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The concentration and temperature dependences of the electrical properties of the composites obtained on the 

basis of a copolymer of polyvinylidene fluoride with tetrafluoroethylene P(VDF–TFE) with silicon nano- and 

microparticles were investigated, and the effect of gamma-radiation on them was studied. It is shown that the cause 

of the change in the concentration and temperature dependences of the electrical properties of irradiated composites 

P(VDF)–TeFE)/Si, apart from crosslinking and destruction, is the uneven distribution of the energy of the absorbed 

radiation between the components of the composite material. 

PACS: 61.80.Ed; 61.25.hp; 72.80.Tm 
 

INTRODUCTION 

Recently, physics and chemistry of nano-sized 

materials are one of the most intensively developing 

fields of science and technology [1–4]. In this 

connection, of great interest are studies of composites 

based on a polymer with a semiconductor, the processes 

occurring in them, and size effects [5–7]. It is also 

associated with their electrophysical, physico-chemical, 

optical, and photoproperties and their practical 

application in various devices (photocells, solar cells, 

sensors etc.). It is possible to control its electrophysical, 

optical and photoproperties by changing volume 

quantity and size of filler in polymer composites.  

The composite materials have different active 

properties depending on the type and properties of the 

filler [8–12]. On the other hand, various external effects, 

including ionizing radiation, can modify these active 

properties [13–16]. Scientific studies in this direction 

show that composites with semiconductor fillers are of 

great interest. Interest in these composites is due to the 

presence of electroactive properties with a wide 

spectrum in the semiconductor materials. Electroactive 

properties of such composites are mainly formed by 

electrical properties, and the current value in the 

composites is determined by the sizes of the polymer 

layer between the filler particles, and the Volt-Ampere 

Characteristics (VAC) due to tunneling of the charge 

carriers from this layer [17, 18]. Despite the large 

number of scientific studies on the investigation of 

electrophysical properties in these materials, the value 

of interparticle contact resistance and the beginning of 

the percolation border in composites are insufficiently 

studied [19–22]. Also, here the effects of ionizing 

radiation on these problems have been examined in 

superficial. Considering these, in the present work, 

different volume composites were obtained on the basis 

of nano- and microsilicon (Si) particles and copolymers 

of polyvinylidene fluoride with tetrafluoroethylene. 

First of all, the concentration and temperature 

dependence of specific volume resistance of composites 

irradiated with gamma-quantum doses in various doses 

were studied. Then, the temperature dependence of the 

specific volume resistance of the P(VDF–TeFE)/Si 

nano- and microcomposites with contains 1 and 10% 

volume was irradiated in the dosage range of 

0…300 kGy. 

EXPERIMENTAL PART 

The composites are obtained by thermal pressing 

method of previously mixed powders in definite volume 

component ratios. Pressing is carried out at the melting 

point of the polymer matrix under a pressure of 10 MPa 

for 5 min, followed by cooling the melt in an aqueous 

medium at an ice temperature. The resistance 

measurement of composite samples is carried out by   

Е6-13А Theraohmmeter at heating rate 2.5 K/min. The 

samples in “sandwich” form with plane-parallel 

electrodes from aluminium are used for measurement of 

ρv specific volume resistance. Samples were irradiated 

with a source of γ-radiation based on the 
60

Co isotope 

on the MRX-γ-25M facility. 

DISCUSSION OF THE RESULTS 

As known, the electrical properties of the 

composites are dependent on interparticle contact 

resistance, resistance of components, type, size and 

quantity of filler [23]. From the dependences (Fig. 1,a,b) 

it is clearly seen that the change in the volume amount 

of the filler up to 50% in the composite, there is a 

change in the resistance ρv of approximately ~ 5 orders 

of magnitude, which is typical of heterogeneous 

composite systems. The separation of the electric 

conductivity to the dielectric at the low concentrations 

of filler and high conductivity regions at high 

concentrations is typical for polymer-filler composite 

systems. The interval between two areas where the 

resistance is monotonously decreases is called the 

percolation zone. Various external factors also affect the 

change in electrical properties of composite materials, 

and sometimes these factors allow you to control their 

properties. The effect of the ionizing radiation we use as 

an external factor leads to the certain changes in the 

electrical properties by changing the structure of 

composite components and the nature of the interphase 

boundary. 

It has been given the concentration dependence 

lgρv = f(Ф) of the specific volume resistance of the 

P(VDF–TеFE)/Si composites, initial and irradiated at 

different doses, which was taken on the basis of fillers 

with the size of d < 50 μm (a) and d ~ 50 nm (b) (see 
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Fig. 1). Apparently, the percolation transition is 

observed in the concentration range of ~ 5…20% by 

volume of filler (curve 1) for composite P(VDF–

TeFE)/micro-Si (see Fig. 1,a). In addition to narrowing 

the range of the percolation transition in samples 

irradiated with gamma rays with 100 kGy (~ 10…20%; 

curve 2), this range doubles with increasing dose (D) 

and the beginning the percolation transition shifts 

towards higher filler values (curves 3 and 4). We 

believe that the observed effect is due to cross-linking 

processes between the macromolecules of the polymer 

and the polymer chains with the surface of the Si 

particles. The intermolecular crosslinking processes in 

the matrix due to the influence of gamma irradiation at 

lower values of the filler provide a decrease in the 

mobility of macromolecular chains and the relative 

stability of the electrical resistance of the composite. 

In my opinion, another reason why the electrical 

resistance of the composite remains relatively high and 

constant is oxidation of the surface of Si particles during 

the radiation on the open air. Crosslinking on the matrix 

and oxidation of the filler surface are the factors that 

observed the percolation transition boundary causes the 

filler to move towards higher filler values in gamma-

irradiated samples. A subsequent increase in the amount 

of filler in the matrix leads to a relatively large decrease 

and stabilization of the resistance value due to contacts 

between the particles. 
 

 
                                               a                                                                

Fig. 1. Dependence ρv = f(Ф) of P(VDF–TFE)/nano-Si composites, initial and irradiated at different doses,  

obtained on the basis of fillers with the sizes of d < 50 μm (a) and d ~ 50 nm (b):   

 1– initial; 2 – irradiated at 100 kGy; 3 – 200 kGy; 4 – 300 kGy 
 

It can be seen that the dependence lgρv = f(Φ) of the 

initial and irradiated composites P(VDF-TеFE)/nano-Si 

obtained at different doses, based on fillers (d ~ 50 nm), 

differs in comparison with dependencies of samples 

obtained with micro-Si (see Fig. 1,b). In these samples, 

the transition from the highly résistance state to the low 

resistance occurs at a slower rate. There is observed no 

sharp boundary of the percolation transition with the 

increase in the quantity of filler. The reason is the 

increase in the effective surface of the interphase 

polymer-Si border, in proportion to the increase in the 

filler's volume to Ф = 50%. The change in resistance is 

due to an increase in crosslinking in the polymer matrix 

of nanocomposites after gamma irradiation, oxidation of 

nano-Si particles, and an increase in Si–O–C bonds 

[24]. In addition, we believe that a more uniform 

distribution of nanoscale filler over the volume of the 

composite leads to a more efficient absorption of the 

dose by the filler and ultimately to a decrease in the 

effect of radiation on the matrix [25, 26]. To study the 

differences in the electrical conductivity of P(VDF–

TeFE) – nano- and microcomposites obtained at two 

different concentrations (1 and 10 vol.%) and irradiated 

in the 0…300 kGy range, the temperature dependence 

of their specific resistance (ρv) in the stable electric field 

was investigated (Fig. 2). Dependence of lgρv = f(1/T) 

for P(VDF–TeFE)/Si composites obtained with the 

same amount of nano- and micro-Si and irradiated at 

different doses and comparative analysis of activation 

energy (ΔE) calculated from these dependencies allows 

us to evaluate the exploitation characteristics and 

radiation resistance of composites. It is seen that the 

dependence lgρv = f(1/T) of the initial P(VDF–TeFE)/Si 

composites obtained with 1% (see Fig. 2,a) and with 

10% by volume (see Fig. 2,d) nano (curve 2) and micro 

(curve 3) of the filler consists of curves, which differ 

from each other in resistance value by two orders of 

magnitude. The resistance of composites obtained by 

nano-Si is higher than the resistance of composites 

obtained with micro-Si, and in this case the specific 

resistance of the samples obtained with the nano-Si 

increases compared with polymers, while the specific 

resistance of the composite obtained with micro-Si 

decreases.  

The activation energy of the conductivity ΔE was 

calculated for the tangent to the rectangular portion of 

each curve in the dependence on lgρv = f(1/T) of both 

micro- and nanosized composites and the results are 

presented in the Table. Comparison of the curves (see 

Fig. 2,d,e,f; curve 2) and corresponding activation 

energy values (see Table) of the initial and irradiated 

samples of the P(VDF–TeFE)/10% nano-Si composites 

in the dependence of lgρv = f(1/T) shows that the 

parameters remain stable within a certain error the 

measured temperature range. The reason why, P(VDF–

TeFE)/nano-Si composites obtained with nano-Si are 

resistant to ionizing radiation, as we mentioned above, 

is the relatively high concentration of particles in the 

bulk of the composite and their uniform distribution 

[26]. 
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Fig. 2. Dependence lgρ=f(1/T) for the 1% (a, b, c) and 10% (d, e, f) P(VDF–TeFE)/Si composites  

and P(VDF–TeFE) irradiated at different doses: а – and d – initial; b – and e – 100 kGy; с – and f – 300 kGy;  

1 – P(VDF–TeFE); 2 – nano-Si; 3 – micro-Si 
 

The activation energy of conductivity ΔE was 

calculated according to the method from the literature 

[27] from the dependences lgρv = f(1/T) of both micro-

size and nanoscale composites, and the results are 

presented in the Table. The same effect is also observed 

for P(VDF–TeFE)/1% nano-Si samples which irradiated 

100 kGy dose. Comparison of the curves and values of 

the activation energy ΔE in the Тable shows that the 

parameters of the composites with a content of 1 and 

10% bulk nano-Si and irradiated with a dose of   100 

kGy are more resistant to gamma irradiation. And the 

values of the irradiation dose of 100 kGy may be 

adopted as a modification mode for P(VDF–

TeFE)/nano-Si composites. As can be seen from the 

table, P(VDF–TeFE)/10% nano-Si composites can be 

used as resistant materials to the effects of gamma 

radiation. The radiation energy absorbed in the P(VDF–

TeFE)/10% nano-Si composites, obtained on the basis 

of nanoscale Si particles, is distributed, the energy at the 

interfacial boundary of the polymer matrix and 

nanoparticles increases, and as a result the stable 

conductivity of the samples is provided. We believe 

that, during irradiation of polymer nanocomposites, the 

absorbed radiation energy is redistributed in the 

P(VDF–TeFE)/10% nano-Si composites. Part of the 

energy supplied to the interfacial boundary of the 

polymer matrix and the nanoparticles increases, and part 

of the energy of the falling polymer matrix leads to an 

increase in crosslinking and, as a result, is the stability 

conductivity [26]. We know that, while the filler has the 

same quantity, the concentration of particles in the 

nanocomposite is relatively high compared to the micro- 

composite.

 



 

The values of the activation energy ΔE of conductivity for P(VDF-TeFE), initial and irradiated at different doses 

and P(VDF–TeFE)/Si composites obtained with micro- and nanoparticles 
 

Sample Dose, kGy 
micro-Si nano-Si 

ΔE1, eV ΔE2, eV ΔE1, eV ΔE2, eV 

100% P(VDF-ТеFE) 

0 – 0.33 – 0.33 

100 – 0.298 – 0.298 

300 – 0.27 – 0.27 

P(VDF-ТеFE)/1% Si 

0 – 0.36 0.2 0.387 

100 0.036 0.31 0.17 0.26 

300 0.15 0.324 – 0.253 

P(VDF-ТеFE)/10% Si 

0 – 0.32 0.18 0.25 

100 0.113 0.298 0.18 0.25 

300 0.165 0.36 0.18 0.25 
 

Transfer from microparticles to nanoparticles results 

in an increase in the concentration of the filler's active 

surface and the concentrations of C–O–Si bonds and, 

consequently, in a decrease in the mobility and 

conductivity of the polymer chains we experimentally 

observe [24]. The concentration of C–O–Si bonds 

decreases due to a decrease in the effective surface in 

the case of composites obtained with microparticles, and 

an increase in the mobility of the polymer chains and 

conductivity is observed, respectively, which affects the 

activation energy. 
 

CONCLUSIONS 

The reason for the observed changes depending on 

the lgρv = f(Ф) of the irradiated composites obtained on 

the basis of the copolymer P(VDF–TeFE) with micro- 

and nanosized Si are both crosslinking in the matrix and 

oxidation of the filler surface, as well as the uneven 

distribution of absorbed energy radiation between the 

components of the composite.  

Thus, when the filler is nanosized, the concentration 

becames higher and its even distribution in the volume 

leads to more effective absorption of the absorbed dose 

by the filler and, consequently, the attenuation of the 

radiation effect on the matrix.  

The stability of the ρv and ΔE parameters for 

P(VDF–TeFE)/10% nano-Si composites up to a dose of 

300 kGy can be estimated as the gamma-radiation 

resistance of the composites in the indicated dose range. 
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ЭЛЕКТРИЧЕСКИЕ СВОЙСТВА ГАММА-МОДИФИЦИРОВАННЫХ КОМПОЗИТОВ 

СОПОЛИМЕРА ПОЛИВИНИЛИДЕНФТОРИДУ  

С ТЕТРАФТОРЭТИЛЕНОМ И КРЕМНИЕМ 

И.M. Нуруев 

Исследованы концентрационные и температурные зависимости электрических свойств композитов, 

полученных на основе сополимера поливинилиденфторида с тетрафторэтиленом P(VDF–TFE) с нано- и 

микрочастицами кремния, и изучено влияние на них гамма-излучения. Показано, что причиной изменения в 

концентрационных и температурных зависимостях электрических свойств облученных композитов P(VDF–

TeFE)/Si кроме сшивания и деструкции является и неравномерное распределение энергии поглощенного 

излучения между компонентами композитного материала. 

 

  

ЕЛЕКТРИЧНІ ВЛАСТИВОСТІ ГАММА-МОДИФІКОВАНИХ КОМПОЗИТІВ 

СОПОЛІМЕРА ПОЛІВІНІЛІДЕНФТОРИДУ З ТЕТРАФТОРЕТІЛЕНОМ І КРЕМНІЄМ 

І.M. Нуруєв 

Досліджено концентраційні і температурні залежності електричних властивостей композитів, отриманих 

на основі сополімера полівініліденфториду з тетрафторетіленом P(VDF–TFE) з нано- і мікрочастинками 

кремнію, і вивчено вплив на них гамма-випромінювання. Показано, що причиною зміни в концентраційних і 

температурних залежностях електричних властивостей опромінених композитів P(VDF–TeFE)/Si крім 

зшивання і деструкції є і нерівномірний розподіл енергії поглиненого випромінювання між компонентами 

композитного матеріалу. 

 

 

 

 

 


