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ABSTRACT - The impact of adding an amount of PDMS-20 

into the silicone matrix of silicone-based composites containing 
double-walled carbon nanotubes (DWCNTs) on their electrical 
and morphological properties has been studied. Two series of 
elastomeric polymer nanocomposites were developed, consisting of 
Sylgard 184 with- or without a PDMS-20 part, both filled with a 
small content of DWCNTs (0.005 – 2.5 wt.%). The AC electrical 
conductivity (𝜎AC) of both silicone-based nanocomposites 
increased with increasing the wt.% content of DWCNTs. The 
electrical percolation threshold for both series was determined 
below 0.1 wt.% of DWCNTs. We have shown that the addition of 
PDMS-20 improves the conductivity in the whole frequency range. 
We also found that adding PDMS-20 affects the morphology of the 
resulting DWCNTs/silicone nanocomposites. The lower viscosity 
of the polymer matrix mixture resulting from the addition of a 
PDMS-20 portion is supposed to explain the obtained results, 
providing better dispersion of DWCNTs particles. 

Keywords — double-walled carbon nanotubes, SYLGARDTM 
184, PDMS-20, DWCNTs/silicone nanocomposites, electrical 
properties, percolation threshold, SEM. 

1. INTRODUCTION 
Today, all of materials science has been transformed by 

composite materials. In the constant search for better 
performance, researchers strive to create either improved 
traditional materials or completely new materials [1], [2]. 
Multiphase materials consisting of two or more components 
with different properties and distinct boundaries between the 
components are called composite materials [2]. More precisely, 
the main components of the composite materials are matrices 
and additives (fillers). They include three categories according 
to their main matrix: ceramic composites, metal composites, and 
polymer composites [2], [3]. To date, polymer composites are 
widely used in various industries due to their reasonable price, 
straightforward synthesis, and outstanding properties [4]. The 
polymer matrix can be thermoplastic, thermosetting and/or 
elastomeric [2]. The choice of matrix depends on the intended 
use of the polymer composite material. Silicone rubbers, also 
known as polysiloxanes, are the main polymeric insulating 
materials used in aerospace, automotive, electronic, electrical 
and other industries [5], [6], [7] due to their excellent properties 
such as softness, chemical stability, high heat resistance and 
good electrical insulation [5]. Many different types of fillers, 

namely carbon black, calcium carbonate, kaolin, zeolites, glass 
fibers, and talc in the micrometer size range, have been added to 
silicones to provide enhanced final product properties [8]. 
However, this improvement is only achieved at high filler 
concentrations, which leads to increased material viscosity and 
therefore processing problems. In recent years, it has been 
observed that the incorporation of only a small amount of 
particles in nanoscale range (1–100 nm) significantly improved 
the properties of virgin polymers without affecting their 
processability [9]. In this sense, carbon nanotubes (CNTs) are 
among the most studied electrically conductive carbon fillers 
used in polymer composites due to their ability to significantly 
enhance electrical conductivity even in small quantities [9], [10], 
[11], [12]. CNTs are mainly classified into two types: single-
walled carbon nanotubes (SWCNTs) and multi-walled carbon 
nanotubes (MWCNTs), double-walled carbon nanotubes 
(DWCNTs) sitting at the interface between the two. In addition, 
in the case of electrical insulating materials (including silicones), 
they remain dielectric materials with the incorporation of 
conductive CNTs below a certain content. As the concentration 
of CNTs in a nanocomposite increases, the specific volume 
fraction corresponding to a transition from insulator to 
conductor is called the percolation threshold. The electrical 
percolation threshold (EPC) of a polymer nanocomposite can be 
influenced by several factors, including synthesis method, 
filler’s intrinsic properties and the dispersion/distribution of the 
nanofiller within the polymer matrix [11], [13]. In the case of 
CNTs-silicone composites, the properties of SWCNTs and 
MWCNTs are widely described in the literature, while the 
specific case of DWCNTs remains much less explored [14]. A 
DWCNTs are composed of two concentric carbon shells. Their 
unique combination of high aspect ratio, compared to 
MWCNTs, and better electrical properties than SWCNTs [15], 
makes them excellent candidates for improving electron 
transport properties at very low concentrations. 

This study reports the fabrication and the comparative study 
of two series of low-filler loading (0.005 – 2.5 wt.%) 
DWCNTs/silicone nanocomposites, differing by the addition of 
a low viscosity silicone fluid in the elaboration process of one of 
them. The aim is to investigate the effect of the polymer matrix 
on the DWCNTs dispersibility, and on the electrical 



 

conductivity as well as on the electrical percolation threshold of 
the resulting polymer nanocomposites. 

2. EXPERIMENTAL PROCEDURE 

2.1. Materials 
DWCNTs (with a mean outer diameter of 2 nm, and carbon 

purity superior  to 95 %) were synthesized by catalytic chemical 
vapor deposition (CCVD) using Mg0.99Co0.0075Mo0.0025O catalyst 
as previously described [16]. Here, two types of siloxanes were 
used: (i) the 2-component optically transparent silicone 
elastomer hereafter named S184 (SYLGARDTM 184, Dow 
Corning, Germany) (base elastomer (Part A) and curing agent 
(Part B) with viscosity 3500 cSt (mixed part A + part B); (ii) the 
trimethyl-terminated silicone oil poly(dimethylsiloxane) 
(PDMS) with low viscosity (20 cSt) termed as PDMS-20 
(Sigma-Aldrich, Germany). n-Hexane solvent (Alfa Aesar 
(Kandel, Germany), HPLC grade with >95 % purity), was used 
to enhance DWCNTs dispersion. 

2.2. Preparation of DWCNTs/silicone nanocomposites 
One series of DWCNTs/silicone nanocomposites with the 

DWCNTs concentrations (0 / 0.005 / 0.01 / 0.03 / 0.05 / 0.1 / 0.5 
/ 1.0 / 1.5 / 2.0 / 2.5 % by weight) (hereinafter referred to as 
xDWCNTs/S184 + PDMS-20) was fabricated according to the 
following optimized procedure, which is summarized in Fig. 1. 

In the first step (Fig. 1 (1)), the specified amount of 
DWCNTs was dispersed for 3 min in n-hexane (20 ml) using a 
sonication probe operated at a 40 % and at a frequency of 20 
kHz. During the ultrasonic process, the beaker with DWCNTs/n-
hexane solution was immersed in an ice bath. Subsequently, 
S184 (part A) was added to the DWCNTs/n-hexane suspension 
and ultrasonicated for 3 min (2). To achieve a more 
homogeneous mixture, low-viscosity silicone fluid PDMS-20 

was added followed by 3 min of ultrasonication (3). After 
evaporation of n-hexane on a hot plate at 70 °C (20 min) using a 
magnetic stirrer at 200 rpm (4), S184 (part B) was added (part 
A:part B ratio was 10:1) and the mixture was vigorously stirred 
manually (5). A vacuum casting system was then used (6) to 
degas the mixture. The final blend was cast into cylindrical 
molds (30 mm in diameter) for morphological analysis as well 
as transferred into rigid sandwich structures for electrical tests, 
and then cured in an oven at 80 °C for 3 h (7). Samples with the 
same DWCNTs content, filled with S184 silicone but without 
PDMS-20 addition (named as xDWCNTs/S184 in the 
following), were also prepared (same protocol as presented on 
Fig. 1 avoiding step 3). Moreover, samples of the two neat 
silicone matrices (S184 + PDMS-20 and S184) were elaborated 
as well. The thickness of the polymer samples casted into 
cylindrical molds was approximately 1 mm. 

2.3. Characterization of DWCNTs/silicone nanocomposites 
To obtain a detailed profile of the frequency-dependent 

electrical properties in alternating current (AC), the broadband 
dielectric spectroscopy method (BDS) was applied. The BDS 
measurements were performed using Novocontrol Spectroscopy 
Alpha-A analyzer (Montabaur, Germany) at room temperature 
(25 °C) over a frequency range of 100 < f (Hz) < 106 with an 
applied voltage of 1 Vrms. BDS spectra were presented for 
phase angle (θ0). For dielectric measurements, the samples were 
molded directly into printed circuit board (PCB) sandwich 
structures. Two PCB boards are separated by two polymer 
spacers of 0.33 mm thickness each (Pacoplus 4500, Pacothane, 
Winchester, USA) with a central hole of 38 mm diameter (Fig. 
2). 

 
Fig. 2. Schematic representation of a printed circuit board (PCB) sandwich 
structure. 

In the closed state, the sandwich structure contains an 
internal cavity of 38 mm diameter and 0.66 mm thickness, which 
holds the silicone during cross-linking at 80 °C. The top side 
PCB board presents an internal 50 mm diameter copper-etched 
electrode. The bottom side PCB board presents an internal 30 
mm diameter electrode with a guard ring (of 50 mm outer 
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Fig. 1. Schematic diagram of the DWCNTs/silicone nanocomposites 
preparation steps. 
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diameter) (as shown in Fig. 2). Metallized vias through the PCB 
boards extended the internal electrodes to the exterior of the 
sandwich structures for electrical measurements. 

Micrographs of the surfaces of the neat polymer matrices and 
DWCNTs/silicone nanocomposites were obtained using a 
scanning electron microscope (TESCAN VEGA3, Czech 
Republic) with an accelerating voltage of 20 or 10 kV. 
Morphological analysis of images was performed to determine 
the distribution and size of nanofiller inclusions. The surface of 
the polymer samples was covered previously with a gold–
palladium (Au/Pd) layer about 10 nm thick on the study side by 
sputtering for 2 min using a Q 15OR ES plus equipment (with a 
current of 40 mA) to make their surface conductive. The sides 
of the studied samples were covered with silver paint. 

Estimating surface roughness is very important for many 
fundamental problems, including electric current conduction 
[17]. The topography and surface roughness of the fabricated 
elastomeric samples were quantitatively investigated using a 
Laser Scanning Confocal Microscope (VK-X series, 
KEYENCE, Deutschland GmbH), equipped with a ×5 (NA 
22.5) objective. The samples were placed one at a time under the 
microscope in laboratory conditions. The light source was a 
green LED (661 nm), a brightfield objective and the confocal 
mode were also used. The procedure was performed on three 
different sites of the top surface on each sample. The sampling 
area was 800 μm × 800 μm. Based on the 3D surface profiles the 
roughness parameters (Sa, Sq, Spd) were calculated as defined in 
ISO 25178 standard [18] using an automated image processing 
software (VK-X 3000 MultiFileAnalyzer, KEYENCE). These 
parameters are the most commonly used parameters of surface 
roughness [19]. 

3. RESULTS AND DISCUSSION 
Fig. 3 shows a logarithmic plot of AC electrical conductivity 

(𝜎AC) versus frequency for neat polymer matrices and 
nanocomposites filled with different weight fractions of 
DWCNTs. 𝜎AC electrical conductivity increases in the all 
frequency range at low filler-loading (0.005 – 1.0 wt.%) for 
both series of DWCNTs/silicone nanocomposites. At higher 
contents (1.5 – 2.5 wt.%), the value of 𝜎AC does not depend on 
frequency, and a plateau is observed when the frequency 
changes from 1Hz to 1MHz. 

Fig. 4a shows 𝜎AC electrical conductivity at 1 Hz for both 
series of the DWCNTs/silicone nanocomposites vs DWCNTs 
content. The nanocomposites using the additional PDMS-20 
silicone (Fig. 4a, curve 2) exhibit better electrical conductivity 
over the whole range of filler-loading (0.005 – 2.5 wt.%) 
compared to S184 silicone alone (Fig. 4a, curve 1). Especially, 
as focused in Fig. 4a (inset), the nanocomposite with 0.05 wt.% 
DWCNTs based on (S184 + PDMS-20) silicones demonstrated 
an electrical conductivity of ~10−9 S/cm, while the S184-based 
nanocomposite had a 𝜎AC an order of magnitude lower (𝜎AC = 
10−10 S/cm). Furthermore, Fig. 4a shows that EPC, at which 
electrical conductivity increases sharply, is clearly observed for 
both series at DWCNTs content below 0.1 wt.%. Fig. 4b 
presents the impedance phase shift at 1 Hz vs the DWCNTs 
content. EPC is also visible (content at which θ0 arises from -
90° to 0°), below 0.1 wt.% for both series of samples. Fig. 4b 
further indicates a lower EPC for (S184 + PDMS-20) based 
samples. 

 

 
Fig. 3. Variation of AC electrical conductivity with frequency, for the 
different DWCNTs contents based on (a) S184 and (b) (S184 + PDMS-20) 
silicone matrices. 

 

 

 
Fig. 4. (a) Electrical conductivity (𝜎AC) at 1 Hz vs DWCNTs content for 
both studied DWCNTs/silicone nanocomposites. The inset shows a log–log 
plot for the yellow box part, where the percolation threshold occurs; (b) 
Phase shift (θ0) of the impedance response for both silicone-based 
nanocomposites vs DWCNTs content at 1 Hz. 
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SEM study was applied to explore the surface morphology. 
The surface SEM images of neat silicones and polymer 
nanocomposites are presented in Fig. 5. We assume that for the 
same DWCNTs concentrations, the regularity of the surfaces is 
directly related to the dispersion state. The presented SEM 
images of 2.5 wt.% DWCNTs dispersed in silicone matrices 
(Fig. 5c,d) were representative of other observations made 
across the entire surface. In this scale, the DWCNTs show signs 
of agglomeration (Fig. 5c,d), and better dispersion in the case of 
adding PDMS-20 to S184 matrix (Fig. 5d). It is also observed 
that the surface of the 2.5DWCNTs/S184 nanocomposite 
exhibits an irregular topology with different dimensions of 
DWCNTs agllomerates. 

 
Fig. 5. SEM images of top-view for neat silicone matrices (×500, a,b) and 
polymer nanocomposites filled with 2.5 wt.% DWCNTs (×200, c,d). Yellow 
circles indicate what we assume to be DWCNTs agglomerations. 

Fig. 6 shows images of the surfaces of the neat silicone 
matrices and polymer nanocomposites filled with 2.0 wt.% 
DWCNTs obtained by confocal microscopy. 

 
Fig. 6. Optical surface micrographs of neat silicone matrices (a,b) and 
polymer nanocomposites filled with 2.0 wt.% DWCNTs (c,d) with ×5 and 
500 μm resolution. 

Representive 3D surface profiles of selected samples are 
shown in Fig. 7. Table 1 presents the mean roughness parameters 
and standard deviations (s.d.). It can be seen (qualitatively) in 
Fig. 7 and Table 1 that the surface roughness values (Sa and Sq) 
of neat silicone matrices increased with 2 wt.% DWCNTs 
loading. From the other hand, the roughness (Sa) of neat S184 
decreased from 15.8±2.1 µm to 7.2±1.4 µm after the addition of 
PDMS-20 silicone, respectively. It shoud be noted that the 
optical microcsopy images (Figs. 6,7) of the 
2DWCNTs/S184+PDMS-20 sample illustrate more surface 
smoothing compared to the 2DWCNTs/S184 one. From the 
qualitative assessment (Table 1), it can be seen that the average 
values of surface roughness Sa and Sq are higher for the 
nanocomposite based on the silicone matrix S184. 
 
Table 1. The average surface roughness values (±s.d.) of the neat silicone 
matrices and DWCNTs/silicone nanocomposites. 

Sample Sa (µm) Sq (µm) Spd (1/mm2) 

neat S184 15.8±2.1 18.5±2.3 220±71 

neat (S184 + PDMS-20) 7.2±1.4 8.6±1.4 555±251 

2DWCNTs/S184 26.2±1.9 33.3±2.3 6163±126 

2DWCNTs/S184+PDMS-20 22.2±0.7 28.8±0.7 6132±235 
a Sa – arithmetical mean height, it expresses, as an absolute value, the difference 
in height of each point compared to the arithmetical mean of the surface; Sq – 
root mean square height that represents the root mean square value of ordinate 
values within the defined area; Spd – density of peaks that represents the number 
of peaks per unit area. 
 

 
Fig. 7. 3D images obtained for neat silicone matrices (a,b) and polymer 
nanocomposites filled with 2.0 wt.% DWCNTs (c,d). 
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4. CONCLUSIONS 
Electrical percolation threshold for silicone-based 

nanocomposites containing DWCNTs was observed below 
0.1 wt.% (0.045 vol.%). Moreover, adding PDMS-20 to the 
S184 allowed to further decrease the EPC below 0.05 wt.% 
(0.022 vol.%). The presence of DWCNTs agglomerates was 
detected in both series of DWCNTs/silicone nanocomposites by 
confocal microscopy and SEM. However, changes in the surface 
topology resulting from the addition of a lower viscosity silicone 
to the S184 matrix are clearly illustrated in this study. Overall, 
the 𝜎AC conductivity of the nanocomposites containing PDMS-
20 showed higher values. Based on surface observations 
performed using SEM and confocal microscopy, we assume that 
a better dispersion of DWCNTs in the (S184 + PDMS-20) 
matrix contributes to the electrical percolation threshold and the 
overall conductivity of the polymer nanocomposites. Further 
studies will be needed to understand the relationship between the 
observed percolation threshold and the particle-to-matrix 
interactions from one hand. From another hand, the potential 
interest of such the silicone-based nanocomposites, containing 
DWCNTs below the percolation threshold content, will have to 
be determined regarding high voltage electrical insulation 
systems performance enhancement. 
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