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Abstract 

Polystyrene-Carbon nanoparticles (PS/CNPs) nanocomposites were fabricated via simple cast 
technique. The nanocomposite characterization involved morphological, optical, electrical and 
thermal properties using electron microscopy, UV-vis spectroscopy, dielectric spectroscopy, electrical 
conductivity and DSC analysis. Interesting results were obtained, as conductivity at low loadings of 
CNP in polystyrene matrix (0.08 volume ratio), nonlinear IV characteristic curves below and above 
percolation threshold, increase of dielectric permittivity with increasing CNPs loading near the 
percolation threshold, shift in Tg to higher temperature with loading CNP. SEM results were also 
discussed. 
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1.  Introduction  
 
Composites are a class of materials consisting of a mixture of two or more components to produce a 
multiphase system with different physical properties obtained from the constituents [1]. In carbon-
nanocomposite, one of the phases is carbon, in some form, and it is generally introduced to impart certain 
functionality or to improve a certain behaviour of the composite. Carbon-nanocomposite or carbon filled 
polymeric composite generally have improved electrical and mechanical properties due to the incorporation of 
the carbon particles on the surface or into directly fiber. The carbon nanocomposite can be used in many 
applications such as static dissipation [2], electromagnetic shielding [3-6], and radio frequency interference 
[7], where low to moderate conductivity is acceptable. The enhanced mechanical properties can be useful in 
applications such as aerospace and defense where weight and mechanical properties are critical. 
The interest in carbon filled polymeric materials have been renewed with the advent of nanostructure such as 
carbon nanotubes for use as multifunctional material due to its remarkable electrical, thermal and mechanical 
properties. Additionally, with these additives composite properties can be significantly enhanced at much 
lower loadings [8, 9]. Among the available fillers, carbon nanoparticle (CNP) and carbon nanotubes (CNT) 
have been used extensively due to their ability to impart high electrical conductivity to a polymer matrix at 
relatively low filler content [9-13]. CNP has been used widely in conventional polymer composites due to 
their relative advantages of low cost, small particle size (high surface area), and aggregation behaviour. CNP 
filled polymer composites in film form have been investigated for various applications including sensors [13], 
electrodes [14], and electromagnetic interference shielding [15]. 
Performance of composites depends on the characteristics of the filler, but also on its dispersion, filler-filler 
interaction and polymer-filler interactions, and more specifically on the properties and thickness of the poly-
mer inter-phase between fillers [16]. In the case of conducting fillers, it is well known that the final electrical 
properties of the composites depend upon the capabilities of charge transmission from conducting filler to 
another. 
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Addition of CNP to PS increases the electrical conductivity due to the bridging of uninterrupted length of the 
conductive paths and the strength of the percolated filler network and, hence, the level of conductivity. This 
synergistic effect has been reported in many other studies [16-18]. 
 
2.  Theoretical background 
 
Percolation Model: The electrical conductivity of mixtures of conductive and insulating materials is generally 
dependent on the formation of the conductive network through the medium. To understand this network 
formation, many percolation models and equations have been proposed. Statistical percolation model 
basically deals with the probability of particle contacts within the medium. Two of early percolation models 
often referenced are the models proposed by Kirkpatrik [19] and Zallen [20]. The model followed a power 
law equation of the following form: 
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where σc is conductivity of the conducting component, υ is its volume fraction, t is a critical exponent, and υc 
is the critical volume fraction. The values of σc depend on the dimensions of the lattice.  
The volume fraction for the composite sample will be calculated depending on the weight and densities of the 
constituents using the following equation: 
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ii-Dielectric Characterization: 
Dielectric characterization is broadly based on the degree to which the electrical properties of a nanostructure 
of dielectric constant, εr, and thickness, d, depart from those of an ideal parallel plate capacitor, the 
capacitance (per area) of which is given by: 

d
c orεε=

     
                                                               (3) 

where εo is the dielectric permittivity of free space (= 8.85 10-2 Fm-1). Real capacitors leak electric charge with 
a characteristic time constant given by [34]: 

g
c=τ

     
                                                               (4) 

Where g denotes the leak conductance, which is zero for an ideal capacitor. The reciprocal time constant 
yields a characteristic frequency given by: 

ctan

g
tcons =ω

 
                                                               (5) 

c

g
f tcons

tcons ππ
ω

22
tan

tan ==
 
                                                               (6) 

below which the electrical properties are dominated by the leak conductance. 
 
3.  Experimental  

 
3.1 DC conductivity and I-V Characterization 
The electrical conductivity of the composite and pure film was measured at ambient temperature using the 
standard plate capacitor technique. The technique mentioned in previous work [21]. The conductivity  σ was 
calculated from the following equation, 

  
AV
Id=σ                                                                            (7) 

where I, V, A, d are current, applied voltage, sample area and sample thickness respectively. 
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3.2  Dielectric spectroscopy and AC conductivity measurement  
The dielectric properties as function of frequency were studied. The frequency varied in a controlled manner 
and all the data automatically collected. The measurements were carried out in the frequency range 10Hz to 
100MHz, using a SR850 DSP Lock-In Amplifier, and the dielectric permittivity ε', ε'' and AC conductivity 
σac were calculated. The samples were prepared as discs of thickness about 0.5 mm and diameter of 10mm, 
with silver past electrodes on the opposite sites of the sample. The electrical contacts were formed by silver 
paint.  
 
3.3 DSC analysis 
DSC studies were carried out using differential scanning calorimeter equipped with an intercooler (Shimadzu 
DSC-60, Shimadzu Corporation, and Kyoto, Japan). Indium/zinc standard were used to calibrate the 
temperature and enthalpy scale. The samples were hermetically sealed in  
an aluminum pans and heated at a constant rate of 10 °C/min over a temperature range of 25- 250 °C. Inert 
atmosphere was maintained by purging nitrogen gas at a flow rate of 50 ml/min.   
 
3.4  SEM photomicrographs 
Samples morphology was examined under scanning electron microscope (JEOL, JSM- 6360LV Scanning 
Microscope, and Tokyo, Japan). Before microscopy samples were sputter-coated using gold (JEOL, JFC-1100 
fine coat ion sputter, Tokyo, Japan). The photomicrographs were taken at an acceleration voltage of 10 kV. 
 
4.  Results and discussion 

 
4.1. DC Conductivity Measurements: 
To evaluate the filler effect on the electrical conductivity of the composites, two procedures were employed 
including: 

1. Applying a small DC potential on the test sample to avoid self heating effect 
2. Left the field applied on test sample until the current become steady to avoid creep current due to 

static charge. 
3. Use a suitable contact pressure by samples holder to avoid the effect of pressure on the conduction 

current. 
Accordingly, the dependence of electrical resistively of the composites on CNP content is illustrated in Figure 
(1). It seems that the curve profile is characterized by a rapid increase in conductivity and gradual process 
approaching equilibrium with increasing conducting filler concentration. On the other hand, the critical filler 
fraction corresponding to the insulator–conductor transition, i.e., the percolation threshold, lies in about 0.08 
vol. %. It is lower than the values of many conventional composites prepared by of single ready-made 
polymer and conductive fillers and also lower than other previous works [22]. The general theory to explain 
the conduction mechanism of fibers or particle-filled polymer composites is the theory of conductive paths 
[23, 24], which suggests that it is the existence of conductive paths (conducting particles) that results in the 
conductivity of the composites. With increasing the content of the filler, conductive paths among the fillers 
will increase. Also as suggested by Tchmutin et al. [25], the resultant intimate filler / matrix contacts further 
favour the injection of charge carriers from filler particles to polymer matrix. In contrast, it is difficult form a 
finely dispersed CNP nets in a ready made polymer matrix due the poor mobility of macro-molecules in the 
course of dispersive blending. Composites with low percolation threshold will favourites the practical 
application with regard to the less deteriorated mechanical properties and processability. 
The percolation threshold in present work is about 0.08 volume fractions, which expected to be lower than 
that for PS/CNP composites fabricated by melt-mixing or by in-situ polymerization [22, 26]. This may 
attributed to the effect of sonication on the dispersion of CNPs. It is well known that the as-produced CNPs 
exist in an entanglement state. When dry powder of CNPs was directly mixed with molten PS, aggregates of 
CNPs could not be well disentangled because the interaction between PS molecule chains and CNPs was 
weaker than that between CNPs together [27]. When CNPs were sonicated in formalin, the CNPs 
entanglements turned loose or even disentangled because of the penetration of formalin molecules. To blend 
PS with CNPs in such a state, the dispersion of CNPs could be better, thus the pathway of conductive filler 
was easy to form and the percolation threshold of the composite was lower. 
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Fig. 1: Dependence of DC conductivity on volume fraction of CNPs 
 

 
4.2 Dielectric and AC conductivity 
Figure (2) shows variation of A.C. conductivity as a function of frequency for pure PS and CNP’s composite 
(with different wt. %). At low frequencies, a frequency independent conductivity was recorded, which is 
attributed to resistive conduction through the bulk composite. On the other hand, at high frequencies (>100 up 
to 104Hz), conductivity appears to be proportional to frequency due to the capacitance of the host medium 
between the conducting particles or clusters of CNP. At higher frequencies (> 104Hz) a plateau region was 
recorded. This behaviour is the normal trend or polystyrene film [28]. 
 

 
Fig. 2: Frequency dependence of σac for PS/CNPs nanocomposite 
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Figure (3) shows variation of dielectric permittivity (real part) as a function of frequency for pure PS and 
CNP’s composite. It is observed that at low frequencies dielectric constant was found to be frequency 
independent, then above 104 Hz dielectric permittivity decreased with increasing frequency. The behavior for 
PS is a good agreement with the previous data [28]. It is expected that there are no any kind of interaction 
between polystyrene polymer and carbon nanoparticles since the behaviour not suffer any change even for 
high loading of CNP. The trend can be interpreted by assuming the electronic model consists of two 
conductance and capacitance as shown in figure (4).   

 

 
Fig. 3: Frequency dependence of  ε' for PS/CNPs nanocomposite 

 

 
Fig. 4: Equivalent circuit model for ε' behaviour for PS/CNPs nanocomposite.  

 
 
The variation in ε' may be attributed to the interfacial conductance g1 between the polymer and carbon 
nanoparticles.  
Figure (5) shows variation of dielectric loss as a function of frequency. It is observed that ε’’ in case of PS 
and its composite gives a beak value near 104Hz. This peak represents α relaxation for polystyrene that occurs 
at kilohertz frequency region [29]. By the same manner the data indicates that there was no type of interaction 
between polymer matrix and nanoparticles.  
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Fig. 5: Frequency dependence of  ε'' for PS/CNPs nanocomposite 

 
4.3  I-V characteristics 
Figure (6) and (7) illustrates I-V and log I -log V plots for PS/CNP composites with different weight ratio. It 
is clearly seen that the I-V relationship is not linear relation. While the Log (I)-log (V) relation was nonlinear 
for pure and low weight ratio composite while above percolation threshold it becomes linear relationship. 
This result indicates the interconnection and network formation for CNPs through host polymer above 
percolation threshold. 
I -V characteristics can be expressed as [30] 

)8(.)(),( nVKVI φφ =  

Where K (φ) represents the conductivity of the composite at a given value of φ and n is the slope in the log I -
log V plot. In equation (3), Ohm’s law is fulfilled in the system at n = 1.  
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Fig. 6:  I-V characteristic curves for pure PS and PS/CNPs nanocomposite film. 
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It was found that the value of n = 1.17 at φc and it decreased to 1 at φ ~ 0.071. This indicate that the transition 
from insulator phase to conducting phase start at 0.071 volume fraction. The transition of the conduction 
mechanism from non-linear (insulator) to Ohmic (conductor) is generally understood in terms of distance and 
number of tunneling gaps in the percolating network [31] and the tunneling gaps start to change into Ohmic 
contacts. 
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Fig. 7:  log(V)-log(I) relationship for pure PS and PS/CNPs nanocomposite film 

 
4.4  DSC Data Analysis: 
Figure (8) shows the DSC curves of pure polystyrene and PS/CBNP nanocomposite measured at a scanning 
rate of 10 C/min. The glass transition temperature of pure polystyrene was found to be 91.4°C. Tg was defined 
as the temperature at the median point in the range of glass transition during the heating process. The step 
change of the DSC curves was not detected for composite samples but a discontinuity in the slope of the heat 
flow vs. temperature plot was observed. These discontinuities appear to be attributable to glass transition.  
 

 
 

Fig. 8: DSC curve for pure PS film. 
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The estimated values of Tg's were determined from the intersection point of the two linear region (Figure 9) 
listed in Table 1. The incorporation of CBNP with 0.05wt%, reduces the Tg of polystyrene to ≈ 86 °C. The 
extent of decrease in Tg was more pronounced in the case of 0.55wt% of CBNP composite sample (≈ 67 °C) 
and may be attributed to the improved plasticization effect of CBNP's. Xin Lan et al.[32], study thermoset 
styrene-based shape-memory polymer (SMP) filled with carbon black and they reported that Tg decreases 
slightly with the increase of CNP volume fraction. This shift of Tg to lower temperature may be attributed to, 
the increase in amorphous state in the composite since the crosslink cause shifting in Tg to higher temperature 
[33] , or to the plasticization effect of the nano-filler.  
 

 
Fig. 9: DSC curves for PS/CNPs nanocomposite 

 
 

Table 1: The glass transition temperatures (Tg) measurements results for PS/CNPs nanocomposite 
 

 
 
4.5 SEM analysis: 
It is well established that the resistivity and percolation threshold of CNPs-filled single polymers depend 
greatly on the interaction of the polymer and CNPs and the CNPs distribution [35-37]. The difference in the 
percolation thresholds of the carbon nanoparticles polymer composites can be explained by the morphological 
differences. Figure 10-A shows the scanning electron microscopy (SEM) micrographs for 0.067 wt% CNP/PS 
sample. The particles are appearing to be separate and no aggregation was formed. In figure 10-B 
(1%CNPs/PS) the aggregate was formed as cluster with branches. The distribution of CNP in PS was 
relatively homogeneous for low concentration and cluster formation will cause the threshold percolation.  
 
 

TC(○C ) Tg(○C ) CBNP wt% 
181.86 86.37 0.050 
170.49 84.82 0.245 
158.14 67.52 0.550 
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A  B  

 
Fig. 10: SEM micrographs of (A) 0.067wt.% and (b) 1wt.% CNPs/PS samples 

 
 
Conclusion 

 
Conductive polymer composites exhibiting a reduced percolation threshold have been successfully prepared 
by the incorporation of CNP into PS polymer matrix. The CNP- filled PS composite exhibits low electrical 
resistivity. The composite has a percolation threshold of 2%wt% of CNPs, which is lower than reported in 
literatures. From dielectric measurements, It is expected that there are no any kind of interaction between 
polystyrene polymer and carbon nanoparticles. Dielectric trend interpreted by assuming the electronic model 
consists of two conductance and capacitance model. The α relaxation peak for polystyrene was appeared at 
kilohertz frequency region. Log(I)-log(V) relation was nonlinear for pure and low weight ratio composite 
while above percolation threshold it becomes linear relationship. The incorporation of CNPs with 0.05wt%, 
reduces the Tg of polystyrene to 86 ºC. The extent of decrease in Tg was more pronounced in the case of 
0.55wt% of CNPs composite sample (67ºC) and may be attributed to the improved plasticization effect of 
CNP's. Scanning electron microscopy (SEM) micrographs shows aggregate formation at the threshold 
concentration. 
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