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  Abstract- Thermal conductivity enhanced by the addition of 

inorganic fillers such as, natural silica has been shown as critical 

factor improving the erosion performance of silicone rubber 

filled with micro-sized silica in the inclined plane tracking and 

erosion test (IPT). In this research, different thermal 

characteristics of SiR composites filled at 50 wt% with natural 

silica of different median particle sizes (2, 5 and 10 µm) are 

investigated in both the condensed and gas phases. The thermal 

conductivity was shown to decrease from 0.5905 W/m.K with 10 

µm silica to 0.5230 W/m.K with 2 µm silica, despite the 

interaction promoted between the 2 µm silica and the polymer. 

Accordingly, the improvement in the thermal conductivity of SiR 

by the addition of micro-sized natural silica was elucidated from 

different perspective than the filler-SiR interaction. The 

suppression of depolymerization was more evident with 2 µm 

silica due to the enhanced interaction between the filler and the 

polymer as indicated by the thermogravimetric and differential 

thermal analyses. 

 

I.    INTRODUCTION 

 

Erosion resistance has been identified as a critical property 

that needs to be verified for outdoor silicone rubber (SiR) 

insulators, using the standard inclined plane tracking and 

erosion test (IPT) [1, 2]. Since erosion of SiR insulators has 

been shown primarily taking place as a result of dry-band 

arcing heat ablating the surface of the insulation housing, 

extensive research work has been performed in order to 

correlate the thermal actions of the fillers in the suppression of 

the dry-band erosion [3, 4]. Initially the correlation was sought 

for AC outdoor insulation applications by investigating 

different factors such as the type, level and size of the fillers 

[4]. Accordingly, thermal conductivity of the composite was 

shown as the main thermal property of importance controlling 

the erosion resistance of the SiR. An emphasis was also given 

on the overall thermal conductivity of the composite rather 

than the filler itself [4- 8].   

Other factors such as the filler volume, dispersion and 

bonding of the filler in the SiR matrix and the residue shield 

protecting the surface during the dry-band arcing were 

highlighted while using the critical voltages of the IPT that 

were severe enough to lead to deep erosion [8-10]. This more 

emphasis was also highlighted for DC insulation applications, 

while confirming an important role for thermal conductivity 

[6-7]. Thermal conductivity was shown important in the initial 

stages of the IPT, dissipating away hotspots and thus delaying 

the inductions of the eroding dry-band arcing. On the other 

hand, the importance of other fillers effects in both the 

condensed and the gas phase was highlighted after an eroding 

dry-band arcing was established at a later stage during the IPT 

[6-11]. Using the critical AC and DC IPT voltages was shown 

essential in realizing these filler actions [1, 5, 10]. 

 In particular recent work highlighted the significance of the 

role of protective residue promoted at increasing the size of 

natural silica filler on the suppression of the eroding dry-band 

arcing.  In the light of these different thermal actions proposed 

for natural silica on the suppression of the dry-band arcing 

erosion, it appears important to further elucidate significance 

of the thermal actions of natural silica in SiR. In this study the 

thermal analysis of SiR composites containing different sizes 

of natural silica at 50 wt% is performed in order to further 

explain the thermal actions of natural silica filler on the 

erosion resistance of SiR.   
 

II.   MATERIALS AND METHODS 

 

A. Materials  

    Three different silicone rubber composites were prepared 

using natural silica at 50 wt% at median particle sizes of 2, 5 

and 10 µm. The analysis is conducted in this study with 

reference to the reported IPT outcomes in [4], [10]. Therefore, 

the SiR compositions selected in this study were similar to the 

corresponding reference compositions in [4], [10]. Table I 

describes the natural silica used in the study.   

TABLE I: DESCRIPTION OF THE NATURAL SILICA USED IN THE STUDY 

 

Sample 
Filler 

Type 

Median 
Particles 

Size (µm) 

Particle 

Size 

Distribution 
(µm) 

Specific 

Gravity 

NSM2 
Natural 
Silica 

2 5 or less 

2.65 NSM5 5 15 or less 

NSM10 10 40 or less 

 

    B. Thermal Analysis 

The main thermal transport properties for any given material 

are thermal conductivity, thermal diffusivity and specific heat 

capacity. Thermal conductivity is a transfer of heat from one 

particle to the neighbouring particle. Thermal diffusivity refers 

to the rate of heat transfer from one face to the other and heat 

capacity is the amount of heat required to increase the 

temperature by 1 °C [12, 13].  

The thermal conductivity can be measured using various 

currently available methods such as steady state and transient 

methods. In steady state methods the heat flow can be either 

one dimensional or radial and is used for highly insulating 



samples wherein the sample preparation takes time as well as 

it requires large samples, unlike transient methods. In transient 

methods, it is possible to precisely determine the power 

delivered to the sample as well as measure thermal 

conductivity and in some cases thermal diffusivity too, of the 

sample. One example of this method is transient plane source 

(TPS) method which employs a double spiral shape sensor 

element. This sensor acts both as a heat source (input) to the 

sample and as a thermometer (output) to measure time-

dependent temperature increase [14, 15]. Thus, in this study 

transient method is used. 

The above mentioned thermal transport properties vary for 

different polymer and filler types, filler concentration, filler 

size and filler shape [16]. For instance, silicone rubber and 

silica have thermal conductivities between 0.17 – 0.26 W.m-

1.K-1 and 1.5 – 3 W.m-1.K-1 respectively [17]. However, the 

silica-filled silicone composite would have thermal 

conductivity values resembling neither alone silicone 

elastomer nor silica filler rather it would depend on silica 

concentration, its particle size and shape. In this study, filler 

concentration as well as shape is kept constant; whereas, filler 

size is varied to study its effect on the thermal properties. 

   The thermal conductivity, thermal diffusivity and specific 

heat measurements were carried out on isotropic samples 

using 3.2 mm radius sensor, transient plane source (TPS) 

method using Hotdisk (2500S). Fig. 1 shows the thermal 

properties measurement set-up, where for analysis the sensor 

was sandwiched between isotropic sample on one side and an 

insulation on another side.  The measurement was conducted 

according to the standard ISO 22007-2. The test conditions 

were; power equal to 0.02 W, measurement time 20 s, and 

data points (between 10-200) were collected. An average of 

five repeated measurements were carried out on each test 

sample at 22 °C.  

  
Fig. 1. Image of  thermal properties measurement set-up with sensor, isotropic 

sample and insulation position shown. 

Studying the effect of the natural silica on the thermal 

properties of the composites in the condensed phase before 

SiR degradation is important to understand the effect of 

natural silica on delaying the induction of hotspots during dry-

band arcing. However, it is also important to understand the 

effect of the fillers when the eroding dry-band arcing is 

established, eventually leading to erosion. At this stage other 

filler actions than thermal properties in the condensed phase 

are expected to be more significant particularly during the 

degradation of SiR. These filler actions can be studied using 

the simultaneous thermogravimetric and differential thermal 

analysis (TGA-DTA). In TGA-DTA the degradation of SiR 

composites could be investigated as a function of an 

increasing temperature in air atmosphere between 80 and 800 
oC at a rate of 25 oC/min rate. The TGA-DTA samples 

weighted about 10-15 mg. 
         

III.   RESULTS AND DISCUSSION 

 

Increase in thermal conductivity of an outdoor SiR 

insulation material would be desired to diffuse heat faster, as 

overheating of a material leads to premature degradation [12]. 

Therefore in this study effect of filler size (2, 5 and 10 μm) is 

studied, whereas, filler loading is 50 wt% and is maintained 

for all three composites. As can be seen in Table II, the values 

of thermal conductivity and thermal diffusivity increase 

gradually as the filler particle size is increased. In comparing 

the effects of natural silica and ATH, the interface between the 

natural silica and SiR has been proposed to play an important 

role in the thermal conductivity of the SiR composite [4]. 

However, the interface does not seem to be the main 

controlling factor of the thermal conductivity of SiR with 

particle sizes of natural silica filler. Therefore, the outcomes of 

the thermal conductivity measurements obtained in this study 

were explained from a different perspective.  

Both heat transfer and rate of heat transfer is more in silica 

filler than in silicone polymer. Therefore, larger the particle 

size with same filler loading, higher would be the thermal 

conductivity and thermal diffusivity. Figure 2 is the schematic 

representation of three filler size studied, wherein the heat 

transfer from one side to another side is shown through arrows 

which are depicted differently for silica filler and silicone 

polymer. In Fig. 2a, it is seen that heat travels more in silicone 

phase wherein the heat transfer takes place slower than silica 

filler phase, also there are lot of interfaces which hinders the 

rate of heat transfer. In Fig. 2b, the heat transfer takes place 

more in silica filler phase and passes through lower amount of 

interfaces than in Fig. 2a. However, in Fig. 2c, the silica filler 

phase dominates as well as the interfaces have reduced 

considerably leading to improved thermal conductivity and 

thermal diffusivity values.  

As heat transfer and rate improves, it increases the specific 

heat capacity that is the stored energy of the composites. Thus 

it can be said that, the filler particle size has an effect for the 

same 50 wt% loading of silica in silicone composite. The 

improvement in the thermal properties of SiR with increasing 

particle size of the natural silica filler could therefore 

contribute to the delay of the induction of hotspots during the 

dry-band arcing, thereby increasing the erosion resistance 

[11].  

Fig. 3 shows the TGA and the corresponding DTA curves 

obtained for the composites analyzed in this study. A clear 

increase is obtained in the final residue in the TGA with 

increasing particle size of natural silica. The final residue in 



the TGA of SiR has been shown already to be dependent on 

the two competing mechanisms tacking place during the 

degradation of SiR, which are depolymerization and 

crosslinking [10, 18, 19]. The depolymerization of SiR yield 

volatile SiR that combust in air and leave silica-based char 

that adds to the remaining natural silica particle residue by the 

end of the TGA. On the other hand, crosslinking of SiR give 

rise to carbonaceous residue, also adding up to the final 

residue amount by the end of the TGA [10].  

 
TABLE II. THERMAL CONDUCTVITY, THERMAL DIFFUSIVITY AND SPECIFIC HEAT 

CAPACITY VALUES FOR THE SILICA-FILLED SIR  

 

Sample  

(No of 

trials =6) 

Thickness 

(mm) 

Thermal 

conductivity 

(W/m.K)  

Thermal 

diffusivity 

(mm2 /s) 

Specific 

heat   

(MJ/m³K) 

SiR+ 50 

wt% 

NSM2 

5.5 0.5230 0.3348 1.562 

SiR+ 50 

wt% 
NSM5 

5.5 0.5300 0.3456 1.534 

SiR+ 50 

wt% 
NSM10 

5.84 0.5905 0.3634 1.625 

 
 Fig. 2. Schematic representation of SiR composites filled with silica of 
different particle sizes: (a) 2 μm, (b) 5 μm and (c) 10 μm. 

At natural silica loading level of 50 wt%, the difference in 

the amount of the crosslinked residue was already shown to be 

insignificant using TGA in Nitrogen and therefore the 

difference in the final residue obtained in Fig.3 can be 

attributed to the difference in the amount of silica char. This 

finding suggests that depolymerization and as a result 

volatilization in the gas phase could be suppressed at 

decreasing particle size of natural silica in SiR. This could be 

also confirmed in the DTA in Fig. 4 showing SiR combustion 

suppressed as indicated by the decrease in the exothermic peak 

with decreasing size of natural silica [10]. In addition, the 

slope of the TGA curve in Fig.3 could indicate a reduction in 

the degradation rate with decreasing filler size.  

These findings in the TGA-DTA could be explained with 

the interactions between the SiR and the natural silica 

promoted at lower particle size of natural silica, which could 

tether the SiR chains, thus suppress the depolymerization and 

thus volatilization of SiR [20]. However, this effect for micro-

sized natural silica at the 50 wt% loading level silica does not 

seem to be significant on the erosion resistance, as the erosion 

resistance was shown to be lower at decreasing particle size of 

natural silica. Therefore another dominant factor could have 

contributed to the improved erosion resistance at increasing 

particle size of natural silica, particularly during the 

degradation of SiR. This factor has been shown already to be 

the coherence of the residue shield against dry-band arcing 

promoted at increasing particle size of natural silica. More 

details on the effect of the natural silica size on the coherence 

of the residue and the erosion resistance during the IPT can be 

found in [10, 20].  

IV.   CONCLUSIONS 

 

The thermal effects of natural silica filler at different sizes 

in SiR were investigated in this study and correlated with the 

corresponding relative erosion resistance of the SiR 

composite. The investigation included the thermal effect of 

natural silica in both the condensed phase and the gas phase. It 

was confirmed that thermal properties in the condensed phase 

such as thermal conductivity was influential on the erosion 

resistance of SiR by delaying the induction of the hotspots 

during the dry-band arcing. The thermal conductivity was 

shown to decrease with decreasing filler size from 0.5905 

W/m.K at 10µm silica to 0.5230 W/m.K at 2 µm silica. This 

finding was obtained despite the interface promoted between 

the micro-sized natural silica and the SiR at lower particle size 

of natural silica at 2 µm. Accordingly, the improvement in the 

thermal conductivity of SiR by the addition of micro-sized 

natural silica was elucidated from different perspective than 

the filler-SiR interaction.  

The interface between natural silica with micro-sized 

particles and the SiR was rather shown to suppress 

depolymerization and thus volatilization of SiR in the gas 

phase to a certain extent, but this suppression was not enough 

to improve the erosion resistance.     



 
 
Fig. 3. TGA performed in air on SiR composites containing NSM2, NSM5 
and NSM10 at 50 wt%. 

 

 
Fig. 4. DTA performed in air on SiR composites containing NSM2, NSM5 

and NSM10 at 50 wt%. 

 

Acknowledgment 

Ayman El-hag acknowledge that this work was made possible 

by NPRP grant 12S-0227-190168 from Qatar National 

Research Fund (a member of Qatar Foundation). The 

statements made herein are solely the responsibility of the 

author (Dr. El-Hag). 

REFERENCES 

 

[1] A. Krivda, L. E. Schmidt, X. Kornmann, H. Ghorbani, A. 
Ghorbandaeipour, and M. Eriksson, “Inclined-plane tracking and 

erosion test according to the IEC 60587 standard,” IEEE Electr. Insul. 

Mag., vol. 25, no.6, pp. 14–22, 2009.  
[2] Electrical Insulating Materials Used Under Severe Ambient 

Conditions—Test Methods for Evaluating Resistance to Tracking and 

Erosion, IEC 60587 2007-05. 
[3] R. S. Gorur, E. A. Cherney, and R. Hackam, “The AC and DC 

performance of polymeric insulating materials under accelerated aging 

in a fog chamber,” IEEE Trans. Power Del., vol. 3, no.4, pp. 1892–
1902, 1988. 

[4] L. H. Meyer, E. A Cherney, and S. H Jayaram “The role of inorganic 

fillers in silicone rubber for outdoor insulation alumina tri-hydrate or 
silica,” IEEE Electr. Insul. Mag., vol. 20, no.4, pp. 13–21, 2004. 

[5] I. Ramirez, E. A. Cherney, and S. Jarayam, “Comparison of the Erosion 

Resistance of Silicone Rubber and EPDM Composites Filled with 
Micro Silica and ATH,” IEEE Trans. Dielectr. Electr. Insul., vol. 19, 

no.1, pp. 218-224, 2015.  

[6] R. A. Ghunem, S. H. Jayaram, and E. A. Cherney, “Suppression of 
Silicone Rubber Erosion by Alumina Tri-Hydrate and Silica Fillers 

from Dry-Band Arcing under DC,” IEEE Trans. Dielectr. Electr. Insul., 

vol. 22, no.1, pp. 14-20, 2015.  
[7] R. A. Ghunem, S. H. Jayaram, and E. A. Cherney, “The DC Inclined-

Plane Tracking and Erosion Test and the Role of Inorganic Fillers in 

Silicone Rubber for DC Insulation,” IEEE Electr. Insul. Mag., vol. 31, 
no.1, pp. 12-21, 2015.  

[8] I. Ramirez, E. A. Cherney, S. Jayaram, and M. Gauthier, “Nanofilled 

Silicone Dielectrics Prepared with Surfactant for Outdoor Insulation 
Applications,” IEEE Trans. Dielectr. Electr. Insul., vol. 15, no.1, pp. 

228-235, 1998. 

[9] L. E. Schmidt, X. Kornmann, A. Krivda, and H. Hillborg “Tracking 
and Erosion Resistance of High Temperature Vulcanizing ATH-free 

Silicone Rubber”, IEEE Trans. Dielectr. Electr. Insul., Vol. 17, pp. 

533-540, 2010. 
[10] D. Koné, R. A. Ghunem, L. Cissé, Y. Hadjadj and A. H. El-Hag, 

“Effect of Residue Formed during the AC and DC Dry-Band Arcing on 

Silicone Rubber Filled with Natural Silica,”  IEEE Trans. Dielectr. 
Electr. Insul., accepted, 2019  

[11] R. A. Ghunem, S. H. Jayaram, and E. A. Cherney, “Investigation into 
the Eroding Dry-Band Arcing under DC Using Wavelet-Based 

Multiresolution Analysis,” IEEE Trans. Dielectr. Electr. Insul., vol. 21, 

no.2, pp. 713-720, 2014.  
[12] N. Burger, A. Laachachi, M. Ferriol, M. Lutz, V. Toniazzo, and D. 

Ruch, “Review of thermal conductivity in composites: Mechanisms, 

parameters and theory,” Progress in Polymer Science, vol. 61, pp. 1–
28, Oct. 2016. 

[13] G. Sahu, V. Gaba, S. Panda, B. Acharya, and S. Mahapatra, “Thermal 

conductivity, thermal diffusivity, and volumetric heat capacity of 
silicone elastomer nanocomposites: Effect of temperature and MWCNT 

and nano-graphite loadings,” High Performance Polymers, vol. 30, no. 

3, pp. 365–374, Apr. 2018. 
[14] H. Chen et al., “Thermal conductivity of polymer-based composites: 

Fundamentals and applications,” Progress in Polymer Science, vol. 59, 

pp. 41–85, Aug. 2016. 
[15] K. D. Maglic, A. Cezairliyan, and V. E. Peletsky, “Compendium of 

thermophysical property measurement methods: Vol. 1, survey of 

measurement techniques,” Jan. 1984.  
[16] X. Huang, P. Jiang, and T. Tanaka, “A review of dielectric polymer 

composites with high thermal conductivity,” IEEE Electrical Insulation 

Magazine, vol. 27, no. 4, pp. 8–16, Jul. 2011. 
[17] J. Samek, C. Ondrusek, and J. Kurfurst, “A review of thermal 

conductivity of epoxy composites filled with Al2O3or SiO2,” in 2017 

19th European Conference on Power Electronics and Applications 
(EPE’17 ECCE Europe), 2017, p. P.1-P.6. 

[18] G. Camino, S.M. Lomakin, and M. Lageard, “Thermal 

Polydimethylsiloxane Degradation. Part 2. The Degradaion 
Mechanisms,” Polymer, vol. 43, pp. 2011-2015, 2002.  

[19] S. Hamdani, C. Longuent, D. Perrin, J. Lopez-cuesta, and F. 

Ganachaud, “Flame Retardancy of Silicone-Based Materials,” Polymer 

Degradation and Stability, vol. 94, pp. 465-495, 2009.  

[20] E. Delebecq, S. Hamdani-Devarennes, J. Raeke, J-M. L. Cuesta, and F. 

Ganachaud, “High Residue Contents Indebted by Platinum and Silica 
Synergistic Action During the Pyrolysis of Silicone Formulations,” 

ACS Appl. Mater. Interfaces, vol. 3, no. 3, pp. 869-880, 2011. 

 
 

 

 
 


