerator), and sulphur
(curing agent): ENR-25 was supplied by Muang Mai Guthrie Public Co., Ltd. (Surat
Thani, Thailand), ZnO and stearic acid were purchased from Bossoftical Public Co.,
Ltd. (Songkhla, Thailand) and MBT and sulphur were obtained from Vessel Chemical
Public Co., Ltd. (Bangkok, Thailand).

Synthesis of CaCu;Ti,0,, (CCTO)

CCTO was synthesised using solid-state reaction at a calcination temperature of 900 °C
for 12 h using CaCOs;, CuO, and TiO, as raw materials. The same method from previ-
ous studies was adopted [8, 16]. The raw materials were firstly weighed using stoichio-
metric ratio and then mixed in a polyurethane mill jar for 24 h using zirconia balls as
mixing media with a mass ratio of balls to raw materials of 10:1. The wet mixing tech-
nique was applied to speed up the mixing process using methanol as a mixing medium.
The synthesised CCTO powder was characterised for phase formation using X-ray dif-
fractometer (XRD Bruker D2 Phaser), particle size distribution measurement (Malvern
Mastersizer MS 3000)), and particle morphology using scanning electron microscope
(JOEL JSM-IT100).
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Table1 Compounding

formulation of CCTO/ENR-25  [neredient - Formulation (phr)

composites (in phr)* 0 20 40 60 80 100 120
ENR-25 100 100 100 100 100 100 100
Zinc oxide 5 5 5 5 5 5 5
Stearic acid 2 2 2 2 2 2 2
MBT 15 15 15 15 15 15 15
Sulphur 1.5 1.5 1.5 1.5 1.5 1.5 L5
CCTO 0 20 40 60 80 100 120

dphr = part per hundreds of rubber per weight

Table 2 Mixing schedule used
to prepare CCTO/ENR-25
composites

Mixing procedure Cumulative
time (min)

Step 1 Internal mixer (Brabender)

ENR-25 mastication 0
Addition of ZnO and stearic acid 5
Addition of CCTO filler

Addition of MBT 11
Addition of sulphur 13
Dumping 15

Step 2 Two-roll mill
Sandwich technique
Roll technique 2

Fabrication of CCTO/ENR-25 composites

CCTO/ENR-25 composites were prepared by the mixing process at 60 ‘C using
an internal mixer (Brabender GmbH & Co, Germany) with 60 rpm rotor speed
and capacity size of 70 cm®. The composites were prepared with various CCTO
loadings of 0, 20, 40, 60, 80, 100, and 120 phr, as shown in the compounding
formulation in Table 1. Meanwhile, Table 2 shows the mixing schedule of com-
posites. The ENR-25 was first masticated for 5 min and then mixed with zinc
oxide and stearic acid for 3 min. The CCTO filler was added into the compound
for 3 min and was continued with the addition of sulphur and MBT for 3 min,
respectively. The compound was sheeted out using a two-roll mill to improve the
dispersion of the added chemicals and then left at room temperature before the
vulcanisation process took place using compression moulding. The rubber com-
pound was cured and pressed into a 150 x 160 x 2 mm? sheet mould at 160 “C for
the respective cure times t., from the MDR test.
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Characterisation of CCTO/ENR-25 composites

After the mixing process, a small amount (>5 g) of the rubber compound was cut
to analyse the cure characteristic. The cure characteristic of composites was inves-
tigated using a moving die rheometer (MDR) (model: MDRH 2020, Monsanto
Co., Ltd., Ohio, USA) at 160 C with 1° arc for 30 min. The optimum cure time
(t.90)> scorch time (ty;), minimum torque (M; ), maximum torque (My), delta torque
(My—M;), and cure rate index (CRI) were recorded. The vulcanised rubber com-
posite sheet was cut into dumb-bell shapes using a cutting die following a standard
from ASTM D-412 for characterising tensile and stress—strain behaviours of CCTO/
ENR-25 composites. It was conducted using Tinius Olsen (model 10ST, Salfords,
England) at 23 +2C with a 500 mm/min speed. Hardness properties were investi-
gated using a standard from ASTM D2240 where 6 mm thick samples were pre-
pared for Shore A using Durometer (Instron, Massachusetts, USA). Meanwhile,
electrical properties were measured using LCR meter (NanoTec; model Agilent
4285A) at a frequency range from 75 kHz to 10 MHz. The surface morphology of
the selected parts of CCTO/ENR-25 composites was observed using a scanning
electron microscope (SEM)/ energy dispersive X-rays (EDX) at 500 X magnification
(JOEL JSM-IT100).

Results and discussion

CCTO powder characterisation

Figure 1 shows the distribution of particle size for CCTO powder produced after
the calcination process. The particle size ranged from 0.571 to 29.185 pm with two

normal density distributions within the range. The larger distribution is suggested to
have been caused by agglomeration of smaller particles; this is indicated in particle
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Fig. 1 Particle size distribution of the synthesised CCTO powder measured by particle sizer
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Fig.2 Morphology of the synthesised CCTO powder observed under SEM
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Fig.3 The synthesised CCTO powder matched to ICSD 01-075-2188 (CaCu;Ti,0,,) X-ray diffraction
pattern

morphology from SEM micrograph in Fig. 2. The particles are almost spherical in
shape and some of them had already diffused to each other and grew larger. Single
phase of CCTO was produced after calcination process at a temperature of 900 °C
for 12 h, as shown by the XRD pattern in Fig. 3. The pattern matches the database
standard of ICSD 01-075-2188 (CaCu;Ti,O,).

Cure characteristics of CCTO/ENR-25 composites

The significant effects of CCTO addition on ENR-25 were studied using the MDR
machine. Table 3 provides an overview of the collected data obtained from MDR
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Table 3 Cure characteristic of CCTO with different filler content embedded in ENR-25

CCTO/ENR 25 Cure characteristic
content (phr)

ty (min)  tgo(min) M; (dN.m) My (dN.m) My-M; (dN.m) CRI (min~h

0 0.49 2.37 0.58 12.40 11.82 41.76
20 0.52 2.05 0.54 15.34 14.80 48.26
40 0.55 2.08 0.49 16.20 15.71 47.45
60 0.59 2.10 0.44 18.77 18.33 47.03
80 1.03 2.35 0.32 22.32 22.00 41.52
100 1.02 243 0.29 23.19 22.90 40.08
120 1.12 2.48 0.24 25.94 25.70 39.15

rheographs. The scorch time (t;) or premature vulcanisation gradually increased with
CCTO addition. The increase in t;; with the filler was also reported by Chuayjuljit et al.
[17]. This phenomenon is due to the isolated double bond reacting more rapidly with
sulphur than a continuous bond, and the epoxide group’s ability to accelerate the vul-
canisation process in ENR. However, the addition of CCTO lowered the epoxide group’s
efficiency to activate the double bonds nearby. The incorporation of CCTO filler in the
composite lowered the optimum cure time (tcq) at 20 phr of CCTO loading. This reduc-
tion might be due to free electrons in the CCTO and ENR network which ease the pho-
non transfer, resulting in increased thermal conductivity of CCTO [4, 18-20].

The tcy, also increased with filler loading. As reported by Luangchuang et al.
[23], the phenomenon can be explained as being due to the absorption of the
accelerator agent by some hydroxy groups on ceramic surfaces and higher filler
loading which prevent sulphur interactions with the rubber matrix. Table 3 also
presents the minimum (M;), maximum (My), and delta torque (My—M;). M
commonly addressed as elastic modulus of uncured blend [17], was shown to
have decreased. Surprisingly, it is also related to the viscosity of the composite.
Thus, if the viscosity of the composite is reduced, it would improve the process-
ability of the composites [21]. My showed results which were the opposite of M; .
In other words, the maximum torque value represents the stiffness and hardness
of the composite at the end of the vulcanisation process [17, 22, 23]. Simultane-
ously, delta torque (My—M; ) measures cross-linking behaviour, and the increas-
ing delta torque value indicates that the cross-link density of the CCTO/ENR-25
composite increased with filler addition. This is due to a very fine CCTO powder
(0.571 to 29.185 um; Fig. 1) which directly helped the rubber processing step by
behaving as a plasticiser before the vulcanisation process starts. After that, the
CCTO powder behaved like an activator for vulcanisation, as can be seen with
the increase in My-M; value with increasing CCTO content. This observation is
in-line with the tensile test, elongation at break and tensile modulus (M100 dan
M300) of the samples (to be discussed in "Mechanical properties of CCTO/ENR-
25 composites" Section). However, at higher amounts, CCTO powder starts to
cause agglomeration (as shown in SEM micrographs; Fig. 4) which affected these
values. Therefore, the incorporation of CCTO filler had improved and contributed
to the cross-linking process [4, 18, 24, 25].
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Fig.4 Surface morphology of ENR-25/CCTO samples a O phr, b 20 phr, ¢ 40 phr, d 60 phr, e 80 phr, f
100 phr, and g 120 phr using a scanning electron microscope at 500 X magnification
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Morphology characterisation of CCTO/ENR-25 composites

The dispersion of CCTO filler in the ENR-25 rubber matrix can be examined
directly using SEM. The SEM micrograph of the composite surface from 0 to 120
phr is presented in Fig. 4 at 500 X magnification. The powder particles present in
Fig. 4(a) are the dispersion of zinc oxide, which can be clarified using EDS analysis
in Fig. 5a. Figure 2 shows the EDS and element micrograph of the composites with
0 and 100 phr of filler loading. The most prominent finding to emerge from the anal-
ysis is that the size and number of agglomeration of CCTO particles (yellow circles)
increased with increasing CCTO loading. As a result, the pore size also increased
with CCTO loadings, leading to pore formation, as shown in Fig. 4f and g in the
red circles. This is due to the electrostatic force that generates interfacial interaction
between other ceramic particles like ZnO [11].

Mechanical properties of CCTO/ENR-25 composites

In addition to dielectric properties, mechanical properties also make a tremen-
dous contribution to the design of a polymer-ceramic composite of CCTO/ENR-
25. Several factors will affect the mechanical performance, such as particle mor-
phology, size, and particle loading. Critically, filler-rubber interaction also plays
an essential role in the deterioration of mechanical properties. The stress—strain
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Fig.5 Representative of EDS and element micrograph of CCTO/ENR-25 samples, a O phr, and b 100
phr
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behaviours of the composites in Fig. 6 illustrate excellent performance along with
the increasing stress—strain. However, a drastic increase was observed in all sam-
ples when strain was higher than 400% except for the compound without filler (O
phr).

Meanwhile, the CCTO/ENR-25 composite’s tensile strength in Fig. 7 gradu-
ally increased with the increasing filler loading, showing a polynomial tendency
of third order. The increase in tensile strength stopped at 40 phr, after which it
continuously dropped. This indicates that 40 phr is the maximum filler loading
with better dispersion of filler-rubber interaction. The decrease in tensile strength
can be explained by the agglomeration of CCTO particles as seen in the SEM
image in Fig. 4c-g, respectively. Agglomeration tends to reduce the densification
of composites and increases porosity [26]. Thus, the presence of pores lowered
the tensile strength of the composites. ENR-25 matrix is known as a hydropho-
bic material [27] while CCTO filler is hydrophilic; therefore, the combination of
these materials weakened the interfacial interaction [19, 28]. Besides that, the
porous structure slowly appeared in the inner structure of the CCTO/ENR-25
composite after 40 phr loading. The pore size also increased with increasing filler
loading, thus inducing the stress concentration.

Elongation at break steadily decreased in linear trendline with increasing filler
loading due to the high cross-link density and low filler-rubber interaction [13].
As reported by Krainoi et al. [18], the decrease of elongation at break could also
happen due to the mobility of ENR being hindered by the CCTO particles. The
trend for 100% modulus and 300% modulus increased with increasing filler load-
ing, as illustrated in Fig. 8, exhibiting a polynomial tendency of the fifth order.
However, at 120 phr loading for 100% modulus, it dropped. For 300%, it started
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Fig. 6 Stress—strain behaviours of CCTO/ENR-25 composites at different filler loadings of CCTO
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Fig. 7 Tensile strength and elongation at break of CCTO/ENR-25 composites at different filler loadings
of CCTO
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Fig.8 100% modulus and 300% modulus of CCTO/ENR-25 composites at different filler loadings of
CCTO

to drop at 100 phr loading. Therefore, the tensile strength, elongation at break,
100% modulus, 300% modulus, and hardness of the CCTO/ENR-25 were directly
affected by the filler loading.

Hardness properties of the composite in Fig. 9 showed a directly proportional
behaviour with a polynomial tendency from 30.5 to 44.7 Shore A. The amount of
filler content does affect the rigidity and cross-link density of the rubber composite
[29], resulting in resistance to the penetration of an indenter. Hardness properties of
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Fig. 9 Hardness properties of CCTO/ENR-25 composites at different filler loadings of CCTO

0 to 40 phr of CCTO loading sharply increases, while samples with 60 phr to 120
phr of filler loading became saturated at around 42 to 44 Shore A. This indicates that
the rigidity had reached its maximum limit. The increasing hardness properties with
the polynomial tendency of third order are illustrated in Fig. 9 [30].

Dielectric properties of CCTO/ENR-25 composites

Figure 10 shows an improvement in dielectric permittivity (e,) with increasing
CCTO content from 6.13 to 12.11 at 0.1 MHz. Theoretically, the increasing filler
loading will increase the dielectric properties of materials due to space charge

OOphr +20phr X40phr <©80phr A100 phr 120 phr

Dielectric Constant

0.1 1 10
Frequency (MHz)

Fig. 10 Electrical properties of different filler content of CCTO embedded in ENR-25 at a different fre-
quency range of dielectric constant
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polarisation amount at the particle-rubber matrix boundary [18] and the formation
of large dipoles in the ceramic particle [4]. It also shows that € gradually decreases
over the increasing frequency of testing. These phenomena happen due to the dielec-
tric relaxation of ceramic particles [4] and low interfacial polarisation or the Max-
well-Wagner—Sillar effect, which exists in heterogeneous dielectric materials [18,
31, 32]. A closer inspection was done at 0.1, 1, and 10 MHz, respectively, as illus-
trated in Fig. 11.

Meanwhile, the dielectric loss (tan 8) of the CCTO/ENR-25 composite in Fig. 12
showed a decrease from 0.179 to 0.150 at 2 MHz of 0 phr and 120 phr, respectively.
The polarisation at frequency of 0.1 to 2 MHz was common until the relaxation
phenomena took place. Sulaiman et al. [8] suggested that this happens due to space
charge polarisation that usually exists at low frequencies. The increase in frequency
of alternating electric fields caused the polarisation left to catch up and contribute
to the increase of dielectric loss. Besides that, the dielectric loss of the composite
at the increased in filler loading is shown in Fig. 13. The regression analysis at fre-
quency 0.1 and 1 MHz showed that the dielectric loss correlates with the filler con-
tent with a p-value of 0.037 and 0.001, respectively. However, at frequency 10 MHz,
the p-value is 0.362, higher than 0.005 of significant value that means no statistical
correlation.

Conclusion

The morphological, mechanical, and electrical properties of ENR-25 were suc-
cessfully modified by adding up to 120 phr CCTO particles. However, from SEM
examination, pore formation started at 60 phr onwards, significantly reducing the
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Fig. 11 Dielectric constant curve of different filler content of CCTO embedded in ENR-25 at 0.1, 1, and
10 MHz
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Fig. 12 Electrical properties of different filler content of CCTO embedded in ENR-25 at different fre-
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Fig. 13 Dielectric loss curve of different filler content of CCTO embedded in ENR-25 at 0.1, 1, and
10 MHz

tensile strength. The highest tensile strength, 16.46 MPa, was obtained from 40 phr
of CCTO loading. The incorporation of CCTO particles lowered the tcy, at 20 phr
compared to O phr. Then, it gradually increased with filler loading of 20 to 120 phr.
The hardness properties also showed an increase with polynomial tendency from
30.5 to 44.7 Shore A, indicating the increasing rigidity of the composites with
increasing filler content. The highest dielectric permittivity (e,=12.114 at 75 kHz)
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and the lowest dielectric loss (tan 6=0.063 at 75 kHz) were recorded at 120 phr
CCTO addition. Therefore, it can be concluded that the optimum properties were
obtained from 40 phr filler loading of CCTO/ENR-25. The current study also found
that various essential properties of ENR-25 can be successfully modified through the
addition of CCTO particles, allowing it to be tailored towards specific applications.
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