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INTRODUCTION

Since the documented discovery of carbon nanotubes (CNT), 
many researchers have sought to manufacture advanced 
composite CNT materials that exhibit one or more of 
their unique physical (mechanical, thermal, and electrical) 
properties (Ali & Mousa, 2016; Han & Fina, 2011; Sahoo et 
al., 2010). Polymer based composites have been considered 
the most suitable for further reinforcement with CNT (Cooper 
et al., 2002). Progress in reinforcing polymers with CNT has 
recently been reported for rubbery epoxy matrices (CNT/
epoxy) (Allaoui et al., 2002; Lau et al., 2002). Epoxy resins 
have excellent heat resistance, high strength, good stiffness, 
chemical resistance; therefore, they are applied in the field of 
coatings, casting, composites, laminates and encapsulation of 
semiconductor devices (El-Tantawy & Deghaidy, 2000; Kang 
et al., 2001; Park et al., 2000).
The fractal geometry is a mathematical concept that describes 

objects of irregular shape. It has been used to analyze different 
objects in various scientific and technological branches since 
their description by Mandelbrot (Mandelbrot et al., 1984). 
Application of the fractal concept for the prediction of the 
physical properties of composites has demonstrated that 
the fractal dimension is related to the dielectric relaxation 
process (Hopkins et al., 2011; Lira-Olivares et al., 2000). The 
correlation of the insulator-conductor transition of composite 
materials with the fractal dimension of the aggregates has 
been studied in some works (Boukheir et al., 2016; Salome & 
Carmona, 1991). Fractal dimension of a certain surface can, 
in principle, be inferred from different ways. These include, 
but are not limited to: surface image analysis, small angle 
neutron scattering (SANS) and impedance spectroscopy (IS). 
The latter two methods are especially widespread and used in 
different areas of research (Hattenhauer et al., 2015; Tagmouti 
et al., 2015; Tapasztó et al., 2014). The aggregated fillers in IS 
have constant phase element (CPE) behavior, i.e. they show 
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capacitance dispersion. The value of the CPE exponent n can 
be determined from the magnitudes of the impedance.
The present work, reports the results of a study whose main 
aim was to examine and compare performances of SANS and 
IS in determination of fractal properties and to establish the 
degree of correlation between the fractal dimensions obtained 
by these methods.

MATERIALS AND METHODS 

Materials 
Multiwalled carbon nanotubes (MWCNT) with the average 
diameter of 50 nm and the length in the range of 10~20 were 
adopted, in which the purity is higher than 95 wt%. DGEBA 
(diglycidylic ether of bisphenol A) was used as the matrix. The 
neat polymer has a density of 1.19 gcm–3, a DC conductivity 
of 1.4×10–14Sm–1 and a glass transition temperature of about 
60°C. The contents of MWCNTs against DGEBA in the 
composites were from 0.2% to 5.0%. MWCNT were mixed 
with the epoxy in different concentrations and stirred f at 
room temperature. The MWCNT were first dispersed in 
methanol solution under magnetic agitation to reduce the 
maximum size of the aggregates. After complete evaporation 
of methanol, the obtained MWCNT powder was then directly 
added to the epoxy resin bisphenol A/aromatic hardener 
mixture. Finally, it was injected into sample moulds. After 
achieving gelation, the samples were unmolded after a 
few hours, then they were left in rest in order to reach the 
complete polymerization. Ten DGEBA/MWCNT composite 
samples were prepared and measurement results of six of 
them were chosen to be analyzed in this work.

Electrical Impedance Measurements
The temperature dependent alternating current (AC) 
impedance spectra were measured by using a Novocontrol 
Alpha-A Analyzer (Novocontrol Technologies, Hundsangen) 
combined with the impedance interface ZG4. Impedance 
measurements were carried out at 25°C, in the frequency 
range from 1 Hz to 10 MHz. The samples in the form of discs 
with a diameter of 13 mm and thickness of 2 mm were placed 
between two parallel plated electrodes. In the measurements, 
the complex impedance Z*(ω)=Z(ω)–iZ''(ω) was measured 
and recorded at each frequency.
The magnitude |Z*| and the phase φ of the impedance 
are therefore given by the following expressions: |Z*|= 

* 2 2'( ) ''( )Z Z Z  
  and φ= ''( )arctan( )

'( )
Z
Z


  

  

; here ω is the angular 

frequency (ω=2πf, f is the frequency). 

Neutron Scattering Measurements
The neutron scattering measurements have been performed at 
the neutron research facility of the Budapest Neutron Centre. 

SANS has prooved to be a particularly useful characterization 
technique for dispersion of nanostructures, providing 
information on the distribution patterns of the nanoscale 
filler materials, representative for the whole volume of the 
sample. The composite samples were measured with a sample 
to detector distance of 1.3 m and 5.4 m and with a wavelength 
of λ=4.88 Å under ambient conditions. The scattering 
intensity was obtained as a function of the momentum 
transfer (Glatter & Kratky, 1982):

 𝑄𝑄 = 4𝜋𝜋
𝜆𝜆 𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃 

  

 (1)

where 2θ is the scattering angle. The covered Q range 
was 0.01–0.3 Å–1. The scattered intensity at small angles 
is proportional to the square of the contrast between the 
scattering length densities of the polymer matrix and the 
carbon nanostructures.
The scattering intensities of nanostructure aggregates obey a 
power law behavior: I(q)~q–p.
The exponent p in the equation describes the structure of 
the scattering units and their mass or surface organisation. 
For mass fractals (or volume fractals), the fractal dimension 
is: D=p, 1<p<3. For surface fractals, the fractal dimension is: 
DS=6–p, 3<p<4.
For scattering objects with smooth boundaries and a 
continuous change in scattering density, the exponent p can 
also take values higher than 4; whereas, for smooth surfaces 
of sharp transition p=4. If p is a non-integer, it is called fractal 
dimension, which is indicative of a disordered network of 
scatterers.
Based on the experience of SANS measurements of CNT 
dispersions in solutions and polymers, it is known that 
depending on their concentration, CNT usually form loose 
disordered three dimensional networks (Boukheir et al., 2016; 
Hattenhauer et al., 2015).

RESULTS AND DISCUSSION

Fig. 1 and 2, respectively, show the frequency dependence of 
the magnitude and the phase of the impedance of CNT/epoxy 
composites for different concentrations of CNT.
As shown in these figures, at low concentration of CNT 
(f≤2.5%), the magnitude |Z*(ω)| of the impedance is a 
straight line with a negative slope and its phase φ(ω) is nearly 
constant (near to −90°). At high concentration (3.0% and 
5.0%), the curves for the magnitudes of the impedance may 
be divided into two distinct zones (Fig. 1): at low frequencies, 
the impedance is independent of the frequency, which 
suggests that the ohmic resistance plays an important role, 
while the capacitive effects can be neglected (Vivo et al., 
2015). With increasing the frequency further, the magnitudes 
of the impedance decrease, which implies the impedance to 
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take the character of a capacitor. We notice also that the phase, 
at high CNT concentrations, increases with frequency and 
approaches −90° in the high frequency region.
The plot of Z'' versus Z' (Nyquist diagram) for all the 
envisaged samples is shown in Fig. 3. From this plot a typical 
capacitive response is observed at low concentrations (0.2%, 
1.5%, 2.0%, and 2.5%) showing that the dielectric properties 
of the polymer dominate the characteristics of the composite. 
At hight concentrations (3.0%, 5.0%), it can be observed that 
as CNT is added to the epoxy matrix, the enhancement of the 
real component of the impedance leads to the formation of 
a semi-circle (Bowen et al., 2014). These semicircles decrease 
their diameter as the CNT concentration increases, which is 
indicative of the lowering in the electrical resistivity of the 
composite due to the presence of conduction paths.
To obtain information about the dispersion and the structure 

of CNT in the epoxy matrix and to simulate the behavior 
of the composites, a model which contains two units in 
series, was used as an equivalent analogue electric circuit 
where, for each distinct unit, a parallel path was included 
comprising a resistor (R) and capacitor (C) as shown in Fig. 
4; each RC element represents a Debye relaxation (Bonanos 
et al., 1987; Pricke, 1953; Raistrick, 1987). These two circuit 
units represent the contribution from the bulk composite 
sample and the metal-semiconductor interface. The dielectric 
behavior of the CNT/epoxy composites needs to be simulated 
and explained in a more reasonable way.
Indeed, this circuit is not sufficient to account for the 
interpretation of impedance spectra unless the interface 
capacitor in the model is substituted by the CPE, or ‘fractal’ 
capacitor. The CPE is an empirical circuit element that was 
introduced to account for the apparent distribution. The 
impedance of a CPE is given by (Rammelt & Reinhard, 1990):

 |𝑍𝑍cpe| =  √(𝑍𝑍′)2 + (𝑍𝑍′′)2 =  𝜔𝜔−𝑛𝑛

𝐴𝐴  

  

 (2)
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Fig. 3. Nyquist plots of carbon nanotubes (CNT)/epoxy composite 
samples, for different CNT concentrations.
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Fig. 4. Model of equivalent electric circuit of carbon nanotubes/epoxy 
composites.
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Fig. 1. Frequency dependence of the magnitude of the impedance 
of carbon nanotubes (CNT)/epoxy composite samples, for different 
concentrations of CNT.
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Fig. 2. Frequency dependence of the phase of the impedance of carbon 
nanotubes (CNT)/epoxy composite samples, for different concentrations 
of CNT.
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where ω is the angular frequency of the applied AC signal in 
the impedance experiment, A is a capacitance parameter and 
0<n<1.
The power-law dependence of the CPE impedance suggests 
a possible relationship between CPE behavior and the fractal 
interface geometry of the electrode (Hernandez Creus et al., 
1993; Le Mehaute & Crepy, 1983; Nyikos & Pajkossy, 1985; 
Sapoval et al., 1933).
Numerous experimental studies on various materials using 
different characterization techniques were performed to 
reveal the structure of solid aggregates by means of fractal 
dimension (Risović et al., 2008; Zhang et al., 2009). In some, 
though not all, systems studied so far, a relation (Nyikos & 
Pajkossy, 1985): 

 
1( ) 1D
n

 
 

  

 (3)

was found to be valid between the exponent n and the fractal 
dimension D. Therefore, at calculating the fractal dimension 
of the composites with various CNT concentrations from the 
IS results, equations (Eqs.) (2) and (3) were applied. Actually, 
Eq. (3) is consistent with the trends of a pure capacitive 
impedance in the smooth (D→2) and with a constant 
impedance in the very rough (D→3) limits. 
Table 1 shows the values of the fractal dimensions determined 
by the SANS measurements and calculated from the IS 
method. Both employed techniques revealed that CNT/
epoxy composites exhibit surface fractal behavior (the fractal 
dimension of the surface is between two and three), that is, 
rough, colloidal and uniformly dense structures. A relative 

measurement uncertainty of fractal dimension: 
D

D


 

 

with 
∆D=(D–D) and D is average value of the fractal dimension 
D) was determined for both methods to substantiate the 
variation of D by increasing the amount of CNT fillers. The 
almost constant values of the fractal dimension D for both 
methods show an epoxy-CNT surface prooved to be similarly 
rough for all the samples, regardless the amount of CNT. 
The variation of the fractal dimension (determined by SANS 
and IS) as a function of the CNT content is depicted in Fig. 
5. Concerning the values found for the fractal dimensions, 
it indicates that for both IS and SANS measurements, only a 

very slight difference is noticed from one CNT concentration 
to another. Comparing these results, we can observe that the 
fractal dimensions obtained by the SANS are slightly higher 
than those determined by the IS method. Average values of 
fractal dimensions D, represented by an horizontal line in the 
Fig. 5, clearly show that also. The observed difference can be 
attributed to the influence of other parameters (beside the 
pure geometrical surface) on the CPE exponent n of the IS 
measurements. Based on the results, it can be concluded that 
the IS method described in this work can be used as a simple 
standard tool in order to explore the fractal structure of these 
composites.

CONCLUSIONS

The results of this study show that the IS technique can be 
employed as a simple standard tool in order to analyse the 
fractal structure of composites. Using an equivalent circuit 
containing CPEs allows reproduction of the Nyquist plots of 
the composites. It was noticed that the IS fractal dimension 
increases with the increase of the CNT content, which is 
in good aggreement with the increase of the irregularity 
accompanied with the growth of the filler interface. Both 
employed techniques (IS and SANS) presented a fractal 
dimension between 2 and 3, that refer to colloidal and rough 
structures.
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Table 1. Fractal dimensions of the samples measured on SANS 
equipment and calculated from impedence results

f (%) 0.2 1.5 2.0 2.5 3.0 5.0

D (IS) 2.02 2.04 2.06 2.11 2.11 2.21

(%)
(IS) 
(IS) 

D
D∆ 3.35 2.39 1.43 0.96 0.96 5.74

D (SANS) 2.31 2.3 2.29 2.32 2.3 2.31

(%)
(SANS) 
(SANS) 

D
D∆ 0.43 0 0.43 0.87 0 0.43

SANS, small angle neutron scattering; IS, impedance spectroscopy.
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Fig. 5. Variation of the fractal dimension determined by small angle 
neutron scattering (SANS) and impedance spectroscopy (IS) of the 
composites as a function of carbon nanotubes content. Horizontal lines 
indicate the values of the average (D) obtained  by SANS and IS.
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