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Abstract. In order to analyze the different aspect ratio carbon nanotubes on the mechanical,
electrical and thermal properties of the Polydimethylsiloxane (PDMS), long multiwalled carbon
Nanotubes (LC), short multiwalled carbon nanotubes (SC) were incorporated into PDMS by solution
blending method, respectively. Filling 2.0 wt.% of LC, the volume resistance (Rv) and surface
resistance (Rs) were dereased 2, 3 orders of magnitude as compared with LC-PDMS-01. When the
LC was increased to 3 wt.%, Rs and Rv dereased beyond the lower measurement range.The
modulus of the SC/PDMS and LC/PDMS composites gradually increased with the filler content
increased, while the elongation at break of the SC/PDMS and LC/PDMS composites decreased with
the filler content increased. The LC-PDMS-02 also shows the excellent mechanical properties with
the higher modulus of 2.84 MPa and elongation at break of 157.85% than those of SC-PDMS-02.
Both LC and SC could enhance the thermal stability of PDMS. Furthermore, in the range of 530°C
to 600°C, the thermal stability of PDMS with LC is more stable than that of PDMS with SC. In this
case, LC is more advantageous than SC due to its greater aspect ratio. Thus, LC with high aspect
ratio has the potential of being reinforcing filler than SC.

Keywords: Long, short multiwalled carbon Nanotubes ;PDMS; aspect ratio; conductive properties;
mechanical properties; thermal properties.

1. Introduction

Nowadays, it is a major challenge for researchers to provide high-efficiently stretchable and
flexible electrical devices. Stretchable and flexible electrical devices have gained a lot of interest in
the fields of wearable devices[1,2]. Improving the electrical conductivity and mechanical properties
of elastomer composites are crucial in a wide range of applications such as strain sensors for wearable
devices and electronic skins[3].Considering the requirements of stretchability and flexibility of the
electrical devices, poly(dimethylsiloxane) (PDMS) emerges as a prime elastomeric choice due to its
excellent stretchability, superior flexibility, low modulus and good biocompatibility[4,5]. Recently,
PDMS based composite sensors have attracted increasing scientific and technological interests[6]. To
fabricate PDMS based flexible sensors with high conductivity and mechanical peoperties, nano fillers
have been incorporated into PDMS, such as graphene[5], gold nanoparticles[7], silver nanowire
[8]carbon nanotubes (CNTs)[9]and etc.

Among these fillers, CNTs has attracted significant research interest in the field of sensors owing
to their nano-scale texture, large surface area, higher electrical conductivity (10*~10° S/cm), chemical
stability and low-cost[10,11]. CNTs is an important and proper filler for preparing PDMS based
composite sensors with high prerformance[5],[12]. The enhanced electromechanical characteristics
of CNTs allow researchers to produce high-quality electrical devices for various applications[13,14].
For example, CNTs/PDMS material was fabricated into a stretchable strain sensor for measuring
blood pressure and wrist pulse[15,16]. The electrical devices were formed using CNTs and PDMS
by optimizing the 4.0 wt.% of the CNTs[17,18]. At the filler content of 10.0 wt.%, the electrical
conductivity of the CNTs/PDMS increased to 4.51x10S/cm[5].

Up to now, no research focuses on the effect of aspect ratio of CNTs on the electrical conductivity,
mechanical and thermal properties of PDMS composites. Here we will emphasize comparing the
effect of long. short CNTs (LC. SC) with different aspect ratio (diameter/length) on the electrical
conductivity, mechanical and thermal properties of PDMS composites.
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2. Experimental

2.1 Materials

PDMS (Poly Dimethyl Siloxane, (C2HsOSi)n), curing agent Sylgard 184 (silicone-based elastomer)
was purchased from Shanghai Guiyou New Material Technology Co., Ltd. Long and short carboxylic
multi-wall carbon nanotubes (LC and SC) containing 2.0 wt.% COOH were supplied by Jiang Su
XFNANO Co., Ltd.with dimensions of 10~20 nm in outer diameter and 10~30um and 0.5~2um in
length, respectively. Dichloromethane(CH2Cl2) and anhydrous ethanol (C2Hs0>98%) were
purchased from Shanghai Aladdin Bio-chem Technology Co. Ltd.

2.2 Preparation PDMS based composites

The CNTs/PDMS composites were prepared using the following procedure. First, 20 g of PDMS
was added to 50 ml of CH2Cl: followed by magnetic stirring for 30 min to obtain PDMS/CH2Cl2
Solution A. Next, CNTs (SC,or LC or SC blending with LC ) were added to 50 ml of CH2Cl2. The
CNTs dispersion was subjected to ultrasonication for 30 min to obtain a uniform CNTs/CH2Cl2
Solution B. After that, Solution A was blended with Solution B to obtain the mixture C and stirred
for 30 min until complete dissolution. After 48 h for removing the solvent, the curing agent (2 g of
Sylgard 184 , the mass ratio of base polymer to curing agent is 10:1) was then added into the mixture
C. The resulting dispersion was transferred into a hydrothermal reactor. CNTs/PDMS composites
were crosslinked at 120 »C for 1 h and cooled down to the room temperature for test. Sample No. and
the weight fraction of LC and SC were shown in Table 1.

Table 1 sample No., weight fraction of LC and SC within PDMS Composites

Sample No. PDMS SC SC LC LC
/g /g /wt.% /g /wt.%

PDMS 20 / / / /

LC-PDMS-01 20 / / 0.1 0.5
LC-PDMS-02 20 / / 0.2 1

LC-PDMS-03 20 / / 0.3 1.5
LC-PDMS-04 20 / / 0.4 2
SC-PDMS-01 20 0.1 0.5 / /
SC-PDMS-02 20 0.2 1 / /
SC-PDMS-03 20 0.3 1.5 / /
SC-PDMS-04 20 0.4 / /
S-1-L-1-PDMS 20 0.2 1 0.2 1

S-1.5-L-0.5-PDMS 20 0.3 1.5 0.1 0.5

S-0.5-L-1.5-PDMS 20 0.1 0.5 0.3 1.5

2.3 Characterization

Scanning electron microscopy (SEM, JSM-IT500LA) and Transmission Electron
Microscope(TEM, FEI Talos F200X) were utilized to characterize the morphology of the SC and LC.
Thermogravimetric analysis (TGA, TA Instrument TGA Q500) was conducted in the temperature
range of 30~1000 C at a heating rate of 10 °C min! under an N2 atmosphere. All Electrical studies,
measurements, and characterization were performed using high-resistance-meter (FT-304). The
mechanical properties of CNTs/PDMS composites were measured by UTM6503 instrument. All the
data obtained is plotted and analyzed using Origin Pro software.
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3. Results and discussion

3.1 Morphology of LC and SC

The morphological structure of LC and SC were shown in Fig.1. It is clear that the CNTs were
tubular in structure and uniformed in distribution. The aspect ratio of the LC was much higher than
that of SC.

P o YR

Fig.1 Morphology of LC ( v ,bin TEM )and%(c in SEM, d in TEM)

3.2 Electrically conductive properties

Electrically conductive behaviors of CNTs/PDMS composites were studied for a better
understanding of the filler dimensionality distinction on the electrical performance. Table 2 depicts
the conductivity as a function of the filler concentration of CNTs/PDMS composites, respectively.The
conductivity shows a drastic increase when the filler loading increases to a certain concentration range.
For example, when incorporating 2 wt.% of LC into PDMS matrix, the Rs and Rv dereased
dramatically to 4.31x10", 2.48x10°MQ-mm, respectively, 2,3 orders of magnitude as compared with
LC-PDMS-01. When the LC was increased to 3 wt.%, Rs and Rv dereased beyond the lower
measurement range. On the other hand, loading 2 wt.% of SC into PDMS matrix, the Rs and Rv
dereased to 2.03x10°, 3.24x10°MQ-mm, respectively. With increaing the weight content of SC in the
PDMS, the Rs and Rv showed a linear downward trend. It was observed that a combination of 1.5wt.%
LC and 0.5wt.% SC within the PDMS sample (S-0.5-L-1.5-PDMS) showed excellently electrical
performance than those of S-1.5-L-0.5-PDMS and S-1-L-1-PDMS. The large increment of
conductivity for LC/PDMS compared to the SC/PDMS composites might be due to the different filler
dimension and aspect ratio[19].

The schematic drawing in Fig. 2 explains the electrical behavior of the nanocomposite in terms of
the orientation of the conductive LC, SC used in the PDMS matrix. The LC has a high surface area
that consists of the 1/d (length to diameter) ratio.Thus, the lower weight fraction of LC was enough
for the tube-tube interaction in the composites to create a conductive path, shown in Fig.2(a).
However, the higher loading of SC particles are required to construct the conductive pathway. At the
lower loading 2 wt.% SC, the SC particles did not result in electron tunneling due to the lower aspect
ratio of the fillers, shown in Fig. 2 (b). The better electrical conductivity of S-0.5-L-1.5-PDMS

(SC/LC=1:3) is that the LC could construct the conductive path way and the SC could fill the small
gaps between LC to create more conductive pathway, shown in Fig.2(c). However, in the case of S-
1.5-L-1-PDMS (SC/LC=3:1), SC clusters were not in contact with each other and the electron
tunneling effect could not take place. Filling the higher aspect ratio LC could help to form the
conductive an available path way, shown in Fig.2(d).

3.3 Mechanical properties

Tensile tests were conducted to find out the mechanical properties of CNTs/PDMS composites
according to the aspect ratio and content of CNTs. Table 2 also shows the mechanical properties for
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each composite. It was obtained Young’s modulus (Elastic modulus) using Hooke’s law[20].Y oung's
modulus increased as the filler content and aspect ratio increased. The modulus of the SC/PDMS and
LC/PDMS composites gradually increased with the filler content increased, while the elongation at
break of the SC/PDMS and LC/PDMS composites decreased with the filler content increased. In this
case, LC is more advantageous than SC due to its greater aspect ratio. The longer length of LC also
makes it more advantageous for load transfer compared to SC[5].This finding means that composites
are more mechanically reinforced at higher aspect ratio and CNTs tend to bridge the polymer
cracks[21]. In the case of the composite with 3 wt.% of LC and 4 wt.% of SC, respectively, the
reduction of elastic modulus could be observed obviously. The reason might be that the CNTs

agglomeration phenomenon significantly reduced the elastic modulus of composites[21].

Table 2 Electrically conductive propertie and mechanical properties of PDMS based Composites

Surface Volume
Sample No. Resistivity resistivity Modulus/ Elongantion at Break
(Rs)/ (Rv)/ MPa 1%

MQ-mm MQ-mm
PDMS + + 2.15 208.06
LC-PDMS-01 9.5X103 8.27 X105 2.58 170.67
LC-PDMS-02 4.31X101 2.48X102 2.84 157.85
LC-PDMS-03 1.51 - 2.36 145.74
LC-PDMS-04 - - 1.81 116.52
SC-PDMS-01 1.65X104 1.36 X106 2.33 185.97
SC-PDMS-02 2.03X103 3.24X105 2.46 162.91
SC-PDMS-03 7.33 X102 1.67X104 2.67 140.34
SC-PDMS-04 3.15X102 2.88 X103 2.25 121.58
S-1-L-1-PDMS 2.52X103 4.31X102 2.73 158.63
S-0.5-L-1.5-PDMS 1.17X101 1.04 X101 2.80 161.23
S-1.5-L-0.5-PDMS 1.65X103 1.34X102 2.64 144.87

“+”  Exceeding the upper range;

&« »

-7 Beyond the lower range.
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(a)

(c)

LC
— SC m— SC

Fig 2. Schematic conductive path of the carbon nanofiller composites with filler loadings 2 wt.% :
(a) LC-PDMS-02, (b) SC-PDMS-02, (c) S-0.5-L-1.5-PDMS,(d)S-1.5-L-0.5-PDMS

3.4 Thermal properties

The thermal stability of CNTs/PDMS composites were analysed by TGA. PDMS was also tested
for comparison. Results of TGA data are illustrated in Fig. 3.TGA measurements carried under the
nitrogen atmosphere in these samples show similar results in weight loss of PDMS. The weight loss
during the initial stage of burning was attributed to the presence of moisture on the sample surface
and to the volatile substances contained in the resin[22]. As expected, filling the PDMS with LC and
SC increased the initial burning temperature, the first apparent weight loss for PDMS occurred
between 300°C and 400°C and a rapid weight loss was found around 455°C, then 41% of residual
PDMS appeared to be stable up to 600°C. However, for the samples with 2 wt.% of LC, SC filler, the
obvious weight loss peaks were only observed in the range of 450°C to 600°C . The composites
showed the dramatically enhanced thermal stability than PDMS in the range of 450°C to 600°C.
According to Table 3, the temperatures at 5% weight loss for PDMS, SC-PDMS-02 and LC-PDMS-
02 were 405°C, 419 °C and 429°C, respectively, while the temperatures at 20% weight loss for the
PDMS, SC-PDMS-02 and LC-PDMS-02 were 502 °C, 561 °C and 582°C, respectively. The LC and
SC aggregated function as a barrier, preventing the diffusion of the degradation products from the
bulky polymer into the gas phase[23].In addition, the entrapment of the polymer between the tubes
delayed the thermal degradation process, reducing the mobility of the silicone rubber around the
nanotubes and improving the thermal stability of the CNTs/PDMS composite[19],[24]. On the other
hand, SC-PDMS-02 showed a lower thermally stable than that of LC-PDMS-02 in the range of 530°
C to 600° C. The reason is that aspect ratio plays an important role in determining the thermal stability
and conductivity of the nanocomposites. A filler with a high aspect ratio can form bridges among the
neighboring fillers and form a conductive network.Thus, the conductive network facilitates the
electron and phonon transfer, which leads to high thermal stability and conductivity of the
nanocomposites[19].
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Fig3.Thermogravimetry analysis on CNTs/PDMS composites:PDMS , LC-PDMS-02, SC-PDMS-
02

Table 3. Thermogravimetry analysis on CNTs/PDMScomposites

Sample No Loading/ T5%/ T20%/ Res
pie o- Wt.% oC oC IWt.%
PDMS 0 405 502 41
LC-PDMS-02 2 419 561 76
SC-PDMS-02 2 429 582 78

4. Conclusion

When the LC and SC filling in the PDMS, the conductivity of CNTs/PDMS shows a drastic
increase when the filler loading increases to a certain concentration range. Incorporating 2 wt.% of
LC into PDMS matrix, Rs and Rv dereased dramatically to 4.31x10!, 2.48x10°MQ-mm, respectively.
When the LC was increased to 3 wt.%, Rs and Rv dereased beyond the lower measurement range.
On the other hand, loading 2 wt.% of SC into PDMS matrix, Rs and Rv dereased to 2.03x10°,
3.24x10°MQ-mm, respectively. The modulus of the SC/PDMS and LC/PDMS composites gradually
increased with the filler content increased, while the elongation at break of the SC/PDMS and
LC/PDMS composites decreased with the filler content increased. The LC-PDMS-02 show the
excellent mechanical properties with the higher modulus of 2.84 MPa and elongation at break of
157.85% than those of SC-PDMS-02. Filling the PDMS with LC and SC increased the thermal
stability for CNTs/PDMS as well. The thermal stability for LC/PDMS composites was higher than
SC/PDMS composites. In summary, LC has the potential of being reinforcing filler than SC, due to
its high aspect ratio of CNTs.
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