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Abstract

In this work, a polymeric composite was prepareunfiethylene propylene diene monomer (EPDM) and
silicone rubber (S) with additives of modified fudhsilica (MFS), titanium dioxide (Ti§) and graphene.
The dielectric and thermal performances of the EPixided composites were studied. An increase in the
dielectric constant and AC dielectric breakdowrsiith was observed for the EPDM rubber composites
containing MFS, Ti@ and graphene additives. In addition, the incoramaof the additives resulted7in

a significant increase in the thermal stability36—50 °C) and thermal conductivity (~ 7-35 %) df th
composites. The combination of these various imgmoents gives suitable performance advantage to the
polymeric composite for use in insulating applioas.

Keywords: EPDM rubber; thermal stability; AC breakdown strémdnsulating application.

1 Introduction

Many studies have been conducted in the developroértigh-voltage insulators possessing high
electrical and thermal performances [1-5]. With &meergence of silicone rubber composites, the déman
for conventional outdoor insulators, such as glasgporcelain-based insulators has significanttuced
[6]. The incorporation of the inorganic-based asgdi, such as alumina trihydrate (ATH), ti@nd
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silica, in polymer compounds was found to be appabe to design high voltage insulators with high

thermal stability and electric breakdown strength However, the most common rubber compounds for
high-voltage applications are common silicone rulzdbel ethylene propylene diene rubber (EPDM) [8].

In addition to possessing the appropriate eledtriteermal and mechanical properties, EPDM is a
promising insulator due to its light weighting, ead-installation and handling properties [2, 9].

A better understanding of the initial propertiestaf rubber-based material is required in the agraknt

of the insulating materials. Outdoor insulating enetls, such as silicon rubber-based compositeg& ha
received significant attention on the topics ofigiEsice against ultra-violet (UV) oxidation, thetma
aging, acid rain and dry band arcing, dielectrieaiidown strength and mechanical cyclic loading [8]
addition, it is known that a proper preparatiorhtéque is required for desirable insulating projsrt
[10]. For this purpose, rubber compounds with lawface energy, such as silicone rubber or EPDM,
with acceptable electrical, thermal and mechangrabperties have been frequently investigated. For
example, a blend of EPDM/polyimide rubber, compadchdvith nanosilica, exhibited a desirable
improvement in thermal conductivity, as well as thermal stability of the corresponding composites
[11]. The blending of the micro-and nano-sized ;S#@ditives in EPDM and silicone rubber resulted in
higher thermal stability and electrical performaft2]. Co-blending of micro- and nano-sized gidth
EPDM rubber was also found to increase the resistato corona discharge [13]. Significant
improvement in the electrical and mechanical perforce of EPDM rubber is reinforced by barium
titanate where the treated barium titanate additsfeowed a better additives dispersion and conijigtib
than the non-treated one [14]. A remarkable in@easdielectric strength breakdown was reported for
EPDM/silicone rubber with the addition of 1 wt% wima trihydrate additive [15]In-situ sol-gel
processing of EPDM rubber and chemically treatelicasiwith tetraethoxysilane with bis-[-3-
(triethoxysilyl)-propyl]-tetrasulfide as a couplinggent resulted in a strong interaction between the
additive and rubber and a substantial increasbamtal stability of the composite [7]. Moreoverhés
been shown that the incorporation of layered sifiod organically modified montmorillonite featured
better thermal stability and a slight increase bé tdielectric constant in EPDM/silicone blend
nanocomposites [16}-Irradiation has been also claimed as an effectie¢hod to increase the thermal
stability of the EPDM rubber composite compoundeth wnicro- and nano-silica [3]. In addition, the
dielectric constant of the irradiated EPDM compessitvas increased with the increase of the silica
content [17]. The mechanism of UV accelerated serfaegradation of the silicone rubber and EPDM
loaded with alumina trihydrate has been studiedcwitiauses that EPDM is becoming less resistant to
thermal degradation under UV weathering condititiven the silicone rubber composites in terms of
hydrophobicity and surface resistivity [18].



As discussed, EPDM rubber is capable of withstapdirad weathering conditions at very low
temperatures (~ -30 °C), with a significant elomgatt break (~ 600 %) and good abrasion resistance
[18, 19]. However, blending with silicone rubbemcalso improve UV resistance, aging resistance,
resistance at high temperature and hydrophobigidyZ2]. Alumina trinydrate and silica reinforcement
have frequently been studied in terms of electréca thermal performances. Different techniques and
strategies have been used to develop the propeftitee EPDM rubber composites incorporating these
inorganic additives. Ti@is an inorganic additive with a desirable selfaclimg property and suitable
electrical and thermal properties was also studigd several silicone rubber composites [23-25]e Th
incorporation of graphene oxide in poly methyl naettylate showed significant increase in thermal
stability of PMMA composites [26]. The addition mdduced graphene oxide was found to enhance the
thermal stability of the poly (n-butyl methacrylptsomposite [27]. Graphene with exceptional eleatri
and thermal properties [28-30] featured noticealriprovement in electrical, thermal and mechanical
properties of several rubber composites [31-33kdme circumstances, rubber insulating materiath su
as silicone rubber compounded with a low quantitycanductive derivative graphite (~ 1 to 2 phr)
demonstrated noticeable improvement in electriealgpgmance and thermal stability [34, 35]. However,
few studies have been carried out on EPDM rubbepoanded with graphene.

In the present study, chemically modified fumedcailMFS), TiQ and low contents of graphene were
utilized to improve the electrical and thermal prdjes of EPDM and EPDM/S rubber composites. The
morphology and homogeneity of the composites wdrsexved. The chemical interactions of the
inclusions with the rubber matrix were studied. Tiermal stability and hydrophobicity of the

composites were also investigated.

2 Materials, compounding, and characterization

21 Materials

Ethylene propylene diene monomer (Vistalyr404) with mooney viscosity of 28 MU (based on ASTM
D 1646) with an ethylene content of 45% and a demsi0.87 g.crit at 25 °C was kindly provided by
ExxonMobil. Polydimethylsiloxane diol (silicone roér) (Elastosil@ R 401/60 S) with a density of ~
1.15 g crifat 20 °C and the mooney viscosity of 42 MU was fatedt by Wacker. Titanium (IV) dioxide
(TiO2), anatase grade with the specific surfaca afe45-55 rfig and a density of 3.9 g ¢hat 25 °C
was purchased from Aldrich. Modified fumed sili@AB-O-SIL TS-530) (Silanamine, 1,1,1-trimethyl-
N-(trimethylsilyl)-, hydrolysis products with sik) with a density of 2.2-2.3 g cfnwas provided by
Cabot. Graphene (GrapheneBI&tBX) with the primary particle size 1-2 um and aygérate moderate



particle size of D50= 38 pm and a bulk density df80g cnT was provided by NanoXplore. Dicumyl

peroxide (DCP) was supplied by Aldrich. All matésiavere used as received.

2.2  Samplepreparation

EPDM rubber gum, silicone rubber gum (S), i®IFS, graphene (G), and DCP were intensively mixed
in an internal mixer (Haake Rheomix OS) for 10 miith a screw speed of 100 rpm at 60 °C. Several
batches of composites (E/MFS-X, or E/ i, X= part per hundred (phr)) were selected aswshin

Table I. Then, all prepared composites were vulhiusing a hydraulic hot press (Accudyne
Engineering & Equipment Company, Los Angles, USA}&b °C mold temperature and 10 MPa load for
10 min Subsequently, the cured composites werdugily cooled down to room temperature. It is worth
mentioning that due to reaching a high viscosityirdu composite preparation, EPDM rubber was not

possible to compound with 20 phr of the MFS additiv

Table I. The formula of the prepared composites.

Componer EPDM (phr) S (phr MFS (phr TiO, (phr) G (phr DCP (phr
EPDM 10C - - - - 0.7
S - 10C - - - 0.7
EPDM/MFS 1C 10C - 1C - - 0.7
EPDM/MFS _10/Gz 10C - 1C 2 0.7
EPDM/TIO, 20 10C - - 20 - 0.7
EPDM/TiIO, 20/G: 10C - - 20 2 0.7
EPDM/S/ TiC, 2C 50 50 - 20 - 0.7
EPDM/S/ TiC, 20/G: 50 50 - 20 2 0.7

2.3 Characterization and measur ements

The dielectric properties of the EPDM rubber coniegswere evaluated, from 1@o 1¢ Hz at room
temperature. A disk-shaped sample with a thicknéss2 mm and a diameter of 30 mm was sandwiched
between the two electrodes and the formed capagéersubjected to an AC applied voltage of 3 Vrms.

The electric breakdown strength of the EPDM rubbemposite was evaluated using Baur electric
breakdown tester. The experiment was conductedhdypositioning of a flat disk of the sample with a
thickness of ~ 2-2.5 mm and a diameter of 10 mm mineral oil medium. According to ASTM D149-

09(2013), 10 measurements with an increasing vekdd.5 kV § were carried out.

The morphology of the EPDM rubber composites waagead by a high-resolution electron microscope

(Hitachi, SU-8230 FE-SEM, Japan). Each sample wasmdrsed in liquid nitrogen and was cross-



sectionally cut by cryogenic microtoming. Then, daenples were coated by a 2 nm layer of platinuen in

vacuumed chamber using a turbo-pumped sputterréoateon coater (Q150T, Guelph, Canada).

Any chemical interaction between the inclusion ahd medium rubber was evaluated by FT-IR
experiment over the wavenumbers from 400 to 4000, @haracterization was carried out in absorbance

mode with a PerkinElmer FT-IR Spectrometer.

Thermogravimetric analysis (TGA) was conducted gistoupled TGA-FTIR (STA 8000 instrument
(PerkinElmer)) tester by a ~ 10 to 15 mg test speni under a constant flow rate of 70 ml of nitrogen
gas. Heating was carried out from 50 to 800 °C \ittising rate of 30 °C mih The released elements
from the TGA instrument were passed through a talibe FT-IR analyzer. FT-IR spectra were recorded
over the wavenumbers of 400-4000 triThermogravimetric analysis (TGA) under air atntese was
also conducted with a heating ramp of 30 °Chand 50 cc/min air flow over the temperature raofje
50-650 °C.

The thermal conductivity of the composites was eatd using a guarded heat flux meter (C-Therm

Technologies) with a disk-shaped sample with &tléss of ~ 2 mm and a diameter of 20 mm.

The hydrophobicity of the EPDM rubber composites waaluated by water-contact-angle measurement
using VCA optima (Ast Products Inc.). To measure tlontact angle, firstly, the surface of the test

specimens was carefully washed with isopropanoldmet with instrument air. The measurement was

carried out at room temperature, capturing 5 photdke 5ul dripped ultrapure deionized water detspl

on the surface of the test specimens at diffemations.

3 Reaultsand discussion

3.1 Dielectric properties

The dielectric responses of EPDM rubber compositietectric constant and dissipation factor arensho

in Figure. 1a and Figure. 1b, respectively. BottiDEPand silicone rubber showed low dielectric losses
and a frequency-independent low dielectric consthré to their non-polar polymer backbone. The
dielectric properties of the composites depend tenimtrinsic properties of the materials such as th
permittivity and the electrical conductivity [156]3 In heterogeneous materials such as composites
containing additives, the interfacial polarizatiam Maxwell-Wagner-Sillars effect [30, 37-41] is
commonly observed in the intermediate frequencgeagiven the rise of a broad relaxation peak. The
addition of TiQ was found to significantly increase the dielectimstant of the EPDM rubber, as well
as the dissipation factor in the frequency randes0b-10¢* Hz, due to the interfacial polarization at the

surface of the inclusions. This effect was fountééamproved when the polymeric matrix is an EPDM/S



blend, possibly due to the selective location efittorganic additives [14, 17, 38, 42]. On the othend,
the dielectric loss of the EPDM rubber compositéth weither MFS or MFS/G additives showed no

significant changes.
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Figure. 1. Dielectric properties, (a) dielectrimstant and (b) dissipation factor, of the EPDM erbdnd
its corresponding composites blended with silicarer at room temperature.

3.2 AC diedectric breakdown strength

The AC dielectric breakdown strength of the EPDNblrer composites is shown in Figure 2 and the
Weibull parameters are listed in Table Il, whichrevealculated according to the Eq. 1:

P(E) = 1~ exp[~()F] =
where P(E) is the cumulative failure probabilityaat electric field,a is the characteristic breakdown
strength, for which 63.2 % of the test specimengHailed at that certain electric field, afids related to
the width of the distribution of the data [43]. Aan be seen from the Weibull distribution plotgdimg

of 10 phr of the MFS additive slightly increasee ttharacteristic breakdown strength by 16%, while 2
phr of graphene additive was further loaded to EPMES_10, the dielectric breakdown strength of the
composite increased by 23 % than the virgin EPDbben. The addition of 20 phr of Tj@dditive was
led to relatively close values of the dielectriedkdown strength of the EPDM rubber. However, as 2
phr of graphene was added to EPDM/Ti@0 composite, the breakdown strength improved38g dver
the vulcanized EPDM rubber, potentially due to tirapping of the charge carriers at the
graphene/polymer boundaries [37]. In comparisorQ),Tshowed less efficiency in improving the

dielectric breakdown strength compared to the M@@tive, likely because of the absorbed moisture by



the TiG, particles which acted as a defect in the compasitecture [44]. The EPDM/S/ Ti020 and
EPDM/S/ TiG_20/G2 rubber composites showed an increase idi¢hectric breakdown strengths of 30
and 34%, respectively, over the EPDM vulcanizedbeub A summary of the dielectric breakdown
strength of several EPDM and silicone rubber cortgeshat have been investigated is shown in Table
Il. A dielectric breakdown of 21.1 to 22.2 kV/mm svabtained for the EPDM rubber composites
containing various forms of SpOIt is worth mentioning that fabrication methoddhsignificant impact

on the dielectric breakdown strength of the contpssi Moreover, our findings revealed that a
combination of EPDM/silicone rubber composite w&th phr of TiQ and 2 phr of graphene resulted in a

relatively high dielectric breakdown strength comggbto its counterparts.
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Figure 2. Weibull distribution plot of the electiiceakdown of EPDM rubber and its composites.

Table II. Summary of Weibull parameters of curremmnposites containing MFS, Ti@raphene and
several former studies.

Sampl Shape§ Egp (kV/Imm) Referenc
EPDM 13.9¢ 19.0Z Our work
S 19.6¢ 20.32 Our work
EPDM/MFS_11 12.7¢ 22.2: Our work
EPDM/MFS_10/G 9.1C 23.3¢ Our work
EPDMI/TIO,_2C 20.0¢ 19.9¢ Our work
EPDM/TIO,_20/G: 20.5: 22.2¢ Our work
EPDM/SITIC,_2C 16.4¢ 24.6¢ Our work
EPDM/S/TIC,_20/G: 13.3¢ 25.5¢ Our work
Silicone rubber/ ATH_15 wt' - 22.t [45]

Silicone rubber/15 wt% of modified alumina with yir -
: : 24.1 [45]

trimethoxysilane

EPDM/micro Si(; 20 wt% - 21.1 [12]




EPDM/nano SiG;_5 wt% - 22.2 [12]
EPDM/ micro Si(;_15 wt%/ nano Si, 5 wt% - 24.F [12]
Silicone rubber/ ATl - 18.€ [46]
Silicone rubber/ irregular Si; - 24.¢ [46]
Silicone rubber/ sphere S, 24.¢ [46]
EPDM_50 vol %/ Silicone_ 50 vol %/ ATH_5vol - 25.€ [15]

3.3 SEM imaging

Figure 3 shows the SEM images of the EPDM, silicari#er and their corresponding composites with
additives of MFS, Ti@and graphene. The SEM micrograph of EPDM/MFS_Tiveld some aggregates
of ~ 10-15 pum, indicating inadequate additive disjpa within the rubber composite, whereas, ad@ing
phr of graphene into EPDM/MFS_10 was led to a béttenogenous morphology with well-dispersed
and distributed inclusions (Figure 3c and Figurg. 3EPDM rubber composite with 20 phr Li@as
found to show a uniform morphology (Figure 3e), adding 2 phr of graphene to EPDM/Ti€0 led to
further additive density in the morphology as ind# seen in Figure 3f. The blending of EPDM with
silicone rubber followed by the inclusion of 20 @irTiO, and 2 phr of graphene resulted in a different
morphology, featuring the phase separation betwwerimmiscible polymers (Figure 3g andFigure 3h).

Some agglomerates of the graphene particles weseohkerved in Figure 3h.



Figure 3. SEM images of (a) EPDM rubber, (b) siiesubber, (c) EPDM/MFS_10 (d)
EPDM/MFS_10/G2, (e) EPDM/TiO 20, (f) EPDM/TiIQ_20/G2, (g) EPDM/S/Ti®_20 and (h)
EPDM/SITIO,_20/G2.

34 FT-IR spectroscopy

The FT-IR spectra of the EPDM rubber compositessaevn in Figure 4. As can be seen, two strong
absorption peaks are identified at 2923 and 2850 evavelength, which are designated as the C—H
stretching vibration [47]. At wavenumbers of 72@76 and 1460 cih) three adsorption peaks were
detected, which are assigned to the »68lrktching, and —Cand —CH bending, respectively [7]. The
absorption peaks at 2968 ¢m1265 cm' and 1000-1125 crh were also observed in silicone rubber
spectra, which were attributed to the characteristretching vibration of C-H, Si-C and Si—O-Si,
respectively [48]. A wide absorption peak betweeraage of 3500-3750 chwas appeared for the



spectra of the EPDM rubber composites, shown the g@ups [49]. The absorbance peak of the EPDM
rubber was used as the reference in order to cartpar intensity of the absorption peak of the other
counterparts and the results are listed in Talbldrlprinciple, the spectral demonstration of &ieDM

and silicone rubber composites were observed &irbitar to those of the vulcanized EPDM and silieon
rubber matrix with lower intensity in the absorbameaks. This indicates that the curing process was
comparable between the different EPDM and silicutder composites.
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A o AM
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Figure 4. FT-IR spectra of EPDM, silicone rubbed &8 corresponding rubber composites.



Table Ill. The relative intensity of the absorbapeaks of EPDM rubber composites with respectéo th
EPDM rubber at several wavenumbers.

Wavenumber (ci?)

Relative intensity

2057 2021 146( 1377
A
3 0.95 0.96 0.96 0.92
Aq
Ay
4 0.99 1.01 0.98 0.99
Aq
As
g 0.98 1.01 0.99 0.99
Aq
Ag
gl 0.79 1.02 0.67 0.69
Aq
A;
7 0.98 0.86 0.78 0.76
Aq
Ag
-8 0.99 0.51 0.67 0.69
A

3.5 Thermal stability and TGA-FTIR analysis

To investigate the thermal stability and the medrarof degradation in the EPDM and silicone rubber
and their corresponding composites, TGA-FTIR arnglygas conducted. The thermal stability of the
EPDM rubber composites is shown in Figure 5. Fdarther understanding of the mechanism of the
degradation and decomposition of the EPDM rubbsettacomposites, the 3D histogram of TGA-FTIR
analysis is shown in Figure 6. Thermal stabilitpirtdoor insulating materials is a vital parametérich

can hinder or suppress several destructive phermnmrch as dry band arcing or surface erosion.
Thermal aging as the result of dry band arcing atzgnge the inherent hydrophobicity of the insulator
and consequently render the material hydrophilidiictv significantly decreases the insulator
performance. Thus, the addition of inorganic asidgi with excellent thermal stability to rubbers is
expected to improve the materials’ thermal perforoea[50, 51]. Morover, inorganic additives in rubbe
insulating composites can mittigate the leakageeot and corona exposure surface erosion which
ultimately leads to a higher performance [37]. Adig to the TGA plots under air atmosphere (Figure
5a), EPDM rubber composites have gained slightlightedue to oxidation reaction at temperature range
of 120 to 300 °C. EPDM rubber composites featuredothposition commencing ~ 350 °C under air
atmosphere while under nitrogen atmosphere webdestg to ~ 400 °C, since no significant weightslos
was observed below that temperature (observed iy piGt under nitrogen atmosphere, Figure 5b). This
can be attributed to the physical interactionshatinterface layer of the polymer-additives [52]. Gis
was in good agreement with the TGA-FTIR histogramaes, which no detectable FT-IR peak was
observed below ~ 400 °C (Figure 6). The degradatibthe EPDM rubber and its corresponding
composites were observed to start around 350 abd@(for air and nitrogen atmosphere, respectjyely



and all samples without silicone rubber experienaedne-step weight loss. The blending of EPDM
rubber with silicone rubber and the addition of MABO, and graphene led to an increase in thermal
stability, where a maximum value of 448 °C (at " loss) was observed for the EPDM/S/TIED/G2
(Table IV). Most likely, the increase in thermadlsility of the EPDM/S/TIQ 20/G2 rubber composites is
due to the formation of a Tihetwork, followed by the integration of grapherastigles which resulted

in a strong physical interaction between polymed additives [52, 54-58]. Both rubber compositesg, th
EPDM/S/TIQ, 20 and EPDM/S/TiQ20/G2, experienced a second weight loss betweed0-580 and
500-750 °C (for air and nitrogen atmosphere, resay) which is related to the degradation of the
silicone rubber chains. This second weight lossd€oled in TGA plot under nitrogen atmosphere, Kgur
5b) results in the detection of an absorption 8013 cril, related to the methane generated during the
decomposition process of silicone rubber (Figuread Figure6h) [59, 60]. In order to compare the
thermal stability of the EPDM and silicone rubbemposites, a summary of thermal properties of sgver
composites that have been formerly studied is shiowhable IV. Overall, the combination of a low

quantity of graphene additive was found to incretie thermal degradation of the rubber insulating
composite.

(a) (b)
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Figure 5. TGA plot of EPDM and silicone rubber camipe under (s) air atmosphere, (b) nitrogen
atmosphere.



Table IV. Summary of TGA results of current resbaaind several studies of EPDM and silicone rubber

composites.
Sampl Atmosphere  Tsy (°C)  Ts0%(°C)  Ash Referenc
condition air N2 air N2 (Wit%)
EPDM air N2 345 40% 42C 47C 0.: Our work
S air N2 336 457 581 58¢ 3C Our work
EPDM/MFS_1I air N2 34€ 414 451 474 8.2 Our work
EPDM/MFS_10/G air N2 351 43& 455 481 9.¢ Our work
EPDM/TiC2_2C air N2 35C 431 44¢ 47¢ 17 Our work
EPDM/TiO2_20/G: air N2 35& 444 451 481 18.1 Our work
EPDM/S/ TiC2_2C air N2 30& 42€¢ 50: 61C 34 Our work
EPDM/S/ TiC2_20/G: air N2 331 44¢ 51z 57C 32.2 Our work
l\/.I|.cro- aluminum nitride _40 wt%/ Not available 392 N_ot ) [61]
silicone rubber achieved
Nano-SiQ-7 wt%/Silicone rubber  Not available 483 N.Ot - [61]
achieved
Micro- aluminum  nitride  -25 Not
wt%/nano-SiO02-5 wt% / siliconeNot available 514 . - [61]
achieved
rubber
Acrylonitrile  butadiene  styrel
/EPDM N2 390.7 442 [32]
Acrylonitrile  butadiene  styrel
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mixing)
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/EPDM/graphene- 8 wi% (dried N2 382.1 442 - [32]
premixing)
High temperature ulcanized silicont N2 465 578 i [62]
rubber
High temperatureulcanized silicont
rubber/ Sodium montmorillonite_5 N2 472 585 - [62]
wit%
High temperature ulcanized silicont
rubber/ Sodium montmorillonite_5 N2 477 589 - [62]

wt%/carbon fiber _1 wt%

High temperature ulcanized silione
rubber/ Modified sodium N2 485 602 -- [62]
montmorillonite_5 wt%

High temperatureulcanized silicont
rubber/ Modified sodium

montmorillonite_5 wit%/carbon N2 490 613 ) [62]
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EPDM N2 42€ 454 - [7]
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Figure 6. 3D histograms of TGA-FTIR analysis of DM, (b) silicone rubber, (c) EPDM/MFS_10, (d)
EPDM/MFS_10/G2, (e) EPDM/TiQ20 (f) EPDM/TIQ_20/G2, (g) EPDM/S/ Ti@ 20 and (h)
EPDM/S/ TiG_20/G2 during the degradation at high temperature.



3.6 Thermal conductivity

The variation of the thermal conductivity for tharious samples is shown in Figure 7. Loading ofSViIF
TiO, and graphene additives in EPDM and EPDM/S rubkesslted in a higher thermal conductivity for
all of the composites. The highest values of théroanductivity were achieved for the EPDM
composites containing T¥OThe further addition of graphene did not appeaaffect the composites’
thermal conductivity. Multiple parameters can iefigce directly or indirectly the thermal conductivaf
the composites. For example, particle size andntnimsic thermal conductivity of the inclusionsagla
significant role in the conductivity of the comptesi [63-65]. Crosslinking has a considerable impact
the conductivity of rubber composites by bridginglymer chains and providing a higher intra-atomic
connection. The higher the crosslinking, the gmetitermal conductivity in the composites. In adfifi
the polymer morphology, such as chain alignment gaa occur during processing, can significantly
increase the thermal conductivity [66]. Similarhdditive orientation and the formation of pathways
connected network can also increase the thermalumbivity. The combination of the 3D additives (MFS
or TiO,) with 2D graphene layers can be an effective esrato increase the thermal conductivity [67-
69]. Therefore, the incorporation of high thermahductivity additives and the formation of condueti
pathways in the composite structure, as well avtieanization of rubber chains caused increasdsein
thermal conductivity of the rubber composites stamgously.

0.34

| |

Thermal conductivit

Figure 7. Thermal conductivity of EPDM rubber comipes including MFS, Ti@ and graphene
additives.



3.7 Static water contact angle measurement

The static water contact angle (CA) of the EPDMberbcomposites with the standard deviation (SD) are
shown in Figure 8. As illustrated, the EPDM rubbbeowed a contact angle of®@Wwhich is lower than
the water contact angle of silicone rubber (L0&dding 10 phr of MFS to EPDM rubber was found to
slightly increase (% the water contact angle. The addition of 2 phgmphene to EPDM/MFS_10 was
led to a small increase (8)8n hydrophobicity (with respect to vulcanized BRDubber) potentially due

to a greater surface roughness of the composite 7ZPD The addition of 20 phr of TiOs led to a
significant decrease in hydrophobicity, which canibterpreted by the hydrophilic nature of the JiO
additive [71]. However, the blending of the EPDMDfi20 rubber composite with the hydrophobic
silicone rubber improved the contact angle, foralihin average contact angle of 104whs obtained. In
the case of the MFS composite, the addition of 2gflgraphene additive to EPDM/S/TiQ0 did not

significantly change the static water contact angle
CA=91" l M ca=108° l M ca=96° l JCA= 99.8°' ‘
SD=6.3 ~|SD=4.3 ~|SD=4.8 " |SD=1.5

EPDM EPDM/MFS_10 EPDM/MFS_10/G2

S
CA=73° l ‘ CA=96.8° I l ch-1044° ' ‘ CA=1017° I 4
SD=6 B sp- 25 B SD= 3.5 SD=6.5 d

EPDM/TiO, 20 EPDM/TiO, 20/G2 EPDM/S/TiO, 20 EPDM/S/Ti0O, 20/G2

Figure 8. The average static water contact angleP&iM, silicone rubber and their corresponding arbb
composites.

4 Conclusions

The compounding of EPDM rubber with MFS, gi@nd graphene additiveda mechanical mixing
resulted in the improvement of the electrical prtips, such as the AC dielectric breakdown strenigth
addition, loading of inorganic fillers of MFS, Tj@s well as graphene led to an increase (~ 30-5°C)
the thermal stability of the engineered EPDM-basenhposites. The simultaneous analysis of thermal

degradation of the composites by TGA-FTIR technigexeealed details of the rubber decomposition



process. The inclusion of thermally conductive deape, as well as inorganic additives such as MES an
TiO2, was found to raise the thermal conductivifyttie composites. EPDM rubber composites with
MFS, TiO, additives and low-content of graphene vyields amprapriate thermal and electrical
performance to the compounded composites for usattoor insulating applications.
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Highlights

EPDM and silicone (S) rubbers were compounded with titanium dioxide (TiO,), modified

fumed silica (MFS) and graphene (G) additives via mechanical mixing.

* Thethermal stability of the EPDM and EPDM/silicone rubber composites was increased.

* The dieectric breakdown strength of the EPDM composites was increased by additives
loading.

* TGA-FTIR analysisrevealed the thermal degradation of the rubber composites.

» Utilizing TiO2, MFS and graphene additives appeared to mitigate the destructiove incidents

in HV insulating materials.
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