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Abstract 
 

In this work, a polymeric composite was prepared from ethylene propylene diene monomer (EPDM) and 

silicone rubber (S) with additives of modified fumed silica (MFS), titanium dioxide (TiO2) and graphene. 

The dielectric and thermal performances of the EPDM-based composites were studied. An increase in the 

dielectric constant and AC dielectric breakdown strength was observed for the EPDM rubber composites 

containing MFS, TiO2, and graphene additives. In addition, the incorporation of the additives resulted7in 

a significant increase in the thermal stability (~ 30–50 °C) and thermal conductivity (~ 7–35 %) of the 

composites. The combination of these various improvements gives suitable performance advantage to the 

polymeric composite for use in insulating applications. 
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1 Introduction 

Many studies have been conducted in the development of high-voltage insulators possessing high 

electrical and thermal performances [1-5]. With the emergence of silicone rubber composites, the demand 

for conventional outdoor insulators, such as glass- or porcelain-based insulators has significantly reduced 

[6]. The incorporation of the inorganic-based additives, such as alumina trihydrate (ATH), TiO2, and 
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silica, in polymer compounds was found to be appropriate to design high voltage insulators with high 

thermal stability and electric breakdown strength [7]. However, the most common rubber compounds for 

high-voltage applications are common silicone rubber and ethylene propylene diene rubber (EPDM) [8]. 

In addition to possessing the appropriate electrical, thermal and mechanical properties, EPDM is a 

promising insulator due to its light weighting, ease-of-installation and handling properties [2, 9].  

A better understanding of the initial properties of the rubber-based material is required in the development 

of the insulating materials. Outdoor insulating materials, such as silicon rubber-based composites, have 

received significant attention on the topics of resistance against ultra-violet (UV) oxidation, thermal 

aging, acid rain and dry band arcing, dielectric breakdown strength and mechanical cyclic loading  [8].  In 

addition, it is known that a proper preparation technique is required for desirable insulating properties 

[10]. For this purpose, rubber compounds with low surface energy, such as silicone rubber or EPDM, 

with acceptable electrical, thermal and mechanical properties have been frequently investigated. For 

example, a blend of EPDM/polyimide rubber, compounded with nanosilica, exhibited a desirable 

improvement in thermal conductivity, as well as the thermal stability of the corresponding composites 

[11]. The blending of the micro-and nano-sized SiO2 additives in EPDM and silicone rubber resulted in 

higher thermal stability and electrical performance [12]. Co-blending of micro- and nano-sized SiO2 with 

EPDM rubber was also found to increase the resistance to corona discharge [13]. Significant 

improvement in the electrical and mechanical performance of EPDM rubber is reinforced by barium 

titanate where the treated barium titanate additives showed a better additives dispersion and compatibility 

than the non-treated one [14]. A remarkable increase in dielectric strength breakdown was reported for 

EPDM/silicone rubber with the addition of 1 wt% alumina trihydrate additive [15]. In-situ sol-gel 

processing of EPDM rubber and chemically treated silica with tetraethoxysilane with bis-[-3-

(triethoxysilyl)-propyl]-tetrasulfide as a coupling agent resulted in a strong interaction between the 

additive and rubber and a substantial increase in thermal stability of the composite [7]. Moreover, it has 

been shown that the incorporation of layered silica and organically modified montmorillonite featured 

better thermal stability and a slight increase of the dielectric constant in EPDM/silicone blend 

nanocomposites [16]. γ-Irradiation has been also claimed as an effective method to increase the thermal 

stability of the EPDM rubber composite compounded with micro- and nano-silica [3]. In addition, the 

dielectric constant of the irradiated EPDM composites was increased with the increase of the silica 

content [17]. The mechanism of UV accelerated surface degradation of the silicone rubber and EPDM 

loaded with alumina trihydrate has been studied which causes that EPDM is becoming less resistant to 

thermal degradation under UV weathering conditions than the silicone rubber composites in terms of 

hydrophobicity and surface resistivity [18].  



As discussed, EPDM rubber is capable of withstanding bad weathering conditions at very low 

temperatures (~ -30 °C), with a significant elongation at break (~ 600 %) and good abrasion resistance 

[18, 19]. However, blending with silicone rubber can also improve UV resistance, aging resistance, 

resistance at high temperature and hydrophobicity [20-22]. Alumina trihydrate and silica reinforcement 

have frequently been studied in terms of electrical and thermal performances. Different techniques and 

strategies have been used to develop the properties of the EPDM rubber composites incorporating these 

inorganic additives. TiO2 is an inorganic additive with a desirable self-cleaning property and suitable 

electrical and thermal properties was also studied with several silicone rubber composites [23-25]. The 

incorporation of graphene oxide in poly methyl methacrylate  showed significant increase in thermal 

stability of PMMA composites [26]. The addition of reduced graphene oxide was found to enhance the 

thermal stability of the poly (n-butyl methacrylate) composite [27]. Graphene with exceptional electrical 

and thermal properties [28-30] featured noticeable improvement in electrical, thermal and mechanical 

properties of several rubber composites [31-33]. In some circumstances, rubber insulating materials such 

as silicone rubber compounded with a low quantity of conductive derivative graphite (~ 1 to 2 phr) 

demonstrated noticeable improvement in electrical performance and thermal stability [34, 35]. However, 

few studies have been carried out on EPDM rubber compounded with graphene. 

In the present study, chemically modified fumed silica (MFS), TiO2 and low contents of graphene were 

utilized to improve the electrical and thermal properties of EPDM and EPDM/S rubber composites. The 

morphology and homogeneity of the composites were observed. The chemical interactions of the 

inclusions with the rubber matrix were studied. The thermal stability and hydrophobicity of the 

composites were also investigated.  

2 Materials, compounding, and characterization 

2.1  Materials 

Ethylene propylene diene monomer (Vistalon TM 404) with mooney viscosity of 28 MU (based on ASTM 

D 1646) with an ethylene content of 45% and a density of 0.87 g.cm-3 at 25 °C was kindly provided by 

ExxonMobil. Polydimethylsiloxane diol (silicone rubber) (Elastosil@ R 401/60 S) with a density of ~ 

1.15 g cm-3 at 20 °C and the mooney viscosity of 42 MU was provided by Wacker. Titanium (IV) dioxide 

(TiO2), anatase grade with the specific surface area of 45-55 m2/g and a density of 3.9 g cm-3 at 25 °C 

was purchased from Aldrich. Modified fumed silica (CAB-O-SIL TS-530) (Silanamine, 1,1,1-trimethyl-

N-(trimethylsilyl)-, hydrolysis products with silica) with a density of 2.2-2.3 g cm-3 was provided by 

Cabot. Graphene (GrapheneBlackTM 3X) with the primary particle size 1-2 µm and agglomerate moderate 



particle size of D50= 38 µm and a bulk density of 0.18 g cm-3 was provided by NanoXplore. Dicumyl 

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

 

2.2  Sample preparation 

EPDM rubber gum, silicone rubber gum (S), TiO2, MFS, graphene (G), and DCP were intensively mixed 

in an internal mixer (Haake Rheomix OS) for 10 min with a screw speed of 100 rpm at 60 °C. Several 

batches of composites (E/MFS-X, or E/ TiO2-X, X= part per hundred (phr)) were selected as shown in 

Table I. Then, all prepared composites were vulcanized using a hydraulic hot press (Accudyne 

Engineering & Equipment Company, Los Angles, USA) at 165 °C mold temperature and 10 MPa load for 

10 min  Subsequently, the cured composites were gradually cooled down to room temperature. It is worth 

mentioning that due to reaching a high viscosity during composite preparation, EPDM rubber was not 

possible to compound with 20 phr of the MFS additive. 

Table I. The formula of the prepared composites. 

Component EPDM (phr) S (phr) MFS (phr) TiO2 (phr) G (phr) DCP (phr) 

EPDM 100 - - - - 0.7 
S - 100 - - -- 0.7 
EPDM/MFS_10 100 - 10 - - 0.7 
EPDM/MFS_10/G2 100 - 10  2 0.7 
EPDM/TiO2_20 100 - - 20 - 0.7 
EPDM/TiO2 _20/G2 100 - - 20 2 0.7 
EPDM/S/ TiO2_20 50 50 - 20 - 0.7 
EPDM/S/ TiO2_20/G2 50 50 - 20 2 0.7 

 

2.3 Characterization and measurements  

The dielectric properties of the EPDM rubber composites were evaluated, from 10-1 to 105 Hz at room 

temperature. A disk-shaped sample with a thickness of ~ 2 mm and a diameter of 30 mm was sandwiched 

between the two electrodes and the formed capacitor was subjected to an AC applied voltage of 3 Vrms. 

The electric breakdown strength of the EPDM rubber composite was evaluated using Baur electric 

breakdown tester. The experiment was conducted by the positioning of a flat disk of the sample with a 

thickness of ~ 2-2.5 mm and a diameter of 10 mm in a mineral oil medium.  According to ASTM D149–

09(2013), 10 measurements with an increasing voltage of 0.5 kV s-1 were carried out. 

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

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



sectionally cut by cryogenic microtoming. Then, the samples were coated by a 2 nm layer of platinum in a 

vacuumed chamber using a turbo-pumped sputter coater/carbon coater (Q150T, Guelph, Canada). 

Any chemical interaction between the inclusion and the medium rubber was evaluated by FT-IR 

experiment over the wavenumbers from 400 to 4000 cm-1. Characterization was carried out in absorbance 

mode with a PerkinElmer FT-IR Spectrometer. 

Thermogravimetric analysis (TGA) was conducted using coupled TGA-FTIR (STA 8000 instrument 

(PerkinElmer)) tester by a ~ 10 to 15 mg test specimen under a constant flow rate of 70 ml of nitrogen 

gas. Heating was carried out from 50 to 800 °C with a rising rate of 30 °C min-1. The released elements 

from the TGA instrument were passed through a tube to the FT-IR analyzer. FT-IR spectra were recorded 

over the wavenumbers of 400-4000 cm-1. Thermogravimetric analysis (TGA) under air atmosphere was 

also conducted with a heating ramp of 30 °C min-1 and 50 cc/min air flow over the temperature range of 

50-650 °C. 

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

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

The hydrophobicity of the EPDM rubber composites was evaluated by water-contact-angle measurement 

using VCA optima (Ast Products Inc.). To measure the contact angle, firstly, the surface of the test 

specimens was carefully washed with isopropanol and dried with instrument air. The measurement was 

carried out at room temperature, capturing 5 photos of the 5µl dripped ultrapure deionized water droplets 

on the surface of the test specimens at different locations. 

3 Results and discussion 

3.1 Dielectric properties 

The dielectric responses of EPDM rubber composites, dielectric constant and dissipation factor are shown 

in Figure. 1a and Figure. 1b, respectively. Both EPDM and silicone rubber showed low dielectric losses 

and a frequency-independent low dielectric constant due to their non-polar polymer backbone. The 

dielectric properties of the composites depend on the intrinsic properties of the materials such as the 

permittivity and the electrical conductivity [15, 36]. In heterogeneous materials such as composites 

containing additives, the interfacial polarization or Maxwell–Wagner–Sillars effect [30, 37-41] is 

commonly observed in the intermediate frequency range, given the rise of a broad relaxation peak. The 

addition of TiO2 was found to significantly increase the dielectric constant of the EPDM rubber, as well 

as the dissipation factor in the frequency ranges of 101–104 Hz, due to the interfacial polarization at the 

surface of the inclusions. This effect was found to be improved when the polymeric matrix is an EPDM/S 



blend, possibly due to the selective location of the inorganic additives [14, 17, 38, 42]. On the other hand, 

the dielectric loss of the EPDM rubber composites with either MFS or MFS/G additives showed no 

significant changes.  

 

Figure. 1. Dielectric properties, (a) dielectric constant and (b) dissipation factor, of the EPDM rubber and 
its corresponding composites blended with silicone rubber at room temperature. 

 

3.2 AC dielectric breakdown strength  

The AC dielectric breakdown strength of the EPDM rubber composites is shown in Figure 2 and the 

Weibull parameters are listed in Table II, which were calculated according to the Eq. 1: 

���� � 1 � exp	���
�


��� 

Eq. 1 

where P(E) is the cumulative failure probability at an electric field, α is the characteristic breakdown 

strength, for which 63.2 % of the test specimens have failed at that certain electric field, and β is related to 

the width of the distribution of the data [43]. As can be seen from the Weibull distribution plots, loading 

of 10 phr of the MFS additive slightly increased the characteristic breakdown strength by 16%, while 2 

phr of graphene additive was further loaded to EPMD/MFS_10, the dielectric breakdown strength of the 

composite increased by 23 % than the virgin EPDM rubber.  The addition of 20 phr of TiO2 additive was 

led to relatively close values of the dielectric breakdown strength of the EPDM rubber. However, as  2 

phr of graphene was added to EPDM/TiO2_20 composite, the breakdown strength improved by 23% over 

the vulcanized EPDM rubber, potentially due to the trapping of the charge carriers at the 

graphene/polymer boundaries [37]. In comparison, TiO2 showed less efficiency in improving the 

dielectric breakdown strength compared to the MFS additive, likely because of the absorbed moisture by 



the TiO2 particles which acted as a defect in the composite structure [44]. The EPDM/S/ TiO2_20 and 

EPDM/S/ TiO2_20/G2 rubber composites showed an increase in the dielectric breakdown strengths of 30 

and 34%, respectively, over the EPDM vulcanized rubber. A summary of the dielectric breakdown 

strength of several EPDM and silicone rubber composites that have been investigated is shown in Table 

II. A dielectric breakdown of 21.1 to 22.2 kV/mm was obtained for the EPDM rubber composites 

containing various forms of SiO2. It is worth mentioning that fabrication method had significant impact 

on the dielectric breakdown strength of the composites. Moreover, our findings revealed that a 

combination of EPDM/silicone rubber composite with 20 phr of TiO2 and 2 phr of graphene resulted in a 

relatively high dielectric breakdown strength compared to its counterparts.    

 

Figure 2. Weibull distribution plot of the electric breakdown of EPDM rubber and its composites. 

Table II. Summary of Weibull parameters of current composites containing MFS, TiO2, graphene and 
several former studies. 

Sample Shape (β EBD (kV/mm) Reference 

EPDM 13.95 19.02 Our work 
S 19.68 20.32 Our work 
EPDM/MFS_10 12.75 22.22 Our work 
EPDM/MFS_10/G2 9.10 23.39 Our work 
EPDM/TiO2_20 20.03 19.96 Our work 
EPDM/TiO2_20/G2 20.53 22.28 Our work 
EPDM/S/TiO2_20 16.48 24.66 Our work 
EPDM/S/TiO2_20/G2 13.38 25.56 Our work 
Silicone rubber/ ATH_15 wt% - 22.5 [45] 
Silicone rubber/15 wt% of modified alumina with vinyl 
trimethoxysilane 

- 
24.1 [45] 

EPDM/micro SiO2_20 wt% - 21.1 [12] 



EPDM/nano SiO2_5 wt% - 22.2 [12] 
EPDM/ micro SiO2_15 wt%/ nano SiO2_5 wt% - 24.5 [12] 
Silicone rubber/ ATH -- 18.9 [46] 
Silicone rubber/ irregular SiO2 - 24.9 [46] 
Silicone rubber/ sphere SiO2  24.8 [46] 
EPDM_50 vol %/ Silicone_ 50 vol %/ ATH_5vol % - 25.6 [15] 

 

3.3 SEM imaging 

Figure 3 shows the SEM images of the EPDM, silicone rubber and their corresponding composites with 

additives of MFS, TiO2 and graphene. The SEM micrograph of EPDM/MFS_10 showed some aggregates 

of ~ 10–15 µm, indicating inadequate additive dispersion within the rubber composite, whereas, adding 2 

phr of graphene into EPDM/MFS_10 was led to a better homogenous morphology with well-dispersed 

and distributed inclusions (Figure 3c and Figure 3d).  EPDM rubber composite with 20 phr TiO2 was 

found to show a uniform morphology (Figure 3e), and adding 2 phr of graphene to EPDM/TiO2-20 led to 

further additive density in the morphology as it can be seen in Figure 3f. The blending of EPDM with 

silicone rubber followed by the inclusion of 20 phr of TiO2 and 2 phr of graphene resulted in a different 

morphology, featuring the phase separation between two immiscible polymers (Figure 3g andFigure 3h). 

Some agglomerates of the graphene particles were also observed in Figure 3h. 



 

Figure 3. SEM images of (a) EPDM rubber, (b) silicone rubber, (c) EPDM/MFS_10 (d) 
EPDM/MFS_10/G2, (e) EPDM/TiO2 _20, (f) EPDM/TiO2 _20/G2, (g) EPDM/S/TiO2 _20 and (h) 

EPDM/S/TiO2_20/G2. 

 

3.4 FT-IR spectroscopy 

The FT-IR spectra of the EPDM rubber composites are shown in Figure 4. As can be seen, two strong 

absorption peaks are identified at 2923 and 2850 cm-1  wavelength, which are designated as the C–H 

stretching vibration [47]. At wavenumbers of 720, 1376 and 1460 cm-1, three adsorption peaks were 

detected, which are assigned to the –CH2
 stretching, and –CH3 and –CH2 bending, respectively [7]. The 

absorption peaks at 2968 cm−1, 1265 cm−1 and 1000-1125 cm−1 were also observed in silicone rubber 

spectra, which were attributed to the characteristic stretching vibration of C–H, Si–C and Si–O–Si, 

respectively [48]. A wide absorption peak between a range of 3500-3750 cm-1 was appeared for the 



spectra of the EPDM rubber composites, shown the –OH groups [49]. The absorbance peak of the EPDM 

rubber was used as the reference in order to compare the intensity of the absorption peak of the other 

counterparts and the results are listed in Table III. In principle, the spectral demonstration of the EPDM 

and silicone rubber composites were observed to be similar to those of the vulcanized EPDM and silicone 

rubber matrix with lower intensity in the absorbance peaks. This indicates that the curing process was 

comparable between the different EPDM and silicone rubber composites.   

 

 

Figure 4. FT-IR spectra of EPDM, silicone rubber and its corresponding rubber composites. 

 

 

 



Table III. The relative intensity of the absorbance peaks of EPDM rubber composites with respect to the 
EPDM rubber at several wavenumbers. 

Relative intensity 
Wavenumber (cm-1) 

2953 2921 1460 1377 
A�

A�
 0.95 0.96 0.96 0.92 

A�

A�
 0.99 1.01 0.98 0.99 

A�

A�
 0.98 1.01 0.99 0.99 

A�

A�
 0.79 1.02 0.67 0.69 

A�

A�
 0.98 0.86 0.78 0.76 

A�

A�
 0.99 0.51 0.67 0.69 

 

3.5 Thermal stability and TGA-FTIR analysis 

To investigate the thermal stability and the mechanism of degradation in the EPDM and silicone rubber 

and their corresponding composites, TGA-FTIR analysis was conducted. The thermal stability of the 

EPDM rubber composites is shown in Figure 5. For a further understanding of the mechanism of the 

degradation and decomposition of the EPDM rubber-based composites, the 3D histogram of TGA-FTIR 

analysis is shown in Figure 6. Thermal stability in outdoor insulating materials is a vital parameter, which 

can hinder or suppress several destructive phenomena, such as dry band arcing or surface erosion. 

Thermal aging as the result of dry band arcing may change the inherent hydrophobicity of the insulator 

and consequently render the material hydrophilic, which significantly decreases the insulator 

performance. Thus, the addition of inorganic additives with excellent thermal stability to rubbers is 

expected to improve the materials’ thermal performance [50, 51]. Morover, inorganic additives in rubber 

insulating composites can mittigate  the leakage current and corona exposure surface erosion which 

ultimately leads to a higher performance [37]. According to the TGA plots under air atmosphere (Figure 

5a), EPDM rubber composites have gained slightly weight due to oxidation reaction at temperature range 

of 120 to 300 °C. EPDM rubber composites featured decomposition commencing ~ 350 °C under air 

atmosphere while under nitrogen atmosphere were stable up to ~ 400 °C, since no significant weight loss 

was observed below that temperature (observed in TGA plot under nitrogen atmosphere, Figure 5b). This 

can be attributed to the physical interactions at the interface layer of the polymer-additives [52, 53]. This 

was in good agreement with the TGA-FTIR histograms, for which no detectable FT-IR peak was 

observed below ~ 400 °C (Figure 6). The degradation of the EPDM rubber and its corresponding 

composites were observed to start around 350 and 400 °C (for air and nitrogen atmosphere, respectively), 



and all samples without silicone rubber experienced a one-step weight loss. The blending of EPDM 

rubber with silicone rubber and the addition of MFS, TiO2, and graphene led to an increase in thermal 

stability, where a maximum value of 448 °C (at 5 % wt. loss) was observed for the EPDM/S/TiO2_20/G2 

(Table IV). Most likely, the increase in thermal stability of the EPDM/S/TiO2_20/G2 rubber composites is 

due to the formation of a TiO2 network, followed by the integration of graphene particles which resulted 

in a strong physical interaction between polymer and additives [52, 54-58]. Both rubber composites, the 

EPDM/S/TiO2_20 and EPDM/S/TiO2_20/G2, experienced a second weight loss between ~ 480-580 and 

500-750 °C (for air and nitrogen atmosphere, respectively) which is related to the degradation of the 

silicone rubber chains. This second weight loss (observed in TGA plot under nitrogen atmosphere, Figure 

5b) results in the detection of an absorption peak at 3013 cm-1, related to the methane generated during the 

decomposition process of silicone rubber (Figure 6g and Figure 6h) [59, 60]. In order to compare the 

thermal stability of the EPDM and silicone rubber composites, a summary of thermal properties of several 

composites that have been formerly studied is shown in Table IV. Overall, the combination of a low 

quantity of graphene additive was found to increase the thermal degradation of the rubber insulating 

composite.  

 

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

 

 

 



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

Sample Atmosphere 
condition 

T5% (°C) T50% (°C) Ash 
(wt%) 

Reference 
air N2 air N2 

EPDM air N2 343 403 420 470 0.3 Our work 
S air N2 338 457 581 588 30 Our work 
EPDM/MFS_10 air N2 346 414 451 474 8.3 Our work 
EPDM/MFS_10/G2 air N2 351 438 453 481 9.9 Our work 
EPDM/TiO2_20 air N2 350 431 448 478 17 Our work 
EPDM/TiO2_20/G2 air N2 353 444 451 481 18.1 Our work 
EPDM/S/ TiO2_20 air N2 303 426 503 610 34 Our work 
EPDM/S/ TiO2_20/G2 air N2 331 448 512 570 32.3 Our work 
Micro- aluminum nitride _40 wt%/ 
silicone rubber 

Not available 392 
Not 

achieved 
- [61] 

Nano-SiO2-7 wt%/Silicone rubber Not available 483 
Not 

achieved 
- [61] 

Micro- aluminum nitride -25 
wt%/nano-SiO2-5 wt% / silicone 
rubber 

Not available 514 
Not 

achieved 
- [61] 

Acrylonitrile butadiene styrene 
/EPDM  

N2 390.7 442  [32] 

Acrylonitrile butadiene styrene 
/EPDM/graphene- 8 wt% (melt 
mixing) 

N2 389 440 - [32] 

Acrylonitrile butadiene styrene 
/EPDM/graphene- 8 wt% (wet 
premixing) 

N2 375.7 440 - [32] 

Acrylonitrile butadiene styrene 
/EPDM/graphene- 8 wt% (dried 
premixing) 

N2 382.1 442 - [32] 

High temperature vulcanized silicone 
rubber 

N2 465 578 - [62] 

High temperature vulcanized silicone 
rubber/ Sodium montmorillonite_5 
wt% 

N2 472 585 - [62] 

High temperature vulcanized silicone 
rubber/ Sodium montmorillonite_5 
wt%/carbon fiber _1 wt% 

N2 477 589 - [62] 

High temperature vulcanized silicone 
rubber/ Modified sodium 
montmorillonite_5 wt% 

N2 485 602 -- [62] 

High temperature vulcanized silicone 
rubber/ Modified sodium 
montmorillonite_5 wt%/carbon 
fiber_1 wt% 

N2 490 613 - [62] 

EPDM N2 426 454 - [7] 
EPDM/SiO2-10 wt% N2 420 452 - [7] 
EPDM/SiO2-20 wt% N2 435 463 - [7] 
EPDM/SiO2-30 wt% N2 436 469 - [7] 



 

 

Figure 6. 3D histograms of TGA-FTIR analysis of (a) EPDM, (b) silicone rubber, (c) EPDM/MFS_10, (d) 
EPDM/MFS_10/G2, (e) EPDM/TiO2_20 (f) EPDM/TiO2_20/G2, (g) EPDM/S/ TiO2_20 and (h) 

EPDM/S/ TiO2_20/G2 during the degradation at high temperature. 



3.6 Thermal conductivity 

The variation of the thermal conductivity for the various samples is shown in Figure 7.  Loading of MFS, 

TiO2 and graphene additives in EPDM and EPDM/S rubbers resulted in a higher thermal conductivity for 

all of the composites. The highest values of thermal conductivity were achieved for the EPDM 

composites containing TiO2. The further addition of graphene did not appear to affect the composites’ 

thermal conductivity. Multiple parameters can influence directly or indirectly the thermal conductivity of 

the composites. For example, particle size and the intrinsic thermal conductivity of the inclusions play a 

significant role in the conductivity of the composites [63-65]. Crosslinking has a considerable impact on 

the conductivity of rubber composites by bridging polymer chains and providing a higher intra-atomic 

connection. The higher the crosslinking, the greater thermal conductivity in the composites. In addition, 

the polymer morphology, such as chain alignment that can occur during processing, can significantly 

increase the thermal conductivity [66]. Similarly, additive orientation and the formation of pathways or 

connected network can also increase the thermal conductivity. The combination of the 3D additives (MFS 

or TiO2) with 2D graphene layers can be an effective strategy to increase the thermal conductivity [67-

69]. Therefore, the incorporation of high thermal conductivity additives and the formation of conductive 

pathways in the composite structure, as well as the vulcanization of rubber chains caused increases in the 

thermal conductivity of the rubber composites simultaneously.  

 

Figure 7. Thermal conductivity of EPDM rubber composites including MFS, TiO2, and graphene 
additives. 



 

3.7 Static water contact angle measurement 

The static water contact angle (CA) of the EPDM rubber composites with the standard deviation (SD) are 

shown in Figure 8. As illustrated, the EPDM rubber showed a contact angle of 91o, which is lower than 

the water contact angle of silicone rubber (108o). Adding 10 phr of MFS to EPDM rubber was found to 

slightly increase (5o) the water contact angle. The addition of 2 phr of graphene to EPDM/MFS_10 was 

led to a small increase (8.8o) in hydrophobicity (with respect to vulcanized EPDM rubber) potentially due 

to a greater surface roughness of the composite [70, 71]. The addition of 20 phr of TiO2 is led to a 

significant decrease in hydrophobicity, which can be interpreted by the hydrophilic nature of the TiO2 

additive [71]. However, the blending of the EPDM/TiO2_20 rubber composite with the hydrophobic 

silicone rubber improved the contact angle, for which an average contact angle of 104.4 o was obtained. In 

the case of the MFS composite, the addition of 2 phr of graphene additive to EPDM/S/TiO2_20 did not 

significantly change the static water contact angle.  

 

 

Figure 8. The average static water contact angle of EPDM, silicone rubber and their corresponding rubber 
composites. 

4 Conclusions 

The compounding of EPDM rubber with MFS, TiO2 and graphene additives via mechanical mixing 

resulted in the improvement of the electrical properties, such as the AC dielectric breakdown strength. In 

addition, loading of inorganic fillers of MFS, TiO2 as well as graphene led to an increase (~ 30–50 °C) in 

the thermal stability of the engineered EPDM-based composites. The simultaneous analysis of thermal 

degradation of the composites by TGA-FTIR technique revealed details of the rubber decomposition 



process. The inclusion of thermally conductive graphene, as well as inorganic additives such as MFS and 

TiO2, was found to raise the thermal conductivity of the composites. EPDM rubber composites with 

MFS, TiO2 additives and low-content of graphene yields an appropriate thermal and electrical 

performance to the compounded composites for use in outdoor insulating applications.  
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Highlights 

• EPDM and silicone (S) rubbers were compounded with titanium dioxide (TiO2), modified 

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

• The thermal stability of the EPDM and EPDM/silicone rubber composites was increased. 

• The dielectric breakdown strength of the EPDM composites was increased by additives 

loading. 

• TGA-FTIR analysis revealed 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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