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Abstract Carbon nanotubes (CNTs)-reinforced polysulfone (PSU) nanocompos-

ites were prepared through solution mixing of PSU and different weight percent of

multi-walled carbon nanotubes (MWCNTs). Thermal properties of nanocomposites

were characterized using thermo-gravimetric analysis (TGA) and differential

scanning calorimetry (DSC). TGA studies revealed an increase in thermal stability

of the PSU/MWCNTs nanocomposites, which is due to the hindrance of the

nanodispered carbon nanotubes to the thermal transfer in nanocomposites and also

due to higher thermal stability of CNTs. Morphological properties of nanocom-

posites were characterized by high resolution transmission electron microscopy

(HRTEM) and field emission scanning electron microscope (FESEM). The influ-

ence of CNTs loading on electrical properties of PSU/MWCNTs nanocomposites

was studied by the measurement of AC and DC resistivity. Dielectric study of

nanocomposites was carried out at different frequencies (10 Hz–1 MHz) by using

LCR meter. An increase in dielectric constant and dielectric loss was observed with

increase in CNTs content, which is due to the interfacial polarization between

conducting CNTs and PSU.

Keywords Carbon nanotubes � Thermal properties � Morphology �
Electrical conductivity

Introduction

Polymer nanocomposites have emerged as a distinct field in modern nanotechnol-

ogy due to their remarkable properties like lightweight, extremely improved

mechanical, thermal, physical, electrical, and magnetic properties. These ideal
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enhanced properties are due to ultrahigh interfacial area of the nanosized particles

that can permit strong interaction with the polymer matrix. Among all nanofillers,

carbon nanotube (CNT) is the best reinforcing nanofiller for high performance and

multifunction polymer nanocomposites in the twenty-first century due to their high

stiffness and mechanical strength (stronger than steel), high electrical and thermal

conductivity (more conductive than copper), light weight, low density, low melt

flow viscosity (lighter than aluminum).

A number of works on polymer/CNTs nanocomposites have been carried out

taking different polymer matrices in order to enhance their different properties.

CNTs based polymer composites, including matrices such as polyethylene (PE) [1],

polypropylene (PP) [2], poly(methyl methacrylate) (PMMA) [3] and polyamide [4]

and polyurethane [5, 6], have been studied. Liu et al. [7] prepared multi-walled

carbon nanotubes (MWCNTs)/polyimide (PI) composites by in situ polymerization

and stated that, with the incorporation of 1 wt% MWCNTs, the elastic moduli of

nanocomposites was significantly improved about 248% while the tensile strength

was comparable to that of neat PI matrix. Park et al. [8] stated that with the addition

of 3 wt% of MWCNTs in PMMA, the electrical resistivity was decreased from 1015

to 102 X-cm. Chou et al. [9] prepared polyimide nanocomposites taking plasma

modified MWCNTs and stated that by the addition of 0.5 wt% of MWCNTs, tensile

strength was increased up to 120% and modulus up to 110%.

Incorporation of conductive filler in insulating polymer matrix can produce a

conductive composite when concentration of conducting phase exceeds certain

critical concentration known as percolation threshold. According to percolation

theory, a filler with higher aspect ratio will have a lower percolation threshold and a

better transfer of properties to the polymer [10]. The high aspect ratio, low density,

high tensile strength (order of 200 GPa—100 times of steel), high resilience, high

current carrying capacity, very low percolation threshold (*0.05–2 wt%), high heat

transmission, and high thermal stability of CNTs make them excellent filler for

preparation of conducting composites [9]. A ‘‘percolation threshold’’ of 0.5 v% for

MWCNTs was reported in the literature [11]. However, this value again depends on

type of CNTs used, for example, for SWCNTs percolation is around 0.1 wt% [12].

Due to high aspect ratio of the CNTs, the chance of contact increases, which

reduces the percolation threshold so that conduction occurs at much lower loading

compared to other conducting fillers like carbon black and carbon fiber without

affecting the other properties of the polymer [12].

Electrical conductivity of a composite is significantly affected by interaction

between CNTs and polymer matrix, the properties of CNTs themselves (purity,

diameter, length, specific surface area, surface conductivity), and the dispersion of

CNTs within the polymer. It is also dependent on the matrix material or the

preparation process used. Barrau et al. [13] have developed a composite on epoxy

resin which exhibited a percolation threshold at 0.3 wt% of SWCNTs. Transport

properties in SWCNTs and MWCNTs–PMMA composites have been reported by

Benoit et al. [14] and Stephan et al. [15], where low percolation thresholds of 0.33

and 0.5 wt% were obtained. Very recently, Isayev et al. [16] reported a new method

to effectively disperse the self functionalized MWCNTs in the polyetherimide

(PEI). They observed a sharp reduction in resistivity at 2 wt% MWCNTs content
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indicating that the percolation threshold lies between 1.0 and 2.0 wt% MWCNTs

loading.

The conductivity of a polymer composite depends upon inter-particle distance of

conducting fillers in polymer matrix. Three main factors like dispersion, aspect

ratio, and alignment of conducting filler influence the percolation threshold for

electrical conductivity in polymer composites [17]. Although polymer/CNTs

nanocomposites hold great promise, their dispersion and the weak interface

between the nanotubes and the polymer matrices are critical issues for successful

applications. To improve the CNTs dispersion in polymer matrix, several

approaches have been proposed including the direct suspension of CNTs in the

polymer solution via ultrasonication [18, 19], the in situ polymerization in the

presence of CNTs [20, 21], and the chemical modification of CNTs for their

solubilization [22, 23]. Good dispersion of CNTs in polymer matrix depends on the

force of attraction between CNTs and polymer matrix, but high force of attraction

between CNTs and polymer matrix depends upon functionality of CNTs. Numerous

research works have been done on functionalization of CNTs. The disadvantages of

this approach include that the treatment methods were generally poorly controlled

and time/energy consuming, which give inconsistent results in the performance of

nanocomposites. In addition, the treatments of CNTs including purification,

oxidation, and various functionalization magnified the cost of CNTs and also the

chemical treatment of CNTs reduces the electrical conductivity of nanocomposites

due to change in Fermi level and debonding of nanotubes [24]. All of these limited

the adoption of new materials and their standard fabrication processes in industry. In

our study, we have designed a very simple solution mixing process using

ultrasonication to improve dispersion of received MWCNTs in polysulfone (PSU) to

achieve low percolation threshold.

Polysulfone (PSU), a transparent engineering plastic with good film formation

property is used typically in medical, food processing equipment, electrical and

electronics components [25]. Very few works have been reported on PSU/CNTs

nanocomposites for membrane preparation, but no work is reported on effect of

CNTs loading on electrical, thermal, and morphological properties of PSU. Main

purpose of the present work is to develop thin film composites with good electrical

conductivity for the mitigation of electrostatic charge accumulated on the surface of

the films used in packaging and also to develop high dielectric material for charge

storage devices. In this study, PSU/CNTs thin film nanocomposites were prepared

through a new simple solution mixing process to investigate the effect of CNTs

loading on different properties of PSU/MWCNTs nanocomposites.

Experimental

Materials

Polysulfone (PSU) in powder form (Grade Udel P-1700) was supplied by Solvay

Advanced Polymers. MWCNTs used in this study were purchased from Helix

Material Solution, USA and used as received. MWCNTs were prepared by the
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chemical vapor deposition process having carbon content of about 95%, average

diameter of about 40–60 nm and length of about 0.5–40 lm. Chloroform has been

used as a solvent for PSU and was purchased from Merck Specialties Private

Limited, India.

Preparation of nanocomposite films

Prior to film preparation PSU was dried in an oven at 135 �C for 6 h and MWCNTs

were dried at 120 �C for 24 h. Nanocomposite films were prepared through solution

mixing process. First, given amount of CNTs was dissolved in chloroform by

sonication for 1 h in a sonicator. Then required amount of PSU dissolved in

chloroform was added to CNTs dispersed solvent and the mixed solution was stirred

and sonicated for 1 h and 30 min. Stirring and sonication were done in 5 min

interval. Thin films of average thickness 50–60 lm were prepared by casting the

solution and evaporating the solvent at room temperature for overnight, followed by

60 �C for 2 h, 120 �C for 1 h, 150 �C for 1 h to remove solvent completely.

Figure 1 describes the procedure for making polymer nanocomposite films.

Characterizations

Thermo-gravimetric analysis (TGA) was performed using a TA Instruments TGA

Q50 V6.1, USA under a nitrogen atmosphere from room temperature to 700 �C

operated at a heating rate of 20 �C/min using samples weight about 8–10 mg.

Fig. 1 Process used for making PSU/MWCNTs nanocomposites thin film
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Differential scanning calorimetry (DSC) was carried out in a TA instruments

machine DSC Q100 in N2 atmosphere from 50–350 �C heated at a rate of 10 �C/

min. The distribution of CNTs into the PSU matrix and interfacial region of CNTs

and matrix were studied using a high resolution transmission electron microscope

(HRTEM, JEM 2100, JEOL Limited, Tokyo, Japan) attached with charge couple

device (CCD) camera (Gatan, Inc., CA, USA). The specifications for HRTEM were

point to point resolution of 0.194 nm, lattice resolution of 0.14 nm, 24� tilt angle,

accelerated voltage of 200 keV and electron gun of lanthanum hexaboride (LaB6)

filament type. The samples for HRTEM analysis were prepared using an

ultramicrotomy with a Leica Ultracut UCT (Leica Microsystems GmbH, Vienna,

Austria). Freshly sharpened diamond knives with cutting edges of 45� were used to

obtain cryosections of 50–60 nm thickness specimens at ambient temperature. The

cut samples were supported on a copper mesh before observation under the

microscope. The nanostructure morphology of the PSU/MWCNTs nanocomposites

was evaluated using field emission scanning electron microscope (model Supra 40,

Carl Zeiss SMT AG, Oberkochen, Germany). Samples were gold coated by means

of manually operated sputter coater (model SC7620, Polaron Brand, Quorum

Technologies Ltd., East Sussex, UK) unit. The DC resistivity of the nanocomposites

having the resistivity greater than 106 X-cm were measured using Hewlett Packard

(Model 16008A) resistivity cell coupled with a Hewlett Packard HP 4329A

resistance meter. DC resistivity of the nanocomposites having the resistivity less

than 106 X-cm was measured using DC milli-ohm meter (model no.GOM-802,

Goodwill Instek Co., Taiwan). AC resistance was directly measured using a LCR

meter (Model 819, Goodwill Instek Co., Taiwan) over the frequency range 10 Hz to

1 MHz. Study of the dielectric properties were carried out using LCR meter over the

frequency range 10 Hz to 1 MHz. Dielectric constants and dielectric loss of the

nanocomposites were measured using the following equations:

Dielectric constant e
0ð Þ ¼ Ct=0:0885 A ð1Þ

where C is the capacitance in picofarad, t is the thickness of sample in cm, A is the

area of the sample in cm2

Dielectric Loss e
00ð Þ ¼ Dielectric Constant� Dissipation Factor ð2Þ

Results and discussion

Thermal properties of the PSU/MWCNTs nanocomposites

TGA Studies

The TGA results of PSU and its nanocomposites in an environment of nitrogen are

presented in Table 1 and Fig. 2a and b. In case of pure PSU, onset thermal

degradation temperature is 531 �C, but after MWCNT loading, thermal stability was

increased up to 3 wt% MWCNTs loading, where onset degradation temperature is

537 �C. This enhancement in thermal stability may be due to the hindrance of the

Polym. Bull. (2011) 67:1029–1044 1033

123



nanodispersed CNTs to the thermal transfer in the matrix and also due to hydrogen

bonding between CNTs and PSU. Simultaneously, confinement of PSU polymer

chains onto the surface of CNTs restricted the segmental motion of polymer and

suppressed the chain transfer reaction. From TGA thermogram, it is also seen that

temperature at 10%, 20%, 30%, and 50% weight loss for PSU/MWCNTs

nanocomposites is somewhat higher than as compared to pure PSU. When CNTs

loading is more than 3 wt%, thermal stability is decreased to a small extent due to

the entrapment of used solvent between CNTs and PSU and less force of attraction

Table 1 Thermal data from thermo gravimetric analysis

Composition T5 (�C) T10 (�C) T20 (�C) T30 (�C) T50 (�C) Tmax (�C)

S0 (PSU ? 0% CNTs) 531 544 556 563 574 563

S1 (PSU ? 1% CNTs) 535 548 559 566 580 568

S3 (PSU ? 3% CNTs) 537 551 562 569 587 569

S5 (PSU ? 5% CNTs) 531 545 556 563 582 563.5

Fig. 2 a TGA curves of PSU/MWCNTs nanocomposites. b DTG curves of PSU/MWCNTs nano-

composites
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between CNTs and PSU. This entrapment of solvent is mainly due to strong van der

Waals force of attraction between solvent and CNTs [26]. Figure 2b shows the DTG

curves of PSU and its nanocomposites. From Fig. 2b it is seen that the temperature

at maximum degradation rate, i.e., peak temperature of PSU/MWCNTs nanocom-

posites shifts towards higher temperature with increase in MWCNTs content. Peak

temperature of pure PSU is 563 �C, while the values are 568, 569, and 564 �C at

loading of 1, 3, and 5 wt% MWCNTs, respectively.

DSC studies

Differential scanning calorimetry (DSC) thermograms of PSU and its nanocom-

posites are shown in Fig. 3, where pure PSU shows glass transition temperature (Tg)

at 186 �C, but after addition of MWCNTs, Tg of nanocomposites is shifted to higher

temperature. Glass transition temperature of a polymer composite depends upon the

free volume and the affinity between the filler and polymer matrix in the

composites. A polymer with a lower free volume with higher affinity to filler shows

higher Tg. A polymer matrix with a higher affinity to filler exhibits less molecular

motion and reduced free volume of the polymer molecules [27, 28]. In this study,

after addition of MWCNTs, Tg is increased up to 190 �C on 3 wt% of MWCNTs.

This slight increase in Tg may be due to close affinity between PSU and MWCNTs

by inter-molecular hydrogen bonding in the interphase between MWCNTs and

PSU.

Morphological structure of the PSU/MWCNTs nanocomposites

HRTEM

Reinforcing effect of nanofillers in a polymer matrix depends on its degree of

dispersion in polymer matrix. So the morphological study is very much important

for the evaluation of CNTs dispersion in the polymer matrix. To study the

dispersion of MWCNTs in PSU matrix, morphology of the PSU/MWCNTs

Fig. 3 DSC curve of PSU/MWCNTs nanocomposites
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nanocomposites is investigated by HRTEM. HRTEM micrographs of 1, 3, and

5 wt% of MWCNTs in PSU are presented in Fig. 4a, b, and c. Figure 4a shows an

abundance of well-dispersed nanotubes throughout the entire PSU matrix without

any agglomerates. From micrograph in Fig. 4b, it is seen that dispersion of CNTs is

inferior due to presence of some agglomerates of CNTs which are shown in marked

circles. These agglomerates reduce reinforcing effects of CNTs because, they act as

flaws in polymer matrix. This is why poorly dispersed CNTs in polymer matrix give

lower properties than well dispersed one. Figure 4c shows the 5 wt% MWCNTs

loading, where high agglomerates of CNTs are seen with the formation of high

electrical network.

FESEM

To observe the dispersion and distribution of the CNTs and their physical

interaction with the PSU matrix, the FESEM microphotographs of cryo-fractured

Fig. 4 HRTEM image of a S1 (PSU ? 1 wt% MWCNTs), b S3 (PSU ? 3 wt% MWCNTs), c S5

(PSU ? 5 wt% MWCNTs)
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surface morphology of the PSU/MWCNTs nanocomposites are shown in Fig. 5.

The bright dots and tread-like structures in the images are attributed to the

MWCNTs. It is apparent from Fig. 5 that there are more bright dots and thread-like

structures in the composites with higher MWCNTs loading. The dispersion of

MWCNTs in the PSU matrix is clearly observed from FESEM images with low

magnification that CNTs at lower loading (1 and 3 wt%) are homogeneously

dispersed throughout the PSU matrix, but high agglomeration is seen at higher

(5 wt%) loading. Micrographs 5a with 1 wt% and (b) with 3 wt% show an

abundance of well-dispersed nanotubes throughout the entire surface without any

agglomerates. From two micrographs, it seems that induced van der Waals force

between the polymer and CNTs during sonication exceeds the existing inter-tube

forces. In micrograph 5c, high agglomeration of CNTs is seen, which may be due to

self-aggregation of CNTs by van der Waals bonding and also due to lack of

interfacial adhesion between CNTs and PSU.

Electrical properties of PSU/MWCNT nanocomposites

DC resistivity

DC volume resistivity of pure PSU and its nanocomposites at different weight

percent of MWCNTs loading are presented in Fig. 6. From Fig. 6, it is confirmed

Fig. 5 Cryo-fractured FESEM image of a PSU ? 1 wt% MWCNTs, b PSU ? 3 wt% MWCNTs,

c PSU ? 5 wt% MWCNTs
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that pure PSU is insulative in nature having resistivity greater than 1014 X-cm, but

resistivity is decreased sharply up to 104 X-cm with the addition of 1 wt% of CNTs

loading. The loading weight percentage at which there is significant decrease in

resistivity and beyond which there is marginal decrease is called the percolation

limit. In the present work, percolation limit is occurred in-between 1 and 3 wt% of

CNTs loading. At lower filler loadings, filler particles act like conductive islands in

a sea of electrically insulating polymer [29]. When more filler particles are added,

the conductive particles become more crowded and are more likely to come in

contact with each other. At percolation threshold, a majority of filler particles are in

contact with at least two of their nearest neighbors, thereby forming a continuous

conductive chain or network. Prior to percolation limit, conductive particles were

dispersed apart from each other in the PSU without forming any conductive path for

passage of current, whereas above the percolation, a continuous network of CNTs

are formed enabling the current to pass through, thus making the system conductive.

The decrease in resistivity at high loading of MWCNTs is due to increase in density

of MWCNTs–MWCNTs junctions, which promote the formation of conductive

network.

AC resistivity

Effect of frequency on the AC resistivity of pure PSU and its nanocomposites at

different weight percent of MWCNTs loading are presented in Fig. 7. From Fig. 7,

it is observed that the nanocomposites near the percolation limit show a frequency

dependent region and a frequency independent region. Resistivity of the nanocom-

posites at and above the percolation exhibits frequency independent nature in the

measured frequency range. Resistivity of pure PSU and nanocomposites having

CNTs loading 1 wt% is appeared to be proportional to frequency due to the

Fig. 6 Effect of CNTs loading on DC volume resistivity of PSU/MWCNTs nanocomposites
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capacitance of the host medium between the conducting particles or aggregates.

Also in this nanocomposite, the continuous conductive network has just started to

form with many CNTs particles coming close to each other, which give rise to

appreciable decrease in resistivity. This can be explained as follows. At high

frequencies, the electrons get sufficiently excited so that they can hop from one

conducting cluster to another adding to the conductivity already existing because of

the smaller interparticle gap. This leads to the decrease in resistivity of these

nanocomposites after a critical frequency [30]. When MWCNTs loading was

increased to higher weight percent than percolation limit, no significant influence of

frequencies on resistivity was observed because of the formation of good electrical

network by CNTs.

Dielectric properties

Effect of frequency on dielectric constant The effect of frequency variation on

dielectric constant of PSU/MWCNTs nanocomposites at room temperate is

presented in Fig. 8. The addition of CNTs to PSU has a dramatic effect on the

measured dielectric constant. It is noteworthy that dielectric constant of pure PSU is

independent of frequency, but dielectric constant is fully dependent on frequency

when CNTs are loaded to PSU as shown in Fig. 8. In this study, when CNTs content

is more than 1 wt%, a pronounced dependence of dielectric constant on frequency is

observed. In the CNTs loaded system, dielectric constant is sharply decreased with

the increase of frequency. Similar results have been reported by many researchers.

Dang et al. [31] have reported a reduction in dielectric constant (e0) with increase in

frequency for polyvinylidene fluoride and multiwall CNTs. Renukappa et al. [32]

have noticed a similar behavior in conductive carbon black filled SBR rubber. When

Fig. 7 Effect of frequencies on the AC resistivity of the nanocomposites with different weight percent of

CNTs loading
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MWCNTs loading is 1 wt%, dielectric constant of nanocomposites e
0 is decreased

sharply in the range from 10 to 106 Hz. This suggests that at the percolation

threshold, the established percolation network which consisted of PSU–MWCNTs

nearly touching each other, but still remaining electrically insulated because of the

existence of a thin insulating polymer layer, is not stable and is easily damaged by

external frequency disturbance. Therefore, a remarkable dielectric relaxation is

induced with an increase in frequency from 10 to 106 Hz. The sharp decrease in

dielectric constant with increase in frequency in more MWCNTs loaded nanocom-

posites may be attributed to a large leakage of current resulted in nanocomposites

when an electric field is applied. At low frequency, a high value of e
0 is observed,

because at low frequencies, polarization follows the change of electric field (i.e.

high polarization of molecules takes place when electric field is applied) and

dielectric loss is minimum and the contribution to the dielectric constant is

maximum. At high frequencies electric field changes too fast for the polarization

effects to appear (i.e., less polarization). So e
0 is minimal at high frequency [33].

Effect of CNTs concentration on dielectric constant The influence of CNTs

loading on dielectric properties of PSU/MWCNTs nanocomposites is presented in

Fig. 9 at different frequencies. The addition of CNTs to PSU has a dramatic effect

on the dielectric properties of PSU nanocomposites. With the increase in CNTs

loading, dielectric constant is increased gradually. When weight percent of CNTs

increases from 0 to 5 wt%, dielectric constant increases nearer to 9 orders at 3 kHz

frequency. This increase in dielectric constant with increase in CNTs loading is

mainly due to the interfacial polarization between conducting CNTs and PSU. The

difference in conductivity between PSU and CNTs is responsible for occurrence of

interfacial polarization. The interfacial polarization leads to an increase in e
0 due to

Fig. 8 Effect of frequency on the dielectric constant of the nanocomposites with different weight percent

of CNTs loading
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motion of virtual charges, which get trapped at the interface of the components of a

multiphase material of different conductivity [34]. As CNTs content increases, the

interfacial polarization and the formation of a conductive network of CNTs

increases in the composites and this could be the reason for increase of dielectric

constant.

Effect of frequency and CNTs concentration on dielectric loss The changes in

dielectric loss of PSU/MWCNTs nanocomposites with respect to frequencies and

Fig. 9 Effect of carbon nanotubes concentration on the dielectric constant of the PSU/MWCNTs

nanocomposites

Fig. 10 Effect of frequency on the dielectric loss of the nanocomposites with different weight percent of

CNTs loading
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CNTs concentration are presented in Figs. 10 and 11. The dielectric loss (e00) is

related to relaxation phenomenon and it is the measure of the exponential decay of

polarization with time [35]. From Fig. 10 it is confirmed that there is a gradual

reduction in dielectric loss with increase in frequency. This is because; the induced

charge gradually fails to follow the reversing field causing a reduction in the electric

oscillations as the frequency is increased [33]. Figure 11 indicates that with the

increase in MWCNTs loading, there is a steep increase in dielectric loss. At low

CNTs loading the average distance among conducting particles in insulating matrix

are substantially high and composites exhibit marginal frequency independency for

dielectric loss.

Conclusions

Thin films of PSU/MWCNTs nanocomposites with unique combination of properties

have been developed through solvent casting process. From HRTEM, it is confirmed

that solvent casting technique is a noble technique for high dispersion of CNTs.

HRTEM study confirmed the uniform dispersion of CNTs throughout the PSU. TGA

study reveals that with the addition of MWCNTs thermal stability is increased up to

certain extent. DC resistivity of pure PSU is decreased from 1014 X-cm to 104 X-cm

after addition of 1 wt%MWCNT and further decreased to 102 X-cmwith the increase

in CNTs content to 7 wt%. PSU/MWCNTs nanocomposites exhibit remarkably

enhanced dielectric constant over pristine PSU, so these nanocomposites can be

utilized in electrostatic discharge (ESD) application, charge storing devices,

decoupling capacitors.
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