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Abstract

The development of a heat conductive formulation for rubber composites is essential
for technical applications such as tire-curing bladders. The present study addresses
the effects of three potential ceramic fillers, namely titanium carbide (TiC), silicon
carbide (SiC), and alumina, on the mechanical and thermal properties of carbon
black (CB)-filled butyl rubber composites. The composites were prepared using
the melt compounding method. The curing, mechanical, and thermal conductivity
properties of the composites were determined. The tensile strength and modulus of
composites decreased slightly in the presence of ceramic fillers in lower amounts of
filler loading (10 Phr). Further they reduced in a higher amount of filler loading (20
Phr). In addition, the thermal diffusivity coefficient of the composites increased in
the presence of ceramic fillers with different values depending on the type and the
amount of the filler with the rank of Al,O;>SiC>TiC at 10 Phr of filler loading
and SiC>TiC> Al,O; at 20 Phr of filler loading. These different behaviors were
discussed according to the state of filler dispersion in the rubber matrix and rub-
ber—filler interactions according to the FeSEM visualization and the mechanical
properties.
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Introduction

Elastomers are generally low heat conductive materials due to the lack of free
electrons in their structures and their strong phonon scattering characteristics.
Phonons are quantized modes of vibration in a rigid crystal lattice, which are the
primary thermal energy carriers in polymers, so phonon transport is considered
to be the main mechanism of thermal conductivity in most polymers and rub-
bers [1, 2]. Amorphous rubbers are usually considered to have lots of defects in
their structure that contribute to numerous phonon scatting, leading to weak ther-
mal conductivity characteristics [3]. The incorporation of functional fillers is an
effective method to improve phonon transport and thermal conductivity in amor-
phous rubbers [3]. According to the thermal conduction path theory as the most
widely accepted thermal conduction mechanism, paths are formed by the contact
of thermally conductive fillers through a polymer matrix, and the thermal energy
is transmitted along thermally conductive fillers paths with lower thermal resist-
ance [2]. Highly thermally conductive fillers such as lightweight carbon deriva-
tives (carbon nanotubes, carbon fibers, graphite, and graphene oxide) have been
investigated to upgrade the thermal conductivity of elastomers [1, 4, 5]. Ceramic
fillers such as zinc oxide, boron nitride, aluminum nitride, alumina, and silicon
carbide are an inorganic family of heat conductive fillers; that the opportunities
and challenges for their application in rubber formulation have been recently well
addressed and reviewed [1, 5].

Traditionally, tire industry curing bladders play a vital role in the vulcaniza-
tion process of green tires, where the pressure and heat energy are applied to the
green tire in a mold to give it its final shape and to conduct the cross-linking reac-
tion. When the curing cycle begins bladder is inserted into the green tire from
the lower mold, and heat is transferred from a recirculating heat transfer medium,
such as steam, hot water, or inert gas inside the bladder [6]. Generally, bladder
formulations consist of butyl rubber (and some amount of polychloroprene rub-
ber) filled with carbon black as a reinforcing agent, castor oil as a plasticizer,
and curing resins [7, 8]. Here, the thermal transport characteristics of bladder
composite affect the temperature profile of different points of the tire during the
curing process as well evidenced in our previous heat transfer simulation studies
[9, 10]. So, a sufficient rise in bladder heat transfer coefficients can be helpful
to conduct the tire-curing processes at more economical conditions. Some scien-
tific texts have studied the increase in thermal conductivity of butyl rubber with
the help of different carbon-based fillers such as carbon black, modified graph-
ite, graphene oxide, and carbon nanotubes [11-13]. Some works of the literature
also address increasing the thermal conductivity of butyl rubber with the help
of ceramic fillers for non-bladder and bladder tire-curing applications [9, 10, 14,
15]. The thermal conductivity of butyl rubber has increased by using ceramic fill-
ers such as silicon carbide [9], boehmite [10], barium titanate [14], and boron car-
bide [15]. In contrast to metals, in which electrons carry heat, ceramic materials
transport heat mainly by phonons (the quanta of lattice waves). Hence, the ther-
mal conductivity of ceramic fillers is primarily dependent on the mean free path
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of phonons [16]. In addition to the intrinsic thermal conductivity of fillers, the
filler-rubber interactions and the state of filler dispersion are significant factors
that affect the phonon scattering and thermal transport properties of the rubber
composites [1, 2, 4]. Filler—rubber interactions and the state of filler dispersion
are also important factors that affect the mechanical properties of the composites,
which are the determining factors of the service life of the bladder. TiC, SiC, and
alumina are three well-known ceramic fillers with numerous industrial applica-
tions [17, 18]. Intrinsic thermal conductivity of TiC, SiC, and alumina is reported
in the range of 20-25, 41-145, and 30-42 W/mK, respectively [1, 2, 5, 17]. Some
publications address the application of alumina, SiC, and TiC, as potential fill-
ers for rubber composites [19-22]. Abdel-Aziz has reported the increase in heat
conductivity and thermal diffusivity of EPDM rubber in the presence of alumina
microparticles [19]. Alumina fillers are attractive materials for improving the
thermal conductivity properties of rubber composites and for large-scale applica-
tions, such as tire technology, as stated by Mirizzi et al. [1]. Li et al. developed
thermally conductive ESBR vulcanizates with the aid of SiC fillers [23].

Thermally conductive polymer composites with different polymer matrix, vari-
ous conductive fillers, and diverse fabrication methods have been well investi-
gated and reviewed for thermal management applications [24, 25]. Polymers
such as polyethylene, polypropylene, polystyrene, poly (vinyl alcohol), epoxy,
nitrile-butadiene rubber, and silicon rubber have been employed as host polymers
[24-27]. Conductive fillers from three different categories (metals, carbon-based,
and ceramic fillers) with different particle sizes, various morphologies, diverse
adapted surface characteristics, and different amounts of loading have been incor-
porated by different fabrication technologies to prepare heat conductive polymer
composites [24-26]. The effectiveness of the filler in increasing the thermal con-
ductivity of the polymer composite is manifested in two opposite phenomena: (1)
creating an effective heat-conducting path in the polymer matrix, which favors
the heat conduction of the filled composite and, (2) the thermal resistance of the
filler—filler and the polymer—filler interface, which is detrimental to the thermal
conductivity of the filled composite. However, the literature mainly focuses on
the application of heat conductive fillers for thermal management of non-tire
applications. For example, SiC and alumina have been incorporated to the epoxy
and silicon rubber matrix to improve the heat conductivity of the composite for
electronic packaging applications [28-31].

A review of the literature shows that no published article is available regarding
the use of alumina and TiC as heat conductive fillers for large-scale applications
such as tire-curing bladders. While our previous paper addresses the application
of SiC in butyl rubber composite [9], it is nevertheless helpful to have a compara-
tive study between ceramic fillers with different intrinsic thermal conductivities
and dispersion states in the rubber substrate. So, here, we investigated the effects
of three potential microparticle ceramic fillers, namely TiC, SiC, and alumina, on
the mechanical and thermal diffusivity properties of a butyl rubber composite in
the presence of carbon black. With the help of electron microscope images, it is
also shown how the thermal diffusivity of butyl rubber composite is affected by the
agglomeration and networking of the ceramic fillers in the rubber matrix.
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Experimental
Materials

Commercial alumina powder (Al,O;, a-type, purity >99%) with an average particle
size of 5 um and commercial silicon carbide powder (SiC, a-type, purity >99%) with
an average particle size of 20 um were obtained from Tooma Co., Iran. Titanium
carbide powder (TiC, purity >99%) with the particle size of 100 um was supplied
from VEL Belgium. Butyl rubber (IIR, BK1675) was provided from Nizhnekam-
skneftekhim inc, Russia, and chloroprene rubber, CR(Byprene), was purchased from
Arlanxeo, Germany. Carbon black (CB, N339) from Carbon Iran Co, Iran, was used
as a filler. Zinc oxide and stearic acid used as activators were manufactured by Sepid
Oxide Shokoohieh, Iran, and PT. Duakuda, Indonesia, respectively. Solid paraffin
and castor oil used as processing aids were obtained from Kimia Zarrin, Iran, and
FSG, Pacific Commodities, India, respectively. Alkyl phenol formaldehyde resin,
type SP 1045 (Phenolic resin), as a curing agent, was supplied by Si Group, France.

Preparation of butyl rubber composites

Table 1 presents the bladder composite formulations used in this study. Heat conduc-
tive fillers, including TiC, SiC, and alumina microparticles, have been added to the
formula in the amount of 10 and 20 Phr. The composites were prepared by using a
Banbury type PL, 1.6 internal mixer (POMINI, Rubber & Plastics, Italy), and a lab-
oratory two-roll mill type Mcc N-225X450 (Battaggion, Italy). Butyl rubber (IIR)
with polychloroprene (CR) and fillers, stearic acid, solid paraffin, and castor oil were
mixed in a first step in Banbury with a rotor speed of 40 rpm, for 10 min (discharge
temperature of 145 to 150 °C) to produce the desired masterbatches. After mixing,
the compound was taken out from the mixing chamber and sheeted out in a labora-
tory two-roll mixing mill with a tight nip gap and finally at a nip gap of 3 mm. In
the next step of compound preparation, phenolic resin and zinc oxide were added

Table 1 Formulations of the bladder composites

Formulation (Phr) R TiC(10)  SiC(10)  AI203(10) TiC20  SiC20  AI203(20)
Butyl rubber (IIR) 95 95 95 95 95 95 95
Polychloroprene (CR) 5 5 5 5 5 5 5
carbon black 60 60 60 60 60 60 60
TiC 0.0 10.0 0.0 0.0 20.0 0.0 0.0
a-SiC 00 00 10.0 0.0 0.0 20.0 0.0
a-Al,04 0.0 00 0.0 10.0 0.0 0.0 20.0
Stearic acid 14 14 1.4 1.4 1.4 1.4 1.4
Solid paraffin 29 29 29 29 29 29 29
Castor oil 6.7 6.7 6.7 6.7 6.7 6.7 6.7
Phenolic resin 8 8 8 8 8 8 8
Zinc oxide 50 50 5.0 5.0 5.0 5.0 5.0
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to the masterbatches on a two-roll mill, and satisfactory homogeneous stocks were
obtained after 10 min of milling. All of the studied compounds were stored at room
temperature for 24 h before molding. After measuring the cure properties, the butyl
rubber compounds were cured at 180 °C for 50 min in a hydraulic press at a pressure
of 120 kgf/cm? for tensile and thermal diffusivity measurements.

Material characterizations
Curing characteristics

The curing characteristics, including minimum torque (ML), maximum torque
(MH), delta torque (DH), scorch time (Tc10), and curing time (Tc90) of the butyl
rubber composites, were determined at 185 °C by a moving die rheometer (MDR,
SMD-200B, Iran).

Tensile tests

Tensile properties of composites were monitored in terms of tensile modulus
(M300) and tensile strength, according to ASTM D412, using dumbbell-shaped
samples (with a thickness in the range of 1.5-2 mm and width 6.73 mm), the tests
being carried out using a tensile test machine (5—10 K-S, Hounsfield, UK). The ten-
sile test speed used was 500 mm/min. The experiment was performed with three
samples, and the average results are reported.

Thermal diffusivity measurement

The details of the methodology employed for the determination of thermal diffusiv-
ity (a) of the composites are presented in the previous publications [9, 10, 32-34].
In brief, to determine a, the temperature changes were recorded at the center of a
5%5x2 cm? cured sample (for each bladder composite) immersed in a hot viscous
oil bath at temperatures of 140, 160, and 180 °C, using the temperature recorder.
The temperature profile data were then used to calculate a. To do so, a combination
of the heat transfer simulation using ABAQUS finite element software and a trial-
and-error approach was employed. The following three-dimensional transient heat
conduction was solved for a point in the center of a rectangular sample assuming
constant a.

T (x,y,2,t) + *T(x,y,2,t) + *T(x,y,2,t) _ 10T (x,y,z.1)
ox2 0y? 022 T a  oT

ey

In Eq. (1), the sample temperature (7) is based on the time variable (7), the loca-
tion (x, y, z) in the Cartesian coordinates, and the thermal diffusion coefficient of the
rubber composite (o).

After defining the problem in ABAQUS software, the hypothesized amount was
considered for @, and the problem was solved. The simulated temperature profile in
the sample center was compared with the experimental data for the thermocouple
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test for the sample center. This process was repeated with different values of a so
that the simulation and experimental profiles became as close as possible to each
other. In this way, for each of the oil bath temperatures, a value of a was calculated,
and its average was reported.

Scanning electron microscopy test

The filler morphology in rubber composite was investigated using a field emission
scanning electron microscopy (FeSEM), MIRA3 FESEM/EDX (Tescan, Czech
Republic). The fractured surfaces of the composite were prepared by immersion in
liquid nitrogen, the test samples being surface coated with gold. The FESEM char-
acterization and EDS mapping were employed to confirm the components and ele-
ment distribution further.

Results and discussion
SEM investigations

The dispersion state of alumina, SiC, and TiC fillers is well depicted through EDS
mapping of Al, Si, and Ti elements from FeSEM pictures of Fig. 1 (10 Phr loading
of ceramic fillers) and Fig. 2 (20 Phr loading of ceramic fillers).

Alumina and SiC have a good state of dispersion in the rubber matrix as well
depicted by element mapping of Al and Si elements, respectively. In addition, alu-
mina particles show more compact structures compared to SiC particles at 10 Phr
of loading, as shown in Fig. 1. But, SiC particles show a more compact structure
in 20 Phr loading, as shown in Fig. 2. However, TiC presents with larger particles
in rubber matrix, and does not form a filler network as well depicted from element
mapping of Ti element.

To better investigate the distribution of alumina in the rubber matrix, Fig. 3
shows the FeSEM pictures for composites with 10 and 20 Phr of alumina in the
absence of other ceramic fillers. The magnification of the image is 500x. The pho-
tographs clearly show that micron-sized agglomerates are formed in amounts of 20
Phr of alumina.

Effect of ceramic fillers on curing and tensile properties of butyl rubber
composites

Table 2 presents MDR data of butyl rubber composites. Maximum torque (MH)
decreases with the incorporation of ceramic fillers (TiC, SiC, and alumina), while
minimum torque (ML) remains somewhat unchanged. In addition, the delta torque
of the composites decreases, which implies a decrease in the cross-linking density
of rubber in the presence of ceramic fillers. The curing time (Tc90) is also found to
rise in the presence of ceramic fillers, while scorch time (Tc10) remains somewhat
unchanged.
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HT = 15KV_Mag - o
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Fig. 1 FeSEM and EDS mapping of butyl rubber composites in the presence of 10 Phr of ceramic fillers.
(Magnification: 100x)

Figure 4 presents the results of tensile strength and the modulus of butyl rub-
ber composites in the presence of 10 and 20 Phr of ceramic fillers. There is a
slight decrease in tensile strength in the presence of 10 Phr of ceramic fillers. Fur-
ther reduction of tensile strength is observed in the amount of 20 Phr of the fillers.
According to Fig. 3, the modulus values of the composites in 10 Phr of the ceramic
filler do not change much, but in 20 Phr, the decrease is more noticeable. The
decline in modulus can be attributed to the reduction of the cross-linking density of
the butyl rubber composite in the presence of ceramic fillers. These results indicate
that there is no significant interaction between ceramic fillers and rubber. So, from
the mechanical viewpoint, the addition of ceramic fillers is limited to 20 Phr in the
presence of carbon black at fixed values.

Effect of ceramic fillers on thermal diffusivity of carbon black-filled butyl rubber
composites

Figure 5 shows that the thermal diffusivity coefficient of the composites increases in

the presence of ceramic fillers, but relatively different trends are observed accord-
ing to the filler type and the amount. The improvement of the thermal conductivity
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Fig.2 FeSEM and EDS mapping of filled butyl rubber composites in the presence of 20 Phr of ceramic
fillers. (Magnification: 100x)

(a) Alumina: 10 Phr

Cha 0 ok g A B

0

Fig.3 FeSEM and EDS mapping of butyl rubber composites in the presence of (a) 10 Phr and (b) 20 Phr
of alumina filler (Magnification: 500x)
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Fig.4 The tensile strength and the modulus (300%) of butyl rubber composites in the presence of
ceramic fillers
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Fig.5 Thermal diffusivities of butyl rubber composites in the presence of ceramic fillers

of butyl rubber with the help of ceramic fillers in the present study is similar to the
increasing trend observed in the works of Zhou et al. [31], He et al. [35], and Cheng
et al. [36], where the thermal conductivity of the rubber composite increases even
with relatively small amounts of ceramic fillers. But the above studies have been
done on silicone rubber matrix and in the absence of carbon black.

Titanium carbide microparticles

The thermal diffusivity coefficient of the composites increases in the presence of
TiC. It has been estimated 2.27 and 2.44x10~" m?s at 10 and 20 Phr loading of
TiC, respectively. The intrinsic thermal conductivity of TiC is about 20 at room tem-
perature, but it unusually increases with the increase in temperature and approaches
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about 25 W/m.K at 200 °C [37-39]. The thermal conductivity contains both a lattice
(phonon) and an electronic component in the case of TiC, and the thermal conduc-
tivity of the electronic component increases markedly with temperature [37-39]. So,
an increasing trend for the thermal conductivity of TiC is observed when tempera-
ture rises. The results of Fig. 4 clearly show that the addition of 10 and 20 Phr TiC
microparticles can increase the thermal diffusivity of the bladder by only about 6%
and 14%, respectively. Compared to the best heat conductors such as diamond (2000
W/mK) and silver (420 W/m.K), TiC microparticles show much lower thermal con-
ductivities due to their strong scattering of electrons and phonons by carbon vacan-
cies of TiC in addition to the scattering of electrons by polar optical phonons and
the scattering of phonons by the conduction electrons [37]. So, their incorporation
in rubber shows not many effects on the thermal conductivity characteristics of the
composite. In addition, the large particles of TiC that remain in the rubber substrate
(Figs. 1 and 2) may play a role in intensifying the phenomenon of phonon scattering
in the presence of TiC particles.

Silicon carbide microparticles

Figure 5 shows that the thermal diffusivity coefficient of the composites also
increases uniformly with the increase of SiC from 2.14x10~7 m%s for 0 Phr
to 2.44x 1077 for 10 Phr and to 2.68x 10~ m?%s for 20 Phr loading of SiC. The
thermal conductivity of @-SiC is about 40 W/m.K at 20 °C [37]. It decreases with
the increase in temperature, and its estimated value at 200 °C is about 30 W/m.K
according to the graph of thermal conductivity as a function of temperature pre-
sented in literature [40, 41]. Therefore, the thermal conductivity of SiC in the tem-
perature range studied in this research (20-180 °C) changes only in the range of
30-40 W/m K, which is higher than the intrinsic heat conductivity of TiC (20-25
W/m.K). In addition, better filler dispersion is observed in the case of SiC rather
than TiC as well shown in Figs. 1 and 2. So, SiC shows better performance rather
than TiC on the thermal diffusivity of the carbon black-filled butyl rubber composite
in which it is incorporated.

Alumina micro particles

While compared to the SiC, a similar range of intrinsic thermal conductivity has
been reported for alumina (38—42 W/mK [1, 2]), some different trend for thermal
conductivity of butyl rubber composites is observed as presented in Fig. 5. Here, the
thermal diffusivity sharply increases to 2.61 in 10 Phr of alumina but it decreases to
2.38 by further increasing the amount of alumina to 20 Phr.

The FeSEM pictures may be used as a suitable tool to explain the behaviors. Alu-
mina fillers are closer to each other in 10 Phr filler loading compared to SiC par-
ticles, according to Figs. 1 and 3a. They are well dispersed without the formation
of large agglomerates, so it is expected to form better heat-conducting paths [1].
However, at 20 Phr of filler loading, some agglomerates depicted in the case of alu-
mina fillers (Figs. 2 and 3b) can play a role in reducing the observed thermal diffu-
sion coefficient due to the phenomenon of phonon scattering. In addition, according
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to the mechanical properties of Fig. 4, the tensile and modulus of composites are
more decreased in the case of 20 Phr alumina rather than SiC. So, it may be con-
cluded that filler—rubber interaction effects and enhancement of defects in interfaces
of alumina surfaces and rubber chains may play a critical role in to decrease of pho-
non transport and thermal conductivity ability of the filled composite at 20 Phr of
alumina loading. No agglomerates are observed in 20 Phr of SiC. In this case, the
particles are closer to each other and form better thermal conductive paths as well
depicted in Fig. 2.

It is important to note that the mechanical properties of bladder composite do not
change significantly at 10 Phr loading of alumina microparticles, so from the practi-
cal viewpoint, this composite is the best choice among the composites of the present
study.

Filler morphology effects through networking and defects phenomena

A filler enters the elastomer matrix through the application of shear stresses in
the melt mixing process. These stresses must be large enough to crush the coarse
filler particles and distribute the fine particles well in the elastomer bed. The heat
transfer through a filled elastomer composite is governed by two critical phenom-
ena, filler networking that creates heat conductive paths and filler agglomeration
and filler—rubber interface defects that dissipate heat through phonon scattering and
decrease the heat conduction efficiency. Very efficient filler—rubber interaction is
required to ensure a high degree of filler dispersion and networking (percolation)
and the maximum reduction of the factors affecting the phonon scattering phe-
nomenon, which includes filler agglomeration and defect areas at the filler—rubber
interface [1, 2, 4]. The effect of a heat conductive filler on the heat conductivity of
elastomer composites is the result of the balances of these two phenomena as well
shown in the present study. In the case of TiC coarse particles, weak networking
phenomena are observed at 10 and 20 Phr of loading, as evidenced through Map/
EDS FeSEM images. However, more robust filler networking is observed for alu-
mina at 10 Phr of loading and for SiC at 20 Phr of loading, as a result of good
breakdown and distribution/dispersion of these fillers. Finally, filler defects through
weak filler—rubber interaction (interface defects) and agglomeration are an undesir-
able phenomenon that harms the heat conduction behavior of the rubber composite.
These effects are well demonstrated in the present study at 20 Phr of alumina load-
ing as well as our previous study at 28 Phr of SiC loading [9].

It should be noted that the thermal diffusion coefficient of the carbon black-
filled butyl rubber of present study has improved by only 5-25% in the presence of
ceramic fillers. For practical purposes, larger amounts of improvement are probably
needed. Using ceramic fillers with different particle sizes and morphologies along
with improving the interfacial adhesion between filler and matrix by modifying the
particle surface, hybridizing with other types of conductive fillers to create more
efficient heat conductive networks in rubber matrix can be considered for future
studies [1, 42, 43]. The synergistic effects in increasing the thermal conductivity of
polymer composites by using ceramic fillers with different particle sizes (micron and
sub-micron) in combination with each other have been reported for both alumina
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[29] and SiC [44]. These studies can also be done for butyl rubber composite. Better
improving in the thermal conductivity of silicone rubber have been reported using
spherical and branched alumina particles [36, 42] as well as SiC whiskers [31]. The
use of such fillers with more effective morphologies can be beneficial for butyl rub-
ber-based tire-curing bladder applications.

Conclusions

The results of the present study revealed that the thermal diffusivity coefficient of
carbon black-filled butyl rubber composite increases using heat conductive fillers
such as TiC, SiC, and alumina microparticles. However, the filler dispersion, the
filler network formation (percolation), the filler agglomeration, and filler interface
defects are essential aspects that determine the efficiency of the filler on heat trans-
port properties of elastomer composite. SiC and alumina show better dispersion
state and networking effects, hence better efficiency rather than TiC on thermal dif-
fusivity coefficients. As an adverse phenomenon on the heat transfer properties of
the elastomeric composite, agglomeration and the weak filler—rubber interaction of
alumina particles in 20 Phr of use is well addressed in this article. Therefore, by
using the ceramic fillers of this study, it is possible to increase the thermal diffusion
coefficient of bladder composite only to a limited amount.
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