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Abstract The thermally stimulated discharge current

(TSC) and differential scanning calorimetry (DSC) spec-

troscopy have been recorded in 25 lm thick samples of

pristine polycarbonate (PC) and zinc oxide nano particle-

filled polycarbonate. Polycarbonate (PC)/zinc oxide (ZnO)

nanocomposites of different mass ratio (e.g., 1, 3, and 5%)

were prepared by sol–gel method, followed by film casting.

The glass transition temperature of nanocomposite samples

increases with increase in concentration of ZnO nano fill-

ers. It is due to the strong interaction between inorganic

and organic components. The TSC peaks of nanocomposite

and pristine PC indicate the multiple relaxation process. It

has been observed that the magnitude of TSC decreases

with increase in concentration of nanofillers. The TSC

characteristics of 5% filled nanocomposites shows expo-

nential increase of current at higher temperature region.

This increase in current is caused by formation of charge-

transfer complex between inorganic phase (e.g., ZnO) and

organic phase (e.g., PC). Thus, the nano material like zinc

oxide transfers the charge carriers from inorganic phase to

organic phase rapidly and resultant current increases

exponentially. This current is known as leakage current or

breakdown current. TSC peak height is observed as a

function of the polarizing field. The height of TSC peak

increases as the field increases in pristine PC, while TSC

peak height is suppressed in nanocomposite samples. This

indicates the amount of space charge is smaller in the

nanocomposites with a proper addition of ZnO nano fillers

than in the pristine PC.
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Introduction

The development of polymer nanocomposite of polymers

using nanoparticles is common in the production of modern

technology. Polymer nanocomposites (PNCs) or materials

represent a radical alternative to these conventional-filled

polymers or polyblends. In contrast to conventional sys-

tems where the reinforcement is on the order of microns,

PNCs are exemplified by discrete constituents on the order

of a few nanometers—million-times finer than a human

hair. Uniform dispersion of these nanoscopically sized fil-

ler particles produces an ultra-large interfacial area per unit

volume between the nanoelement and host polymer. For

example, interfacial area approaching 700 m2 cm-3 occurs

in dispersions of layered silicates in polymers. This is

comparable to a football field within a raindrop. These

dimensions also imply that the distance between nanoele-

ments is comparable to their size. For a 1-nm-thick plate,

the distance between plates approaches 10 nm at only

7 vol% of plates. This is a morphology truly dominated by

nanoscale properties. Due to the nanoscale structure of

PNCs, a new combination of properties offers new

advantages for the development of advanced materials,

including polymer materials, with high transparency,

thermal resistance, electrical resistance, dielectric proper-

ties, and dimensional stability. These materials seem to be

promising candidates for such practical areas as optics and

electronics [1–5].
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Recently, a lot of attention has been paid in polymer

nanocomposites because of their applications as an

emerging insulating material for electric power apparatus.

They have the ability to reduce insulation thickness nec-

essary for insulation of various electric appliances. There

are several reports on dielectric properties of these mate-

rials in recent years [6–10] but question arises that whether

a new trapping level that can contribute to the improve-

ment of insulation performance is formed by the addition

of nano-filler or due to action of electric field on nano

fillers separately or in composite material. This phenome-

non is still unclear inspite of many efforts made by

researchers. Therefore, TSC is expected to be a powerful

tool to explain underline phenomenon.

The Tg of polymer is influenced by several factors that

include chain stiffness, ease of rotation of bonds, and

interactions between molecules and chain length. In this

regard, at least in bulk polymers Tg reflects the structure of

the polymer. Recently, it has been shown that Tg depends

on the concentration of nanofillers in polymer matrix. The

nano fillers may reduce to length scales comparable to the

radius of gyration of the chain, the Tg of the polymer may

increase or decrease, depending on the nature of its inter-

actions with its environments [11–13].

The objective of the present study is to elucidate the

effect of ZnO nanofillers on TSC and DSC spectroscopy.

Experimental

Polycarbonate used in the present study was procured by

BDH. The ZnO nano particle of size less than 100 nm was

supplied by Sigma–Aldrich. All samples were prepared by

using the sol–gel technique. The solution of particular

concentration was prepared in a glass beaker by dissolving

PC (5 g) in 100 ml of dichloromethane (DCM) at 333 K.

The solution was then kept for 4 h to become homoge-

neous and transparent. The solution thus prepared was

poured onto an optically plane glass plate floating on

mercury pool and the solvent was then allowed to evapo-

rate inside an oven at room temperature for 24 h to yield

desired samples. The dried thin films of pristine PC were

subjected to room temperature outgassing at 10-5 torr for a

further period of 24 h to remove any residual solvent. In

order to obtain the thin film of nanocomposite, we followed

a process containing important steps for preparation of

mother solution:

1. In this technique, the ZnO particles of certain mass

ratio are taken in 20 ml dichloromethane (DCM) and

then solution was kept at 333 K in magnetic stirrer for

the period of 30 min. The milky solution (e.g., solution

1) was prepared.

2. The polycarbonate dissolved in 100 ml DCM. The

solution was kept at 333 K in magnetic stirrer for a

period of 30 min. A transparent homogeneous solution

(e.g., solution 2) was obtained.

3. In order to prepare the mother solution, the solution 1

is added drop by drop in solution 2 and this new

solution was stirred again for minimum 30 min. The

mother solution was thus prepared.

The remaining method is same as for as preparation of

pristine PC thin film. The 3.5-cm diameter of both surfaces

of the samples was coated by aluminum using Hind High

vacuum coating unit.

The TSC measurement assembly consists of two alu-

minum electrode of 3.5 cm diameter. The vacuum alumi-

nized sample was sandwiched between two electrodes. The

samples were thermally polarized with different value of

polarizing field at 373 K. The sample holder forming

metal–sample–metal system was placed in a digitally

controlled oven heated up to 373 K. The sample was then

allowed to remain at that temperature for about 30 min,

and then desired strength of electric field was applied for

1 h. The sample was allowed to cool down at room tem-

perature in the presence of applied field. On attaining room

temperature, the sample was kept shorted for an arbitrary

time of 10 min so as to remove frictional and stray charges.

Then, the sample is reheated at a constant heating rate of

276 K min-1; a discharge current is then generated as a

function of rising temperature, which is measured by

means of a sensitive digital electrometer (Scientific

Equipments, Roorkee, India, DPM-111) was carefully

shielded and grounded to avoid ground loops or extraneous

electrical noise. The TSC thermograms were thus obtained

consists of various peaks whose shape and location are

characteristic of the relaxation mechanisms of the polymer

nanocomposites.

The filling of ZnO nanoparticles allows the preparation

of polyfunctional polymer hardener. This modification is

performed through the interaction of ZnO with carbonate

groups of polymer. The number of carbonate group on the

surface of nanoparticle or vice versa modified the polymer

matrix. As a result, the whole polymer system is trans-

formed into an organo inorganic nanocomposite material

that contains linear chains and polyfunctional units.

The glass transition temperature of the pristine PC and

nanocomposites samples were measured using tempera-

ture-modulated differential scanning calorimeter (TA

instrument model 2910) at UGC-DAE Consortium, Indore

(M.P.) India. Sample of mass 4–12 mg was heated at a rate

of 283 K min-1. The experimental chamber is flushed for a

few minutes with purge gas at high flow rate to get rid of

any minute impurities. The sample and the reference are

placed on raised platform cast on the thermoelectric

316 M. S. Gaur et al.

123



constantan disk, which serves as the primary means of heat

transfer to the sample and the reference from the temper-

ature programmed furnace. The resulted heat flow to the

sample is measured by area thermocouples fixed to the

under side of disk platforms. Tg was determined by fitting

straight lines through the data obtained from the glassy and

rubber regions. The temperature at which these lines

intersect is identified as the Tg of the sample. All the

observations were carried out with the accuracy of ±5%

experimental error and results are reproducible.

Results and discussion

TSC spectroscopy

The TSC thermograms of pristine PC and polymer nano-

composites (PC ? ZnO) are shown in Figs. 1, 2, and 3.

The thermograms are polarized with 30, 60, and

90 kV cm-1 at polarizing temperature of 373 K.

The TSC characteristics are showing three relaxation

regions; (i) 303 to 348 K, (ii) 349 to 373 K and (iii) above

373 K. These relaxation regions are generally known as q,

b, and a relaxation processes. q relaxation occurs due to

influence of surface traps, b relaxation occurs due to

dipolar polarization and a relaxation is due to space charge

polarization followed by trapping of charge carriers in

deeper traps. The low temperature peak (i. e., q relaxation

peak) has been observed in pristine samples polarized with

60 kV cm-1 (Fig. 2) and in nanocomposite samples (3%

ZnO-filled PC) polarized with 30 kV cm-1 (Fig. 1).

However, b relaxation peak is only observed in 3 and 5%

ZnO-filled nanocomposites polarized with 30 kV cm -1 as

shown in Fig. 1.

Our TSC results suggesting that secondary (e. g., a
relaxation) relaxation is the main mechanism of TSC. For a
relaxation processes, the activation energy is more than

0.5 eV. However, calculated activation energy for nano-

composite samples is comparatively less than pristine PC

samples. This shows the reduction of space charges due to

addition of nanoparticles. The motion of carbonate group is

strongly observed in our TSC results but it seems that

motion of hydroxyl group is merged together with motion

of carbonate group in pristine PC. The peak seems to be

due to trapping of space charges in deep trapping levels and

motion of carbonate groups. The shifting of a peak is

mainly observed when nanocomposites polarized with

polarizing field of 60 and 90 kV cm-1. This shift could not

be observed in polarizing field of 30 kV cm-1. The shift of

a peak in naocomposites indicated the motion of carbonate

group is impeded by addition of nanoparticles.

It is widely accepted that the TSC peaks are the results

of different types of relaxation processes, the relaxation

processes are clearly distinguished on the basis of peak

position. The relaxations in the glassy state basically imply

intermolecular processes, and perhaps only the a-relaxation
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Fig. 1 TSC thermograms recorded at 373 K with polarizing field of
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(e.g., secondary relaxation) is related to intermolecular

effects. Infact, some authors considered the a relaxation as

the precursor of the glass transitions, therefore, many

authors [14–17] considered TSC as a tool to deduce glass

transition temperature of polymeric materials, and in this

sense it would be a ‘‘universal feature’’ of the glass-

forming materials, including low molecular mass com-

pounds. The a relaxation is due to polymer segmental

motion associated with the onset of the glass transition and

the other due to the dipolar motion associated with low

temperature peak.

In general, it is considered that molecular units associ-

ated with a dipole tend to rotate within a cage, cluster, by

the effect of the electric field. The motion is restricted by

limits of the cluster (i.e., mobility of charge carrier) made

up of other polymer atoms acting as the boundaries of the

cage. The motion of the unit is described in terms of the

coordinates fixed with respect to the coordinates of the

cavity, and an intermolecular potential barrier expressed as

a function of these coordinates. Consequently, subglass

relaxation processes can be considered as a thermally

activated motion between two potential wells separated by

a potential barrier [18]. The probability of location of

molecules at each side of the barrier is determined by the

Boltzmann distribution. The application of an external

electric field alters the equilibrium distribution by changing

the relative depths of the minima, thus causing a redistri-

bution, the rate of which is controlled by the activation

energy barrier [10].

The dielectric relaxation in polymeric insulators is

mainly caused by the molecular motions [19, 20], which

could be considered: (i) local main chain motions can give

rise to secondary dielectric relaxations as in the case of PC

(ii) motions of side groups about the bonds linking them to

the main chain, as in the case of poly-n-alkyl methacry-

lates, are probably the best studied examples of the poly-

mers containing dipolar groups in their lateral chains (iii)

internal motions of the side chain groups without cooper-

ation of the main chain are typical of polymers containing

flexible units or polar group (iv) another possibility con-

cerns the motions of small molecules, as water, for

example, embedded in a polymer matrix .

Polymers such as polyvinyl chloride (PVC), polycar-

bonates (PCs), and aromatic polyesters derived from tere-

phthalic acid (PET) and similar polymers or isophthalic

(PEIT) acid show secondary relaxation. The interpretations

of these peaks are made by several authors as reported in

literature [21–26]. Therefore, we do not think the interpre-

tation of these peaks is essential, we mainly concern with

how ZnO nanofillers affect the behavior of TSC in PC?

Our results indicate that charge carriers tend to be

captured more strongly by the addition of ZnO nano fillers.

Figure 4 shows the TSC peak current versus polarizing

field characteristics. The opposite trends of 3 and 5% ZnO-

filled nanocomposites may be due to nonuniform disper-

sion of nanoparticles. The peak height increases as the field

increases in pristine PC. On the other hand, generally the

nonlinear dependence of peak height on polarizing field

and comparative suppression of the peak height in 1%

ZnO-filled nanocomposites indicate the charge carriers

tend to be captured more strongly. If these captured charge

carriers induce homocharge layers in the vicinity of the

electrodes, thus further formation of space charge would be

suppressed. This seems to explain the fact that the amount

of space charge is smaller in the nanocomposite than in the

pristine PC. The activation energy was calculated using

Arrhenius equation [11]:

I ¼ I0exp �Ea=kT½ � ð1Þ

The activation energy have the higher value ranges from

0.5 to 1.2 eV for a relaxation peak of pristine PC, but

activation energy of nanofilled PC is not exceeding the

value of 0.6 eV.

We observe, a significant decrease of the current mag-

nitude of the nanocomposite samples and a shift to lower

temperatures. It could be further understood in terms of

loosened packing of PC chain fragments in the nanocom-

posites due to tethering on the ZnO nano particles, result-

ing in increase of free volume. This effect is more

pronounced in the case of amorphous polymer chains like

PC in the present study, and obviously over compensates

the reduction of molecular mobility imposed by the pres-

ence of the ZnO nano particles.

It has been observed that the TSC of 5% ZnO-filled

nanocomposite samples increases exponentially at higher

temperature region in all polarizing conditions (Figs. 1, 2, 3).

The increase in current caused by presence of nanoparticle in

polymer matrix at the high charging field and temperature

due to formation of charge-transfer complex between

inorganic and organic molecules. The charge-transfer
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complex (CTC) is an intraction between two or more mol-

ecules, or of different parts of one very large molecule, in

which the attraction between the molecules (or parts) is

created by an electronic/ionic transition into an excited state,

such that the friction of charge is transferred between mol-

ecules. Since ZnO nano particles in the PC matrix introduces

ionic species that contribute ionic charge carriers. These

friction charges (e.g., ions) rapidly tunnel from inorgnic

phase to organic phase and responsible for leakage or

breakdown current. This state is experimentally observed in

TSC of nanocomposite (e.g., 5% ZnO-filled PC) recorded at

100 kV cm-1 field.

The position of a peak (i.e., high temperature peak) in

TSC characteristics of pristine and PC–ZnO nanocompos-

ite samples have been found to be near the glass transition

temperature region. This peak is caused by dielectric

manifestation of the glass transition temperature [27–29].

The position of a peak varies from 422 to 443 K, however,

Tg observed from DSC is varying from 414.83 to 415.98 K.

This difference in position of a peak with Tg observed by

DSC is occurred due to different heating rate used in both

the experiment.

Differential scanning calorimetry (DSC)

The DSC characteristics of pristine and nanofilled PC is

shown in Figs. 5, 6, 7, and 8. In general, the glass transition

temperature (Tg) increases with increase in concentration

of nanofillers. The filling of nanoparticles is not only act as

plasticizers but also interact with the molecular motions

that causes subglass activity and finally affecting the glass

transition temperature of polymers.

The oxygen groups in PC have unshared electrons,

which can share the electron with ZnO nanofillers and form

a bond. These interactions hinder the mobility of chain
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segments and create a region of low mobility in the vicinity

of the polymer–nanofiller interface. This region in the

vicinity of the polymer matrix evidently exhibits a domi-

nant effect on the average glass transition temperature of

composite, leading to the increase in the effective Tg due to

interaction with nanofillers and formation of nanophases.

This behavior is similar to that observed in polystyrene

(PS), poly (methyl methacrylate) (PMMA), and poly (2-

vinyl pyridine) (P2VP) nanocomposites containing 10–

15 nm-diameter silica nanospheres or 47 nm-diameter

alumina nanospheres [30].

Wei et al. [31] through molecular dynamics simulations,

showed that the density of composites is larger than that of

a pristine polymer and that there is an associated increase

in the glass transition. The increase in Tg, they argued, the

dynamics of the polymer chains are reduced in composites.

One could argue further that a broader distribution of

dynamical processes should characterize the behavior of

the composites. The structure of the composites should be

heterogeneous on a small scale comparable to the chain

dimensions; chains locally in contact with the nano fillers

would exhibit slower dynamics than chains in an envi-

ronment rich with polymer chains. It has been observed

that Tg is appeared in a relaxation region of TSC. Tg

increases slightly on addition of nanoparticles from the

value of 414.83 K for PC to the value of 415.98 K for the

nanocomposites. This improvement in Tg suggests that the

nanofillers stiffen the polymer matrix at high temperatures.

Due to the large surface area of the nanoparticles, large

amount of polymer chains have strong interaction with the

particle surfaces and prevents segmental motion of the

polymeric chains [32].

It is demonstrated by many group of researcher that in

the case of a hard surface in polymer matrix the configu-

rational freedom of the chains is lower due to the interac-

tions [33–35]. Thus, for a polymer nanocomposites

confined at both interfaces, one would expect the Tg of this

system to be higher than the bulk analog. In general, the

configurational freedom of the entire system determines the

sign of DTg. Hence, if the interactions between the polymer

matrix and the fillers like nanoparticles are strong then the

observation that DTg [ 0, which is an agreement of the

results of present study. If the effect of the interactions of

the PC with the ZnO nanofillers is to increase the chain

segmental density, which is resulting in an increase of

configurational entropy, then an increase in Tg will be

anticipated and observed.

Conclusions

The TSDC peaks in pristine PC is due to the secondary

relaxation processes caused by motions of the main chain,

motion of side chain, and formation of space charge at the

metal oxide polymer interface. The secondary relaxation

process is justified on the basis of calculated activation

energy of TSC peaks. Secondary relaxation process is

further observed in nanocomposite provided reduction of

current and space charges due to filling of nanoparticles in

polymer matrix. It is concluded that the charge carriers

captured more strongly in new traps produced by

nanofillers.

DSC emphasizes the influence on polymer–ZnO inter-

actions versus polymer–interface interactions on the Tg of

the nanocomposites. The results presented here not only

have important to study the glass transition temperature in

polymer nanocomposites, but they provide an important

basis for the further development of theories of the glass

transition in polymer nanocomposites.
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