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Abstract Pristine and functionalized multi-walled carbon nanotubes (MWCNTs)

filled poly(dimethyl siloxane) (PDMS) composites were produced by two different

methods, namely the solution mixing method and the mini-extruder method. The

composites produced using the mini-extruder exhibit relatively higher tensile

strength and higher thermal conductivity due to better nanotubes dispersion. On the

other hand, the composites prepared via solution mixing have higher electrical

conductivity and better thermal stability due to the high aspect ratio of nanotubes.

Scanning electron micrographs of composites fracture surface revealed that com-

posites produced by mini-extruder resulted shorter nanotube length, thus lowering

the aspect ratio of MWCNTs. In general, functionalization of nanotubes increases

the tensile strength, thermal conductivity, and thermal stability of the PDMS

composites due to the improved interfacial adhesion and nanotubes dispersion.

Keywords Tensile strength � Electrical conductivity � Thermal analysis �
Mini-extruder � Solution mixing

Introduction

The discovery of carbon nanotubes (CNTs) by Ijima in 1991 [1] drew enormous

interest from researchers worldwide owing to their exceptional properties such as

high thermal and electrical conductivity, excellent mechanical properties, and good

thermal stability [2, 3]. Due to these unique properties, CNTs are being increasingly
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used as fillers in polymer composites for various applications, such as electrostatic

discharge material, electromagnetic–radio frequency interference protection [4], and

thermal interface materials [5]. Poly(dimethyl siloxane) (PDMS) is a type of

silicone rubber with outstanding properties which includes high elasticity, good tear

strength, resistance to chemical, thermal shocks, and extreme temperatures [6, 7].

The addition of CNTs into PDMS matrix improves the mechanical, electrical, and

thermal properties of the composites. Wu et al. [7] reported that the elastic modulus,

storage modulus, and hardness of PDMS/CNT nanocomposite increases when

2 wt% CNTs are added into the PDMS matrix. In a separate work, Hong et al. [6]

revealed that the thermal conductivity of PDMS/CNT nanocomposite increases with

CNT loading.

Although previous works have shown properties improvement with the addition

of CNTs in PDMS nanocomposite, the true potential of CNTs as fillers is limited

and cannot be maximized because the CNTs are highly entangled. The high degree

of entanglement is partly due to the high aspect ratio of CNTs, as well as the van der

Waals interactions among them. Processing of CNT/polymer composites poses

great challenges, primarily the non-uniform dispersion of CNTs in polymer matrix

and poor interfacial adhesion between CNTs and polymer matrix [8, 9]. A great

number of studies have been devoted to improving dispersion of CNTs in polymer

matrix and interfacial adhesion between CNTs and polymers. Various processing

techniques such as solution mixing [10] and melt compounding using mini-extruder

[11] were used with the intention to improve dispersion and reinforcing efficiency of

CNTs in polymer. A common method to improve interfacial adhesion between

CNTs and polymer matrix is by introducing functional groups on the surface of the

CNTs, which can provide multiple bonding sites to the polymeric matrix [9]. This

can be done via treatments using silane [3, 12], amine [8], fluorine [13], and

oxidation in acid solution [14].

While there have been various studies on the effect of different dispersion states

and parameters on the properties of CNTs polymer composites [6, 15, 16], to the

best of our knowledge, minimal research has been conducted on the combination

effect of processing methods and functionalized fillers on the properties of PDMS

composites filled with multi-walled carbon nanotubes (MWCNTs). The current

work aims to compare the properties of PDMS/MWCNT composites produced by

two different methods: solution mixing and shear mixing via mini-extruder.

Solution mixing is a common, low cost and widely used method [17], whereas

processing of PDMS composites using mini-extruder is less common. The effect of

nanotube functionalization (–OH and –COOH group) on the properties of PDMS/

MWCNT composites is also investigated in this study.

Materials and methods

Materials

PDMS (Sylgard 182 Silicone Elastomer) consisting of a base elastomer (Part A) and

a curing agent (Part B) was purchased from Dow Corning, USA. The ratio of Part A
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to Part B is 10:1. Pristine MWCNTs (MWCNT-p) 40–60 nm in diameter and

1–2 lm in length, of 97 % purity, were purchased from Shenzhen Nanotech Port

Co. Ltd., China. MWCNT-OH and MWCNT-COOH, both 30–50 nm in diameter

and 0.5–2 lm in length, of 95 % purity, were purchased from Nanostructured and

Amorphous Materials, Inc., USA. The solvent used to disperse the MWCNTs was

toluene (99.9 %) purchased from J.T. Baker.

Fabrication of PDMS/MWCNT composites via solution mixing method

For each type of nanotubes (MWCNT-p, MWCNT-OH, and MWCNT-COOH),

composites with loadings of 1, 2, 3, and 4 wt% were produced. The parameters used

in this method were based on previous work [5] and were further optimized to

obtain the best result. The MWCNTs were first dispersed in 25 ml of toluene and

sonicated in an ultrasonic bath for 1 h to achieve uniform dispersion. Part A of the

PDMS was then added to the suspension of MWCNTs and toluene. The mixture was

mechanically stirred for 1.5 h at 400 rpm and 70 �C to evaporate the toluene. After

the mixture was cooled to room temperature, Part B was added and the mixture (Part

A, Part B, and MWCNTs) was mechanically stirred for 10 min at 800 rpm and

room temperature. The mixture was cast onto a 1.5 and 0.1 mm mold, respectively,

followed by degassing under vacuum for 1 h before being cold compressed for

1 min. Finally, the compressed mixture was cured in an oven at 150 �C for 2 h.

Fabrication of PDMS/MWCNT composites using mini-extruder

The parameters used in this method were optimized from a series of experimental

trial runs. MWCNTs were mixed with Part A (PDMS) using a mini-extruder for

10 min at room temperature. The model of mini-extruder used was DSM Research

15 ml Micro-Compounder, supplied by DSM Research, Netherlands. Screw rotating

speed was set to 200 rpm. Part B was then added to the mini-extruder and was

further mixed for 10 min at room temperature using the same rotating speed. The

mixture was then extruded out onto a 1.5 and 0.1 mm mold plate, and subsequently

degassed in vacuum for 1 h. The mixture was simultaneously pressed and cured at

150 �C for 2 h using a hot press.

Characterization of MWCNT fillers and PDMS/MWCNTs composites

The surface morphology of the MWCNTs was observed using the JEOL-2010 high-

resolution transmission electron microscope. Raman spectra of the MWCNTs were

collected with Jobin-Yvon HR 800 UV Raman spectroscope. Fourier Transform

Infrared (FTIR) analysis was performed using the Perkin Elmer FTIR at room

temperature. The viscosity of the uncured mixture (PDMS and MWCNTs) during

mixing via mini-extruder was obtained directly from the equipped software, while

for solution mixing, the viscosity was determined with Brookfields DV-II ?

viscometer. Dispersion of MWCNT in PDMS was observed using Olympus

BX41TF optical microscope. Tensile test was conducted with an Instron 3366

universal testing machine using a crosshead speed of 500 mm/min. Samples were
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cut into dumbbell shape according to the dimensions of Die C in ASTM D412. The

fracture surface of the composites was observed with the FEI Quanta 3D

environmental scanning electron microscope. The thermal conductivity of the

composites was obtained using the hot disk thermal constant analyzer (TPS 2500S).

The electrical conductivity of the composites was measured with Advantest R8340

ultra-high resistance meter using a constant voltage of 500 V. Thermogravimetric

analysis (TGA) was conducted using Perkin Elmer’s PyrisTM 6 TGA, heating from

room temperature to 800 �C (heating rate: 10 �C/min) under nitrogen atmosphere to

study the thermal stability of the composites.

Results and discussion

MWCNTs surface morphology

The microstructures of pristine MWCNTs and functionalized MWCNTs are shown

in Fig. 1. Figure 1a shows that the wall surface of the pristine MWCNT-p is smooth

and no extra phase is present. In contrast, the surfaces for both functionalized

MWCNTs are heterogeneous and rough, as seen in Fig. 1b, c. This is due to acidic

etching of the nanotube surfaces during chemical (acid) treatment to induce the

functional groups [18].

Fig. 1 TEM images of a pristine MWCNT, b MWCNT-OH, and c MWCNT-COOH
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Raman spectroscopy analysis

The Raman spectra of pristine and functionalized MWCNTs are shown in Fig. 2.

The MWCNTs display two characteristic peaks at approximately 1,340 and

1,570 cm-1, termed as D-band and G-band, respectively. The G-band relates to the

structural intensity of the sp2-hybridized carbon atoms of CNTs, whereas the

D-band reflects disorder-induced carbon atoms resulting from the defects in CNTs

and their ends [9, 19]. The higher D-band intensity and the lower G-band to D-band

ratio (IG/ID) of both MWCNT-OH and MWCNT-COOH indicate a high degree of

disorder and the presence of defects on the surface of the functionalized CNT

resulting from chemical modification [9].

FTIR spectroscopy analysis

The FTIR spectrums of the MWCNTs studied (after smoothing and baseline

correction) are shown in Fig. 3. The MWCNT-p spectrum shows only one weak

peak at the wavelength 3,468 cm-1, which is assigned to hydroxyl groups. This

peak could be due to absorbed moisture attached to the nanotubes [20]. The

spectrum of MWCNT-OH shows three different peaks. The peak detected at

3,415 cm-1, which is also assigned to hydroxyl groups and attributed to stretching

vibration of O–H, has higher and broad absorbance intensity as compared to

MWCNT-p. The other two peaks detected at 1,021 and 1,444 cm-1 are attributed to

stretching vibration of C–OH and bending vibration of O–H, respectively. These

observed peaks indicate that the –OH functional groups are present on the surface of

nanotubes [21]. The MWCNT-COOH spectrum shows four characteristic peaks at

1073, 1428, 1737, and 3408 cm-1. The peaks at 1073, 1428, and 3408 cm-1 are

Fig. 2 Raman spectra of pristine and functionalized MWCNTs
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attributed to C–OH stretch, O–H bend, O–H stretch, respectively, which is similar to

the ones observed in MWCNT-OH. The peak at 1,737 cm-1 is attributed C=O

stretch, indicating the presence of carboxyl groups.

Dispersion of MWCNTs in PDMS

Figure 4 presents the transmission mode optical microscope digital micrographs of

4 wt% MWCNTs composites produced by mini-extruder (Fig. 4a–c) and solution

mixing method (Fig. 4c–e), illustrating the overall distribution and dispersion of

MWCNTs in PDMS matrices. The nanotubes are represented as black-colored area,

while the PDMS polymer is represented as white-colored area. From Fig. 4a, it can

be seen that the black area and white area are well distributed although some black

spots can also be seen. On the other hand, many large black spots are observed in

Fig. 4d, indicating the presence of large nanotubes agglomerates and clusters. From

both micrographs, it can be deduced that composites produced by mini-extruder

have relatively better dispersion of nanotubes in PDMS matrix.

Functionalization of MWCNTs can greatly affect the dispersion of nanotubes in

PDMS. It is evident that functionalized MWCNTs, both MWCNT-OH (Fig. 4b, e)

and MWCNT-COOH (Fig. 4c, f) are relatively much better dispersed and distributed

Fig. 3 FTIR spectra of pristine and functionalized MWCNTs
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in PDMS as compared to the pristine MWCNTs (Fig. 4a, d). Only a few nanotubes

agglomerates can be seen in composites filled with functionalized nanotubes.

In addition, the PDMS/MWCNT-OH and PDMS/MWCNT-COOH composites

produced by mini-extruder shows the best nanotubes dispersion as the black-colored

spots are equally distributed across the white-colored PDMS area.

Fig. 4 Comparison of nanotubes dispersion in PDMS matrix as observed using an optical microscope
(transmission mode) for a M-PDMS/4 wt% MWCNT-p, b M-PDMS/4 wt% MWCNT-OH, c M-PDMS/
4 wt% MWCNT-COOH, d S-PDMS/4 wt% MWCNT-p, e S-PDMS/4 wt% MWCNT-OH, and
f S-PDMS/4 wt% MWCNT-COOH
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Tensile strength of PDMS/MWCNT composites

Figure 5 shows the tensile strength of PDMS filled with various MWCNTs

produced by two different methods. The tensile strength of PDMS/MWCNT

composites is highest at 1 wt% loading, regardless of the processing method and

fillers used. This indicates that 1 wt% is the optimum nanotube loading within the

range of compositions examined here. Further increment of MWCNTs from 2 to

4 wt% resulted in a gradual decrease of tensile strength. However, tensile strength

of the composites with functionalized MWCNTs is still higher than those of the neat

PDMS. The decline in tensile strength at high filler loading is not unusual [3, 8]. At

4 wt%, the high surface area of nanotubes increased the viscosity of the composite

mixture during mixing (see Fig. 5), thus reducing the mixing effectiveness. This led

to the formation of large nanotube clusters and agglomerates, which subsequently

weakened the composites. SEM micrographs in Fig. 6b, d reveal the presence of

large agglomerates in 4 wt% MWCNTs composites. In comparison, Fig. 6a, c

shows only a small fraction of agglomerates in 1 wt% MWCNTs composites.

Comparing the composites prepared by the two different processing methods, the

tensile strength of composites produced by mini-extruder is much higher than the

ones prepared via solution mixing. Taking 1 wt% MWCNTs as example where

the tensile strength is the highest, the composites produced by mini-extruder

(M-PDMS/MWCNT-p, M-PDMS/MWCNT-OH, and M-PDMS/MWCNT-COOH)

exhibited higher tensile strength by 10.38, 16.00, and 5.41 %, respectively, when

compared to the solution mixed samples (S-PDMS/MWCNT-p, S-PDMS/MWCNT-

OH, and S-PDMS/MWCNT-COOH) at the same filler loading. This result is due to

the high shear mixing mechanism of the mini-extruder which produced sufficient

Fig. 5 Mixture viscosity and tensile strength of PDMS/MWCNT nanocomposites produced by mini-
extruder (M-PDMS) and solution mixing (S-PDMS)
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energy to separate and breakdown the bundles of MWCNTs into smaller aggregates

and individual nanotubes. In addition, the high shear mixing mechanism of the mini-

extruder also reduced the length of the nanotubes, which enabled the nanotubes to

be dispersed more easily in the matrix and subsequently increased the tensile

strength. SEM observations of the composite fracture surface in Fig. 6 show better

nanotube dispersion and smaller aggregates in the mini-extruder-produced com-

posites. In contrast, lumps and large agglomerates of nanotubes, which act as stress

concentration point, can be seen in the solution mixed samples. Optical micrographs

in Fig. 2 also reveal that the dispersion of nanotubes for composites produced by

mini-extruder is better than the ones produced via solution mixing.

PDMS-filled functionalized MWCNTs shows higher tensile strength than the

PDMS-filled pristine MWCNT composites. For example, the tensile strength of 1 wt%

M-PDMS/MWCNT-p is 2.62 MPa, whereas the tensile strengths of the systems with

1 wt% M-PDMS/MWCNT-OH and M-PDMS/MWCNT-COOH are 4.35 and

3.88 MPa, respectively. The significantly higher tensile strength in the functionalized

systems was due to the hydrogen bonding interaction between the functional group of

Fig. 6 SEM micrographs of a M-PDMS/1 wt% MWCNT, b M-PDMS/4 wt% MWCNT, c S-PDMS/
1 wt% MWCNT, and d S-PDMS/4 wt% MWCNT at 91,000 magnification. M-PDMS refers to
nanocomposites produced by mini-extruder, while S-PDMS refers to nanocomposites produced via
solution mixing
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MWCNTs and PDMS matrix, which enabled stress transfer to be more effective [8].

It is worth noting that the combination of mini-extruder and MWCNT-OH yields

composites with the highest tensile strength.

Thermal conductivity of PDMS/MWCNT composites

Figure 7 displays the thermal conductivity of PDMS/MWCNT composites at room

temperature. The thermal conductivity of all the composites increased with the

addition of 1–4 wt% MWCNTs. However, it is noted that the increment is minimal

and the thermal conductivity values obtained in the current work are pretty similar

to the ones reported in previous works [5, 6, 9], which is\1 W/m�K. In general, the

samples produced by mini-extruder are more thermally conductive than the solution

mixed samples although the processing method does not affect the thermal

conductivity of pure PDMS. For the mini-extruder samples, the addition of 4 wt%

MWCNT-OH, MWCNT-COOH, and MWCNT-p into PDMS improves the thermal

conductivity by 64, 56, and 38 %, respectively. As for samples produced via

solution mixing, the addition of 4 wt% MWCNT-OH, MWCNT-COOH, and

MWCNT-p into PDMS increases the thermal conductivity by 46, 42, and 34 %,

respectively. Among all the composites tested, the composites produced by mini-

extruder and filled with MWCNT-OH have the highest thermal conductivity.

Although thermal conductivity of CNT composite is dominated by phonon

vibration and diffusion in the matrix, shorter nanotubes also contribute to the

enhancement of thermal conductivity. The enhancement of thermal conductivity in

Fig. 7 Comparison of thermal conductivity for PDMS/MWCNTs nanocomposites produced by mini-
extruder (M-PDMS) and solution mixing (S-PDMS)
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composites with short CNTs may stem from the improved percolation due to better

nanotube dispersion [22]. The composites produced by mini-extruder have shorter

nanotube length (as shown in Fig. 8) and lower aspect ratio due to the high shear

mixing process and these composites have higher thermal conductivity. This is

correlated to our results as the mini-extruder produced composites have better

dispersed nanotubes, with smaller and lesser agglomerates in comparison to the

solution mixed samples, as seen in optical and SEM micrographs in Figs. 4 and 6.

Comparing the composites filled with functionalized fillers, the order of thermal

conductivity value from highest to lowest is as follows: PDMS/MWCNT-

OH [ PDMS/MWCNT-COOH [ PDMS/MWCNT-p, indicating that functionali-

zation of nanotubes improves composites thermal conductivity. Functionalization of

nanotubes promotes better dispersion of nanotubes in the matrix and improves

interfacial heat transport between the polymer matrix and the MWCNTs of which

both help to enhance the nanocomposite thermal conductivity [9]. The optical

micrographs in Fig. 4 show good nanotubes dispersion in composites filled with

functionalized MWCNTs. On the other hand, several large nanotube agglomerates

are seen in the composites filled with pristine MWCNTs.

Electrical conductivity of PDMS/MWCNTs composites

Figure 9 shows the changes in electrical conductivity of the nanocomposite samples

as a function of nanotube content. The conductivity of the solution mixed

nanocomposite (S-PDMS/MWCNT-p) increases sharply by five orders of magni-

tude when 1 wt% nanotube was added. In contrast, the conductivity of the mini-

extruder-produced nanocomposite (M-PDMS/MWCNT-p) increased less sharply by

three orders of magnitude with 1–3 wt%. The enhancement in electrical conduc-

tivity with nanotube content is expected because it obeys the percolation theory

[23]. In general, the composites produced by solution mixing method are electrically

more conductive than the composites produced by mini-extruder. Theoretically, the

electrical conductivity of a filled composite will increase sharply when a conductive

Fig. 8 SEM micrographs of a M-PDMS/4 wt% MWCNT-p and b S-PDMS/4 wt% MWCNT-p at
910,000 comparing the nanotube length
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path of interconnected nanotubes is formed through the volume of the sample. Any

parameter that can alter the distance between nanotubes will affect the conductivity

[24]. Nanotubes with longer lengths possess higher probability to form intercon-

nected and conductive networks [25]. In this study, the high shear mixing

mechanism of the mini-extruder chops the nanotubes to a shorter length; thus,

reducing the ability to form a conductive path and network despite an increased

dispersion. While there is no specific data to support the reduction of nanotube

length and aspect ratio due to difficulty in measuring the length of CNT within a

polymer matrix [15]; SEM micrographs in Fig. 8 clearly show that the nanotubes in

mini-extruder produced composites are shorter in comparison to the solution mixed

composites.

Chemical functionalization can be detrimental to the electrical properties of

nanocomposite [26–28]. The electrical conductivity of the PDMS/MWCNT-OH

was consistently one to two orders of magnitude lower than that of PDMS/

MWCNT-p when nanotubes were loaded from 1 to 4 wt%. Hydroxylation of

MWCNTs significantly disrupts the p-conjugation of the outer nanotube layer and

reduces the surface electrical conductivity of MWCNTs, leading to a lower

electrical conductivity [27]. As for the PDMS/MWCNT-COOH, the electrical

conductivity remained nearly invariable, even when the nanocomposite was loaded

with filler up to 4 wt%. The insulating behavior of this composite could be due to

the processes involved when treating the MWCNTs with carboxyl group.

Carboxylated functionalization may cause unbalanced polarization effect and

physical structure defects that arise during the acid treatment process [28]. Table 1

shows a comparison of observed electrical conductivity between the present and

Fig. 9 Electrical conductivity of PDMS/MWCNT nanocomposite samples as a function of nanotube
content for three different fillers produced by mini-extruder (M-PDMS) and solution mixing (S-PDMS)
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previous works [5, 26, 27], of which all the results shows a lower electrical

conductivity for functionalized MWCNTs systems as compared to the pristine

systems.

Thermal stability PDMS/MWCNTs composites

The curves in Fig. 10 depict the composite weight change when subjected to high

temperature while Table 2 presents the decomposition temperature at 5 % (T5) and

10 % (T10) weight loss for PDMS/MWCNT composites produced by different

methods. The T5 of unfilled PDMS produced by mini-extruder and solution mixing

are 350 and 354 �C, respectively. The presence of CNT enhances the thermal

stability of PMDS composites. Adding 1 wt% of MWCNT shifts the T5 of the

composites higher by 23 �C for the mini-extruder sample and 41 �C for the solution

mixed sample. Regardless of the fillers used, the solution mixed composites have

higher T5 and T10 compared to the ones produced by mini-extruder at the same filler

content, hinting that these samples were more thermally stable. The T5 of solution

mixed samples are about 10–20 �C higher than the mini-extruder samples. The

relatively higher aspect ratio of these nanotubes could have retarded the diffusion

and extravasations of small molecules from matrix under high temperature, leading

to a heightened decomposition temperature [19, 29].

Functionalization of nanotubes enhances thermal stability of composites, as

proven by a few researchers [8, 19, 29]. In this study, both the PDMS/MWCNT-OH

and PDMS/MWCNT-COOH composites exhibited higher T5 and T10 compared to

PDMS/MWCNT-p composites. Comparing the composites produced by solution

mixing method, the T5 for S-PDMS/4 wt% MWCNT-OH and S-PDMS/4 wt%

Table 1 Comparison of observed electrical conductivity between present work and previous works

System Outer diameter

(nm)

Processing

method

Electrical

conductivity

(S/m)

Ref.

PDMS/1.5 vol.% MWCNT \10 Solution mixing 1.5 9 10-4 [5]a

PDMS/1.5 vol.% SD-MWCNT \10 Solution mixing 3.5 9 10-5

PDMS/4.0 wt% MWCNT 10–20 Solution mixing *4.0 9 10-6 [20]

PDMS/4.0 wt% MWCNT-OH 10–20 Solution mixing *8.0 9 10-8

Epoxy/0.5 wt% MWCNT 10–20 Solution mixing *10-2 [21]

Epoxy/0.5 wt% silane-MWCNT 10–20 Solution mixing *10-9

PDMS/4.0 wt% MWCNT 40–60 Solution mixing 1.83 9 10-3 Current study

PDMS/4.0 wt% MWCNT-OH 30–50 Solution mixing 2.53 9 10-5

PDMS/4.0 wt% MWCNT-COOH 30–50 Solution mixing 1.86 9 10-9

PDMS/4.0 wt% MWCNT 40–60 Mini-extruder 1.53 9 10-6

PDMS/4.0 wt% MWCNT-OH 30–50 Mini-extruder 3.54 9 10-7

PDMS/4.0 wt% MWCNT-COOH 30–50 Mini-extruder 9.86 9 10-10

a For comparison purpose, 1.5 vol.% MWCNTs is converted to weight fraction giving a value of

2.1 wt% MWCNT and SD-MWCNT represents silanized diphenyl-carbinol-functionalized MWCNT
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MWCNT-COOH are 418 and 413 �C, respectively. On the other hand, the T5 for

S-PDMS/4 wt% MWCNT-p is only 404 �C, indicating that thermal decomposition

of the composites is retarded by the presence of functionalized CNTs. The hydrogen

bonding interaction and good interfacial adhesion between the functionalized CNTs

and PDMS matrix restricts the thermal motion of PDMS macromolecules, resulting

in a further increase in their thermal stability [29].

Conclusion

The effects of processing methods on the properties of PDMS/MWCNTs

composites were investigated. SEM micrographs of fracture surface reveal that

composites produced by mini-extruder have very good and homogenous dispersion

as compared to the ones produced by solution mixing; however, this advantage

comes at a cost: reduction of nanotube length and aspect ratio. Thus, this processing

method only benefits certain properties, such as tensile strength and thermal

conductivity. In contrast, the solution mixing method does not heavily damage or

reduce the nanotube length, thereby preserving the high aspect ratio of nanotubes.

This method does not promote nanotube dispersion as good as that of the former;

however, the high aspect ratio of nanotubes compensates the drawback by

enhancing the nanocomposite electrical conductivity and thermal stability.

Fig. 10 TGA curves for nancomposites produced by mini-extruder (M-PDMS) and solution mixing
(S-PDMS)

950 Polym. Bull. (2012) 69:937–953

123



Functionalization of MWCNTs with either –OH or –COOH group helps improve

interfacial adhesion between MWCNTs and PDMS matrix via a hydrogen bonding

interaction, which subsequently improves the tensile strength, thermal conductivity,

and thermal stability of the composites. However, the functional groups do not

contribute to electrical conductivity enhancement as they disrupt the p-conjugation

of the outer nanotube layer and reduce the surface electrical conductivity of

MWCNTs. A combination of suitable processing method and surface treatment of

MWCNTs can be employed to produce composites with excellent properties. In the

current study, the combination of mini-extruder and MWNCT-OH produces

composites that possess high tensile strength and high thermal conductivity.
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