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ABSTRACT 
 
 Blend of nylon 6 (poltamide 6) and polystyrene PA6 /PS (75: 25, wt/wt) was prepared by means of melt-
mixing using a twin- screw extruder, and the effects of γ-radiation in the air on their dielectric properties were 
investigated at different frequency range. In this blend, PS was the dispersed phase in the nylon6 matrix. Pure 
PA 6 was processed in the same way and used for comparison. It was noted that the blended samples have a 
higher ` value compared with the unblended ones. There is a decreased broadening of the loss spectra on 
blending as determined by Havriliak-Negami (HN) fits to the dielectric data. The changes observed in the 
dielectric relaxation spectra were related to the modifications in the structural and morphological parameters 
attributed to the exposure of the samples to radiation. 
 
Key words: PA6; PS; - rays; Havriliak-Negami; dielectric properties; ac conductivity.  
 
Introduction 
 
 The use of polymer alloys and blends has grown constantly at 9% in the last 10 years and it is four times the 
growth rate of the total plastic industry (Horiuchi et al, 1997). However, the most useful blends are immiscible 
due to the low combinatorial entropy of mixing and, therefore, the multi-phase system can be characterized by a 
coarse and unstable morphology. These immiscible blends are considered as heterogeneous disordered systems. 
The morphologies determine physical and mechanical behaviors of polymer blends and if we are to obtain better 
materials, we must control the morphologies. The relationships among molecular motions, morphology, and 
physical properties are still qualitative at best.  
 Dielectric measurements can give valuable information about the structure and dynamics of polymeric 
dielectric materials (Suljovrujic, 2002). Also, for the application of polymers in insulation systems it is of 
essential interest to understand the dielectric phenomena (Krause et al, 1989). The electrical performance of 
immiscible materials, as these systems are sometimes referred to, is directly related to the permittivity and 
conductivity of the constituent phases and volume fraction of the inclusions and can be experimentally 
investigated by means of Dielectric Spectroscopy. Multi-phase Polymer matrix are basically electrical 
insulators, due to their low concentration of free charge carriers. Thus their electrical response is, mainly, 
associated with relaxation phenomena occurring under the influence of ac field. The observed relaxation 
processes are related to dipolar orientation effects or space charge migration (Psarras, 2006). Molecular mobility 
and interfacial polarization are regarded as the origin of dielectric effects. 
 On the other hand, radiation processing (Singh and Silverman 1991) of polymeric materials is the main 
steps in certain modern technologies and has extensive application. These facts explain the high interest in the 
study of radiation effects on polymers. The effect of ionizing radiation on the molecular relaxation of polymers 
has been the subject of recent publications (Matthews et al 1999, Suljovrujic et al 2001). It has been shown that 
gamma irradiation change the mobility of the chain segments, leading to a shift in relaxation maxima and 
changes in activation energies of given relaxations (Xu and  Zhang,  2011). It was found that gamma irradiation 
can reduce the mobility of chain segments and increase structural defects in polyamide 610 (Xu and  Zhang,  
2011). In addition, irradiation increases the stability of trapped charge in both amorphous phase and interphase, 
but not affecting the stability of trapped charge in crystalline phase. 
 We can classify immiscible binary polymer blends into three types: (1) crosslinking type in bulk and 
crosslinking type in dispersed phase; (2) degrading type in bulk and crosslinking type in dispersed phase; (3) 
crosslinking type in bulk and degrading type in dispersed phase. In this paper, we study the third type. The 
continuous phase is the crosslinking-type polymer (nylon 6) and disperse phase is not (polystyrene PS). Many 
researchers indicate that both molecular modeling and FTIR are powerful techniques for indentifying polymer 
blends as well as several interactions (Ibrahim, M., et al. 2010; Abdel-Gawad, A., Ibrahim, M. 2012 and 
Ibrahim, M. et al. 2012). Few scientists have studied the polymer blend of nylon 6 (PA 6) by the irradiation 
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method (Chen et al 2011). In this method, blend will be prepared using the extruder or other processing and then 
the sample will be irradiated. With increasing of the gamma radiation dose, the crosslink first occurs in bulk and 
then forms in the dispersed phases. Electrical properties of pure PA6 and PA6/ PS blends are investigated in this 
paper. 
 
2. Experimental: 
 
 Polystyrene (PS) used throughout this work were provided by El-Nasr Co. for Medical Supplies, Cairo, 
Egypt. The nylon6 (polyamide 6, PA6) is a commercially available material. Nylon6 was dried for more than 24 
h at 90oC before blending. Blend of nylon6 and polystyrene (75: 25, wt/wt) was prepared on a "Brabender" 
plasticoder at 235oC adjusted to a rotation speed of 20 rpm, for 5 minutes. Sample of pure PA 6 was processed 
in the same way and used for comparison. 
 The films were made by using a hot press at 40 MPa and 240oC for 5 minutes. Films were quenched in cold 
water before cutting them into strips of different dimensions. The thickness of these films was adjusted to 2 mm. 
 The gamma radiation source used is the gamma cell produced by the Atomic Energy of Russian, 60Co 
gamma rays of dose rate that ranged from 9.23 kGy/ h was used in this study. Irradiation was performed at room 
temperature in air. The irradiation facility was constructed by National Center for Radiation Research and 
Technology (NCRRT), Atomic Energy Authority (AEA), Nasr City, Egypt. 
 The dielectric properties were measured using a bridge (LCR-821, Instek LCR meter). Samples 
approximately 0.2 cm thick and 1.0 cm diameter were used. The two opposite faces of the samples were coated 
with Silver paint (supplied by Acheason Colloiden BV, Holland). Copper wires were cemented on both surfaces 
with the paint and the sample was mounted on a sample holder (at 300 k). The permittivity (ε`), dielectric loss 
(ε``) and ac conductivity (σac) for the denoted samples were conducted over a frequency range from 100 Hz to 5 
MHz at room temperature. The capacitance (C) and the loss tangent (tan δ) were obtained directly from the 
bridge from which ε`, ε`` and σac were calculated.  
 
Results and Discussion 
 
3.1 Permittivity formalism: 
 
 The dielectric behavior of pure PA6 and PA6/ PS 75/25 wt% blend was studied at room temperature and the 
results analyzed in terms of different parameters. The dielectric behavior of a material is usually described in 
terms of the dielectric function, ε*= ε`+ ε``, where, ε` is the dielectric constant and ε`` is the dielectric loss. 
Dielectric measurements, such as the dielectric constant and the dielectric loss, reveal significant information 
about the chemical and the physical states of polymers. These properties are drastically affected by the presence 
of another polymer or a dopant in the polymer (Mosad, 1990, Saito and Stuhn, 1994, Fahmy Ahmed, 2003). The 
permittivity (dielectric constant) is a measure of the energy stored in a sample during a cyclic electric excitation. 
The energy stored is usually in the form of a non-uniform dipole distribution or ionic charge layers. The 
dielectric loss factor is a measure of the energy lost into a system during cyclic electric excitation. The energy 
loss of the sample is typically due to the presence of moving dipoles. Hence, ε`` values correspond to the 
conductivity of the material (Zheng and Wong, 2003, Wang et al 1991, Cerezo et al, 2007). Both dielectric 
constant and loss factor depend upon two factors: (1) dipole density, characterized by the total number of 
dipoles per unit volume and (2) the ability of the dipoles to follow the reversal of polarity with applied electrical 
field, i.e. the mobility of the dipole, which in turn depends upon the mobility of the charges on the polymer 
chains to which the dipoles are attached. 
 The dielectric constant and dielectric loss of pure PA6 and PA6/ PS (75:25 wt/wt %) blend were determined 
by measuring the capacitance (C) and loss tangent (tan δ) with an a.c. impedance bridge. The dielectric constant 
(ε') was evaluated from the capacitance measurement using equation (1) 
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where Co is the vacuum capacitance of any configuration of electrodes and C is the capacitance with an isotropic 
material filling the space, 0  is the permittivity of free space which is equal  to 8.85× 10-12 F/m, A is the cross-
sectional area of the sample and d is its thickness.  
The dielectric loss (ε``) was obtained from the equation, with tanδ being measured 
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 The dielectric constant `() and  dielectric loss ``() measurements against  different doses of gamma 
radiation in the frequency (ω) range 100 Hz to 5MHz were carried out at room temperature. Fig. 1 (a, b) 
illustrates the change in ` for PA6 and PA6/ PS blend with frequency at different gamma doses, respectively. 
The dielectric constant continuously decreased with increasing frequency and tended to reach a constant value at 
about 10000 Hz. This may be attributed to the tendency of dipoles in the macromolecules to orient themselves in 
the direction of the applied field in the low frequency range. However, within the high frequency range the 
dipoles will hardly be able to orient themselves in the direction of the applied field and hence the value of the 
dielectric constant decreased (Singh and Gupta, 1998). 
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Fig. 1: (a, b): Frequency dependence of the real part ε`(ω) of permittivity for a: PA6;  b: PA6/ PS blend at 

different gamma doses. 
 
 In addition, it can be seen that the blended samples has a higher ` values compared with the unblended 
ones. The noticeable increase of ` values due to blending may be attributed to free charge building up at the 
interfaces within the bulk of the sample (interfacial or Maxwell-Wagner-Sillars (MWS) polarization) and at the 
interface between the sample and the electrodes (space charge polarization), particularly for polyblend samples 
(Fahmy and Ahmed, 2011). The space charge polarization arises from charge accumulation at the grain 
boundaries and at the electrode interfaces. The contribution from space charge polarization reduces with 
increasing of frequency, as the dipoles do not respond at high frequency due to the space charge. The Maxwell- 
Wagner- Sillars effect is a phenomenon appearing in heterogeneous media due to the accumulation of charges at 
the interfaces. Analysis of the process shows a Debye- type relaxation where the permittivity components are 
frequency dependent (Madani et al 2010). The dielectric constant values decreased with increasing irradiation 
dose. 
 Fig. 2 (a, b) illustrates the change in the dielectric loss (``) for the unirradiated and irradiated samples at 
different doses within the frequency range 100 Hz- 5MHz (f = ω/2π) at room temperature for PA6 and PA6/ PS 
blend, respectively. It is clear from Fig. 2 that `` of the unblended PA6 is substantially lower than that of PA6/ 
PS blend. Both PA6 and PA6/ PS blend exhibited a relaxation process (so-called β-relaxation) around 3.5~ 4 
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kHz. This relaxation process may be caused by a possible local movement of side group dipoles (Borisova, 
1974). The influence of the blending with PS is evident; the loss curve was shifted to lower frequency. Polymer 
dynamics is characterized by broad relaxation spectra spreading over a wide range of time and length scales. 
Relaxation processes of a homo-polymer can be greatly modified by blending with another polymer component. 
From practical viewpoints, it is important to understand and control these relaxation processes because the 
mechanical, as well as the electrical properties of multi-component polymers are greatly affected by both the 
mixing process and irradiation conditions. Most polymers are not miscible with each other and undergo phase 
separation upon blending (Roland and Ngai, 1993). 
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Fig. 2: (a, b): Frequency dependence of imaginary part ε``(ω) of dielectric permittivity for a: PA6;  b: PA6/ PS 

blend at different gamma doses. 
 
 The peak frequency was shifted to lower frequencies with increasing irradiation dose and becomes less 
intense. It is evident that as the irradiation dose is increased, the frequency of the peak maximum is decreased, 
due to the restriction of molecular motion polymer chains which attaining lower mobility. The radiation induced 
changes will also greatly influence the dielectric spectra; introducing the polar groups will intensify dielectric 
losses; crosslinking and the net structure formation, under irradiation, will restrict the motion of macromolecules 
causing shifting of the relaxation maxima (Suljovrujic, 2002). It can be concluded that the changes observed in 
the dielectric relaxation spectra were related to the modifications in the structural and morphological parameters 
attributed to exposure of the samples to radiation. 
 
3.2 Relaxation Time: 
 
 In order to illustrate the relaxation characters observed in the PA6 and PA6/ PS blend, the dielectric 
analyses of the samples were performed. As `() represents the capacitance nature and ``() represents the 
conductive nature, the electrical behavior of the sample can be traced by elucidating the dielectric behavior 
involving `() and ``() from the complex permittivity *(), which consists of `() (real part) and ``() 
(imaginary part) as  
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)``()`()(*  i            (3) 

 
 The experimental data can be fitted by the well-known modified empirical Havriliac-Negami (HN) (Duran 
et al, 1986, Havriliak and Negami, 1967), equation:  
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ωHN= 2πf  is the characteristic HN frequency closely related to the frequency of maximal loss (fmax); εs and ε∞ 
(ε∞ is the optical dielectric constant) are the real permittivity values at the low and high frequency limits, 
respectively, and τ ≈ (2πf )-1  is the characteristic relaxation time.  
 When a distribution of relaxation times is introduced, irrespective of its form, the frequency of maximum 
absorption is still given by (Raja , 2004)    
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where 0f is a constant; k  is Boltzmann's constant; T is absolute temperature and E is the activation energy. 

The frequency dependence of the dielectric constants can be described by the Hariliak-Negami function (Reddy  
et al, 1993).  

 The Debye equations describing the relaxation phenomena involve a singular 0  value and a narrow and 

symmetrical peak with a well-defined frequency of maximum absorption (Tareev, 1979). Such a model is, 
however too simple. In a condensed phase the environments of different molecular forces will vary; the 
magnitude of the interacting forces, directing forces and/ or thermal fluctuations will change from place to place 
and from time to time. Probably, every dipole or ion in its own situation has, at any moment, its own intrinsic 
relaxation time. The dielectric permittivity can be given by the following formula, assuming a single relaxation 
time ( ): 
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where 0 is the static dielectric constant,  is the high-frequency (optical) dielectric constant of the material 

and  is the applied angular frequency. The loss peak occurs when max =1, max being the frequency of the 
loss peak. Inherent in equations 7 and 8 is the assumption of a single relaxation time. In polymeric materials, 
however, the mobility of different dipoles depends upon the local restriction imposed by their immediate 
surroundings. The spatial variation of these restrictions results in a distribution of relaxation time. Relaxation 
time decreases with increasing temperature and decreasing size of polar group. The relationship between 
temperature and relaxation time is (Shekar  et al, 2004)  
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where 0  is a pre-exponential factor and does not depend on the temperature (Scaife, 1989). Fig. 3 (a, b) shows 

the plots of )/log( ``   versus  )`log(   for un-irradiated and irradiated PA6 and PA6/ PS blend at room 

temperature, respectively. The resultant linear dependence indicates that a relaxation mechanism is involved. 
The results given in Fig. 4 were obtained by applying a linear regression fitting. Fig. 4 shows the variation of 
relaxation time, τ versus irradiation dose for PA6 and PA6/ PS blend. From the whole data, one can conclude 
that by blending PA6 with PS, the relaxation time is relatively reduced although it does not change for the whole 
samples as it is might be due to intrinsic behavior of the sample. The Decrease of relaxation time on blending is 
attributed to the temperature of measurement being below the glass transition of the rigid PA6-rich component 
of the blends and that this is likely to have an effect because of micro-heterogeneity in the blend (Komalan  et 
al, 2007). The decrease in relaxation time due to irradiation could be associated with stronger intermolecular 
coupling in networks with higher crosslink density (Jelcic and Ranogajec, 2010). The above results indicate that 
irradiation of the sample increases the cross-linking density of macromalecule. This in turn, decreases segmental 
mobility and decreases the relaxation time of dipole segmental loss. These results confirm the explanation for 
the dielectric constant and dielectric loss characteristics as relaxation times decreases with the increasing 
irradiation dose.  
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Fig. 3: (a, b): plots of )/log( ``   versus  )`log(   for a: PA6;  b: PA6/ PS blend at different gamma 

doses and at room temperature.  
 
3.3 Frequency dependence of conductivity for irradiated samples:  
 
 The ac conductivity results introduce a better understanding of the conduction process. The ac conductivity, 
σac () versus frequency of PA6 and PA6/ PS blend were presented in Fig. 5 (a, b) at different irradiation doses, 

respectively. The ac conductivity )( ac ) was determined by the relation: 

 

``)(  oac             (10) 

 

where o  is the permittivity of the free space (8.8510-12 Fm-1). The frequency dependence of )( ac for the 

un-irradiated and irradiated samples in the frequency range 1000 Hz to 5MHz and at room temperature is shown 

in Fig. 5. It is observed that )( ac  value increases as the frequency increase. The charge carriers, which have 

high relaxation times due to the higher energy barrier and respond in the low- frequency region might be less in 
number, hence, the conductivity is lower at lower frequencies. However, the number of charge carriers with low 
barrier heights is more and they respond easily to high frequency, showing higher conductivity at higher 
frequencies. 
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Fig. 4: Relaxation time vs. irradiation dose. 
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Fig. 5: (a, b): Plot of σac(ω) vs. log(ω) for a: PA6;  b: PA6/ PS blend at different gamma doses. 
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 The conductivity values decreased as the irradiation dose was increased for PA6 and PA6/ PS blend. Fig. 6 
exhibits the variation of σac with irradiation doses at a fixed frequency 10 kHz. The increase in irradiation dose 
causes a higher cross-linking density which causes to increase the average molecular weight of polymer. 
Presence of much more cross-linking points can be considered as barrels to prevent the charge movement 
between polymer chains and thus increase the electrical resistance of cross-linked sample (Boudou and 
Guastavino, 2002). This argument is in agreement with the Kolesov study on the PE in which he described the 
influence of molecular weight on morphological and electrical properties of PE, he also has shown that the 
increase of the molecular weight leads to an increase in the volume resistivity (Kolesov, 1980). Also Marsacq et 
al, 1995, have shown that the increase in molecular weight leads to an increase in charging ability of polymer, 
i.e. the growth of a number of traps in material which prevent the charge movement inside the polymer and 
hence increase the electrical resistance.  
 
Conclusions: 
 
 Effects of adding the PS polymer and of gamma radiation on the electrical properties of PA6 have been 
investigated. The dielectric constant, loss factor and conductivity of the blend prepared by mixing PS with PA6 
(25/ 75 wt/wt %) increase compared to the unblended PA6. On the other hand, the electrical properties of all the 
samples were affected significantly by increasing the radiation dose. So, the resistance of all samples increases 
when the radiation dose increases up to 50 kGy. The peak frequency was shifted to lower frequencies with 
increasing irradiation dose and becomes less intense, due to the restriction of molecular motion polymer chains 
which attaining lower mobility. The relaxation time is decreased on blending, and this is attributed to the 
temperature of measurement being below the glass transition of the rigid PA6-rich component of the blends and 
that this is likely to have an effect because of micro-heterogeneity in the blend.  
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