
ORI GIN AL PA PER

Microton irradiation induced tuning of dielectric
properties of nano ZnO–natural rubber disks

Deepu Thomas1 • K. A. Vijayalakshmi2 •

Jobin Job Mathen3 • Simon Augustine4 •

Deepalekshmi Ponnamma5 • Kishor Kumar Sadasivuni6 •

John-John Cabibihan6

Received: 14 July 2016 / Revised: 6 November 2016 / Accepted: 21 March 2017

� Springer-Verlag Berlin Heidelberg 2017

Abstract The effect of electron beam irradiation of dielectric and conductivity

properties of nano ZnO–natural rubber (NR) disks was investigated here. It is

revealed that electric properties such as AC conductivity, dielectric constant, and

loss tangent of the irradiated samples were improved significantly as compared to

the non-irradiated samples, which have been associated with defects in the com-

posites. The total number of dipoles was generated inside the polymer matrix upon

irradiation depends on the dislocations formed inside the matrix. From the experi-

ments, we observe that in the amorphous region electron beam irradiation fetches

crosslinking and breakdown at the same time. The enhancement of the dielectric and

conductivity properties demonstrates that nano ZnO–NR disks will be a promising

candidate for the optoelectronic industry. Finally, we also examined the influences

of temperature on the electrical conductivity of irradiated samples.
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Introduction

Nanotechnology deals with the fabrication and characterization of materials at the

nanoscale with new and enhanced properties. Nanoparticles possess high

performance when they are employed in the same applications of micro/macro

materials. Due to improved properties, nanocrystallite semiconductors and oxides

have been used in photovoltaics, solar cells, light-emitting diodes, varistors,

ceramics, ion-insertion batteries and electrochromic devices [1]. ZnO nanopar-

ticles have unique properties comparing with other metal oxide nanoparticles and

exhibit prospective applications in optoelectronic devices. High optical trans-

parency, wide band gap (WBG) and luminescent properties in the UV and VIS

region, strong room temperature luminescence, good transparency, etc., make

ZnO an excellent material for optoelectronic applications [2]. The different areas

where this versatile nanomaterial is applied include thin-film transistors,

transparent electrodes in liquid crystal displays, energy-saving or heat-protecting

windows, solar cells, gas sensors, UV photodetectors, heat mirrors, wave devices

and bulk acoustic wave resonators and light emitting diodes [2–5]. The different

techniques used to fabricate ZnO nanoparticles are micro-emulsion, precipitation,

sol–gel, solvothermal and hydrothermal methods [6]. But the wet-chemical

methods have some disadvantages such as tedious procedures, polydispersity, and

particular conditions. Hence, more facetious and rapid methods are needed to

synthesize monodisperse ZnO nanoparticles. Many researchers have synthesized

monodisperse ZnO nanoparticles using sonochemical method. Therefore, it can be

considered to be the most efficient technique to fabricate novel materials [7].

Natural rubber (NR) is highly susceptible to degradation and hence, degradation is

accelerated by high energy irradiation, heat, humidity, light, etc. Wang et al.,

studied the tensile strength changes while incorporating aluminum powder in the

NR matrix and thereafter irradiating the composite with gamma rays. It is

observed that irradiation and loading of fillers caused decrease of tensile strength

[8]. Jamal et al., have reported on the nickel-filled rubber composites which have

both enhanced dielectric and magnetic properties [9]. Because of elasticity, light

weight, and durability, rubber can be replaced by ordinary shielding material for

the purpose of gamma irradiation. These properties make rubber a potential

candidate in different fields such as medical devices, electronics, food storage

products, automotive applications, etc. NR is easily attacked by solvents, ozone,

sunlight, UV rays, etc., and it is not so recommended as such in various

applications without additives [10]. ZnO is a cheap and effective material which

can be used as a filler to progress physicomechanical properties of rubber. The

analysis of dielectric properties of the NR–ZnO composites is very important to

check the possibility of the material in various electronic and optoelectronic

applications. Even though many researchers have reported on the different

properties of NR–ZnO composites, yet a comparative study on the dielectric

properties of the electron beam irradiated and non-irradiated nano ZnO–NR disks

has not been reported. The present study describes the effect of electron beam

irradiation on the dielectric properties of the nano ZnO–NR disks.
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Experimental methods

The ZnO nanoparticles were prepared by the sonochemical method. In a typical

experiment, first an aqueous solution was prepared by dissolving 8.636 g ZnSO4,

3.603 g CH3COOH and 40 mg SDS (sodium dodecyl sulfate) as surfactant in 1 dm3

of water. Another solution was prepared by dissolving 3.6 g NaOH pellets in 25 ml

70% of ethanol as well. Then the first solution was slowly added into the second

solution with continuous stirring. The obtained precipitate was filtered using a

Whatman filter paper (grade 41) and air dried. The white solid product was washed

with ethanol six times and with water ten times to remove the impurities. Then, the

final product was calcined at 550 �C for 1 h. The mechanism behind the formation

of ZnO nanoparticles is shown in the Fig. 1.

The samples were then made into disks of 1 cm diameter and 2 mm thickness.

The disks were coated with a 0.5 mm layer of NR using dip coating technique. The

DC electrical conductivity and dielectric properties were measured using a PC based

Keithley Electrometer (Model 6514) and a PC based Precision Impedance Analyzer

(Model 6500B). The samples were kept between two copper plates of the same

diameter to form a capacitor in a home-made dielectric cell. The dielectric studies

were performed in the frequency range 100 kHz to 5 MHz. Specifications of

electron beam used for irradiation are as follows: beam energy: 8 MeV, beam

current: 30 mA, beam size: 5 mm, pulse repetition rate: 50 Hz, pulse width: 2.5 ls,

dose rate: 1 kGy/min (Fricke dosimetry). The sample (represented as B) was placed

Fig. 1 Mechanism behind the formation of ZnO nanoparticles
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at a distance of 30 cm from the target. The samples were irradiated with a dose of 2,

5, and 8 kGy at room temperature.

Results and discussion

Structure and morphology of ZnO

It is important to know the morphology and dimension of the synthesized ZnO

nanoparticles and here electron microscopy (TEM), XRD and UV–Visible spectrum

are used for this purpose (Fig. 2).

Figure 2a shows the UV–Visible spectrum of ZnO nanoparticles. The peak

position is seen at 362 nm, which lies much below the band-gap wavelength of

388 nm (Eg = 3.3 eV) of micro ZnO. The PXRD pattern of nano ZnO crystals is

depicted in the Fig. 2b. The nanocrystalline nature of the particles is confirmed from

the broadening of the XRD. The average particle size obtained from the Scherer

equation was 44 nm. The maximum intense peak occurs at 36.2�, and the

corresponding value was found to be 2.481 Å which suggest the hexagonal crystal

structure of ZnO. Figure 2c shows the TEM image of ZnO nano particle. It is clear

that the particles are monodisperse in nature with an average size of 40–60 nm. The

spherical shape is evident from the image.

Fig. 2 Characterization of ZnO nanoparticles a UV–Visible, b XRD and c TEM
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Dielectric constant and dielectric loss of electron beam irradiated samples

The mechanical and conducting properties of polymer nanocomposites can be

improved with the irradiation. According to Ciuprina et al., during irradiation, the

properties are improved by enhancing the adhesion between polymers and

nanotubes through defect formation [11]. Here sample B was irradiated with

electron beam at dosages of 2, 4, and 8 kGy, respectively. The results are presented

in Fig. 3a. At the lower frequency both the irradiated and the non-irradiated samples

possess higher values. In the case of 2 and 4 kGy, there is no significant change

observed in the dielectric measurements. But with 8 kGy, the dielectric constant is

found to be enhanced expressively. It was also established that irradiation affects the

balance existing in the polymer matrix, by generating free radicals which react with

the nanoparticles resulting in modifications of the dipolar groups [11]. Hence, the

polarizability is modified with respect to the non-irradiated material and the

irradiated material behaves differently in response to electric fields depending on the

frequency.

The dielectric loss tangent of the irradiated and non-irradiated sample is

presented in the Fig. 3b. The irradiation effects are found to be similar to the

dielectric constant findings. Specifically, loss tangent increases with the electron

beam irradiation. Compared to the dielectric constant, dielectric loss tangent has a

low value. This observation shows that the polarization is more affected by

irradiation. Another observation is that even though there are differences between

dielectric loss tangent values in the irradiated samples with respect to the non-

irradiated, the irradiation process does not influence the order of magnitude of the

dielectric loss tangent for the tested frequencies. The number of dipoles was

increased as the result of chain scission and the free radical formation which results

in changes the dielectric property of the composite [12]. The enhancement in the

dielectric behavior of the polymer is due to the presence of an appreciable number

of defects in the form of bending, breaking of bonds, chain scission, crosslinking,

discontinuity, etc., in the molecular chains.

Fig. 3 a Dielectric constant of non-irradiated and irradiated sample-B. b Loss tangent of non-irradiated
and irradiated sample-B
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Electrical conductivity studies

AC conductivity of irradiated sample

Figure 4a shows the variation of conductivity with frequency for the irradiated and

non-irradiated samples at room temperature (RT). From the results, it is observed

that the conductivity increases with increased rate of exposure. The enhancement in

AC conductivity with frequency discloses that there may be more and more free

charges participating in the hopping process along the defective sites in the polymer

chains. These results indicate that conductivity changes appreciably with the

irradiation doses due to the occurrence of chain scission in polymer, which leads to

faster ionic transport through the polymer matrix assisted by larger segmental

motion of the polymer backbone [13]. The total conductivity r(x) at a specific

temperature can be stated by the power law Eq. 1 thus,

rðxÞ ¼ rac þ AxS; ð1Þ

where rac is the AC conductivity and A is a constant dependent on temperature. The

value of ‘S’ at every observed temperature is calculated from the slope of log(r)

versus log(f) plot. The frequency exponent ‘S’ value lies between 0 and 1. Such a

universal dynamic response is found in a variety of disordered materials. As irra-

diation dosage enhanced, the conductivity started to increase subsequent to irradi-

ation. This is because the irradiation is anticipated to transfer the polymeric

structure into a hydrogen depleted carbon network. This carbon network is supposed

to make the polymer more conductive [14].

Activation energy of irradiated sample

The slope and the activation energy for different irradiated composites were

computed from the Arrhenius plots. The activation energy of electron beam

irradiated sample-B is represented in Fig. 4b. It is observed that activation energy

decreases with increasing irradiation. The observed activation energy in the case of

Fig. 4 a AC conductivity non-irradiated and irradiated sample-B at RT (inset image is ZnO–NR disk).
b Arrhenius plot of irradiated sample-B
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2, 4, and 8 kGy dosages was 0.787, 0.658 and 0.487 eV, respectively. According to

the Arrhenius relationship Eq. 2:

racðxÞ ¼
Ao

T
exp � Ea

kT

� �
; ð2Þ

where Ea and Ao represent the activation energy and pre-exponential factor

respectively, and k the Boltzmann’s constant (k & 8.617 9 10-5 eV K-1). The

activation energy of irradiated and non-irradiated sample is given in Table 1. From

the data, it is clear that we can alter activation energy to a required value with

electron beam irradiation. The activation energy for conductivity affected by tem-

perature is the minimum energy necessary to overwhelm potential barrier in the

composite system. The addition in temperature provides an enhancement in seg-

mental mobility and free volume. These two entities formerly permit free charges to

hop from one site to another as consequently increase conductivity. The conduc-

tivity increases with temperature indicate more kinetic energy gained by ions via

thermally triggered hopping of charge carriers between trapped sites, which is

temperature dependent [9].

Conclusions

The dielectric and electrical conductivity studies of nano ZnO–NR disks reveal the

enhancement in both properties with increases in the irradiation dosage. Irradiation

causes to form defects in the composite as a result of larger number of dipoles

generation in the polymer matrix that changes dielectric properties, and it leads to

more rapid ionic transportation through the polymer matrix supported by a higher

segmental motion of the polymer backbone. Upon increasing the temperature,

exponent ‘S’ decreases and this behavior indicates that the electrical conduction

mechanism obeys the correlated barrier hopping (CBH) model. Irradiation method

promoted in the conductivity and dielectric permittivity enhancement. This property

helps to tune the properties of material for various applications by varying

irradiation dosage. Finding also permits the fabrication of electronic and optoelec-

tronic devices with improved characteristics.
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Table 1 Ea of irradiated and

non-irradiated samples
Sample details Activation energy (Ea) in eV

B 0.831

B ? 2KGy 0.755

B ? 4KGy 0.624

B ? 8KGy 0.462
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