
ORIGINAL

Effective thermal conductivity of CdS/ZnS nanoparticles
embedded polystyrene nanocomposites

S. Agarwal • D. Patidar • N. S. Saxena

Received: 26 June 2012 / Accepted: 9 March 2013 / Published online: 19 March 2013

� Springer-Verlag Berlin Heidelberg 2013

Abstract CdS/PS and ZnS/PS nanocomposites have

been prepared by solution casting method with different

wt% of cadmium sulphide (CdS) and zinc sulphide (ZnS)

nanoparticles and characterized through X-ray diffraction

and transmission electron microscope measurements. The

effective thermal conductivity of polymer nanocomposites

has been measured by transient plane source method over

the temperature range from room to 150 �C. The experi-

mental results showed that the thermal conductivity has

been found to increase up to 4 wt% of CdS/ZnS nano-

particles and then decrease for 6 and 8 wt% of

nanoparticles.

1 Introduction

In the past few years, the studies of composite of poly-

mer—inorganic nanoparticles materials have drawn enor-

mous attention in the field of nonmaterials because they

show a variety of applications in the fields of optics,

electronics, magnetics, and biology [1–4] with unique

mechanical, photoelectric and thermal properties. They

combine the advantages of both inorganic materials

(rigidity, high thermal stability) and organic polymers

(flexibility, dielectric, ductility and processability) [5–7].

Due to the interesting properties of chalcogenide nonma-

terials, many works on the chalcogenide/polymer nano-

composites have been reported [8–10]. Among them,

cadmium sulphide (CdS) and zinc sulphide (ZnS) are the

most assuring compound materials because of their wide

range of applications in optoelectronic [11], piezoelec-

tronic [12] and semiconducting devices [13].

Thermal stability of CdS (ZnS)/polymer nanocompos-

ites is a key importance aspect from the application point

of view. Polymers generally have the low stability which

restrain them from applications in higher temperature

region. Thermal stability of polymer can also be improved

by the dispersion of CdS and ZnS nanoparticles. Kuljanin

et al. [14] have reported the influence of CdS-filler parti-

cles in the micrometer size range on the thermal stability

of polystyrene (PS) matrix. Improvement of the thermal

stability of the PS matrix for about 50 K was found in the

presence of the CdS-filler. The thermal stability of nano-

composites ZnS/PS with various compositions (0, 5, 10,

15 and 20 wt% ZnS) has been investigated by Jakovljevic

et al. [15] using nonisothermal thermogravimetric analysis

with different temperature programs. Improvement of the

thermal stability of the PS in composites with respect to

the pure PS matrix is demonstrated for all compositions.

The thermogravimetric analysis of the CdS nanocomposite

with PMMA [16] and PS [14] were carried out. An

improved thermal stability of the CdS/PMMA (or PS)

nanocomposites with respect to the pure matrix can be

noticed.

Besides the thermal stability, thermal conductivity of

polymer nanocomposite is also a very important parameter

from the applications point of view. The continuous

increase in component densities being packed onto an

electronic circuit requires more power to run it. The high
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power density of electronic components results in rapid

heat generation, which adversely affects reliability of the

device [17]. Therefore, it is necessary to dissipate heat

away from the components sufficiently fast enough in order

to keep their temperatures below critical values and prevent

the device from permanent damage. As the heat dissipation

requirements increase, improved thermally conducting

packaging composite materials are required [18]. To

overcome these obstacles, polymers are filled with particles

that enable them to fulfill the application-specific require-

ments while keeping their low density, easy manufactura-

bility, and low cost. In this context, thermally conductive

polymer composites have become increasingly important

for the industry [19].

Polymers typically have very low thermal conductivity

(*0.1–0.5 W/mK). However, thermally conductive poly-

mers have been pursued in recent years, this pursuit driven

by important applications such as electronics cooling and

energy storage. One approach to obtain polymer compos-

ites with higher effective thermal conductivity is by dis-

persing highly thermally conductive fillers in the polymer

matrix. However, Bigg et al. [20] reported that there is no

additional improvement when the ratio of thermal con-

ductivity of the fillers and polymer matrix is greater than

100 times. Therefore, for fillers with thermal conductivities

that are equal or greater than 100 times of the conductivity

of polymer matrix, the filler’s volume fraction may become

a critical factor governing the thermal conductivity of the

composite. In general, composites with low loading of filler

particles will allow the heat flow uniformly through

the composite since all the particles are well dispersed.

However, low content of filler particles limits the inter-

connection among the filler particles. Increasing the filler

content promotes the formation of preferential heat con-

ducting paths for dissipating heat through the composites.

Therefore, it is necessary to study the effect of concen-

tration of higher thermally conductive fillers on the thermal

conductivity of polymer composite. In view of this, present

paper deals with the composition as well as temperature

dependence of thermal conductivity of polystyrene filled

with CdS and ZnS nanoparticles. A simplified solution

casting method has been used for preparation of CdS/PS

and ZnS/PS nanocomposites, based on mixing the CdS

(ZnS) filler in nanometer range with the polymer matrix,

already developed and described in the previous papers

[21, 22]. The prepared nanocomposites have been struc-

turally characterized through X-ray diffraction (XRD) and

transmission electron microscope (TEM). Composition and

temperature dependence of the thermal conductivity of

CdS (ZnS)/PS nanocomposites has been experimentally

studied using the transient plane source (TPS) method in

order to understand and describe the heat transfer through

the composites.

2 Experimental details

2.1 Sample preparation

The cadmium sulfide (CdS) and zinc sulfide (ZnS) nano-

particles have been synthesized by chemical precipitation

method using dimethylformamide and thio-glycerol as

stabilizing agent, respectively as described earlier [21, 22].

CdS (ZnS)/PS nanocomposites have been prepared by

solution casting method. Firstly, PS was dissolved in tet-

rahydrofurane (THF) solution by magnetic stirrer for 3 h

and then CdS (ZnS) nanoparticles with different (0, 2, 4, 6

and 8) wt% were added into the THF solution containing

PS. The obtained solutions were stirred for 24 h and then

agitated by ultrasonicator for 20 min to get the uniform

dispersion of CdS/ZnS nanoparticles. These solutions were

poured in the petri-dishes to obtain the CdS (ZnS)/PS

nanocomposite films. After 2 days, the nanocomposite

films were taken out from the petri-dishes and dried in

vacuum (10-2 torr) for 6 h to remove the solvent. The

thickness of the prepared samples was &0.12 mm. These

four (2, 4, 6 and 8) wt% of CdS (ZnS) have been chosen for

preparing the nanocomposites so as to correlate the thermal

behavior of these materials with their earlier studied

mechanical [21, 23] as well as thermal properties [22, 23].

2.2 Structural characterization

The XRD spectra of the nanocomposites have been

recorded using Bragg–Brentano geometry on a Panalytical

X’pert Pro diffractometer with a Cu Ka radiation source

(k = 1.5406 Å). The X-ray tube was operated at 45 kV

and 40 mA.

The TEM measurements of nanocomposites have been

performed on TECNAI G2 30 U-TWIN system operating

at an accelerating voltage of 300 kV. The samples for TEM

measurement have been prepared by dissolving CdS (ZnS)/

PS nanocomposite films in THF solvent using ultrasoni-

cator. A drop of prepared solution was placed on the carbon

coated copper grid and solvent removed by evaporation at

room temperature. The thickness of the thin layer for TEM

measurements should be approximately 80–100 Å.

2.3 Thermal conductivity measurement

The thermal conductivities of CdS/PS and ZnS/PS nano-

composites have been determined using TPS technique. In

this method, the transient plane source element behaves

both as heat source and temperature sensor. TPS sensor

(Fig. 1) consists of an electrically conducting pattern of

thin nickel foil (10 lm) in the form of double spiral

embedded in an insulating layer made of kapton (50 lm).

Sensor is sandwiched between the two pieces of the
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samples having perfectly smooth surface so as to ensure

perfect thermal contact. Details of TPS technique have

been given elsewhere [24, 25]. For the measurement of

effective thermal conductivity of thin film with thickness of

the order of microns, the experiment was performed in two

steps. In the first step, sensor is sandwiched between the

two pieces of the sample-each one with a plane surface

facing the sensor. This arrangement was placed between

the two auxiliary metal (stainless steel) pieces as shown in

the Fig. 2. Data for the temperature increase over a given

time was collected using the software available with the

Hot Disk Thermal Constant Analyser TPS (model 2500S).

In the second step, the experiment was repeated with the

Hot Disk sensor sandwiched between the same two pieces

of the metal and data for the temperature increase was

again collected taking the same experimental conditions as

mentioned above. Employing these two temperature

increase, thickness of the film and power delivered to the

sample, the effective thermal conductivity (ke) of thin

sample can be determined through the following relation:

ke ¼ P � Dx=2A � DT

where P is the total output of power given to the sensor,

A is the area of conducting pattern of sensor, Dx is

the thickness of thin samples and DT is the temperature

difference across the sample. The factor two is due to the

symmetrical distribution of heat flux on both sides of

the sample. The numbers of specimen taken for the mea-

surement were two and the results of their thermal

conductivities have a deviation of about 5 % which is in

the range of experimental error of thermal conductivity.

3 Results and discussion

3.1 Structure and morphology

The XRD specta of CdS/PS and ZnS/PS nanocomposites

are shown in Fig. 3a, b, respectively. Figure 3a, b show

one broad hump and three broad peaks in the XRD spec-

trum of the all nanocomposites. The first broad hump at

lower diffraction angle around 18o–20o is due to the

amorphous nature of PS. It is also observed from Fig. 3a, b

that other three XRD peaks at the angles 26.4o, 43.5o, 52.7o

corresponding to (111), (220), (311) planes and at angles

28.8o, 47.8o, 56.6o corresponding to (101), (103), (004)

planes indicate the cubic phase of CdS nanoparticles and

the hexagonal phase of ZnS nanoparticles [22], respec-

tively. The XRD peaks are relatively broad due to the small

crystalline domains in the materials.

Figure 4a, b shows the TEM micrographs of CdS/PS

and ZnS/PS nanocomposites, respectively. The average

particle diameter of CdS and ZnS nanoparticles is

approximately 15 and 5 nm, respectively. It can be seen

from the Fig. 4a, b that the nanoparticles are well dispersed

at low concentration (4 wt%), whereas the particles are

agglomerated with the increased nanoparticles content in

polymer. This indicates that particle–particle interaction

dominates over the particle-polymer interaction.

3.2 Effective thermal conductivity of nanocomposites

The knowledge of thermal properties like thermal conduc-

tivity is required prior to any potential technological

application as the environmental and thermal stability of a

material should be well characterized to identify the optimal

condition for performance of a device. The effect of tem-

perature in polymer nanocomposites is of practical impor-

tance because most polymers are processed at relatively

Fig. 1 TPS sensor

Fig. 2 Illustration of thin film

method
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Fig. 3 a XRD spectra of CdS/PS nanocomposites. b XRD spectra of ZnS/PS nanocomposites

Fig. 4 a TEM micrographs of

CdS/PS nanocomposites.

b TEM micrographs of ZnS/PS

nanocomposites
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high temperature and have applications in a wide temper-

ature range. The thermal property that is required to

describe the heat transfer through material is thermal con-

ductivity. The variation of effective thermal conductivity

for PS nanocomposites with CdS and ZnS nanoparticles has

been studied from room temperature to 150 �C. The

experimentally obtained value of effective thermal con-

ductivity for the polystyrene matrix at room temperature is

0.14 W/mK. The variation of effective thermal conductivity

(ke) of CdS/PS and ZnS/PS nanocomposites with temper-

ature are shown in Fig. 5a, b, respectively. It is seen that the

effective thermal conductivity of all the nanocomposites

show a similar trend of increasing almost linearly up to a

temperature which is characteristic to each sample, beyond

which effective thermal conductivity shows approximately

constant value for all the samples. This temperature is

called glass transition temperature and has been determined

through dynamic mechanical analyzer (Tritec 2000 DMA)

[26]. The variation of glass transition temperature (Tg) with

CdS/ZnS concentration in PS matrix is shown in Fig. 6. The

above mentioned behavior of effective thermal conductivity

is explained on the basis of structural changes occurring in

the PS and CdS(ZnS)/PS nanocomposites during the heat-

ing and also on the basis of various phonon scattering

mechanisms.

In the amorphous polymers like PS the thermal con-

ductivity in low temperature region is controlled by vari-

ation of phonon mean free path. For PS the mean free path

of phonons is very small [27], because in amorphous state

number of defects are present at room temperature due to

the fact that during polymerization of polymers, certain

defects such as bends in chains, gap between two chains in

line, chains of smaller lengths than the others, etc. are

created in the system. Therefore, in the temperature region

below Tg, the temperature dependence of thermal con-

ductivity is controlled [28, 29] by the variation of phonon

free path and structure scattering and chain defect scat-

tering are the main phonon scattering below Tg. As the

temperature increases from room temperature up to Tg, the

polymer chains straighten out more and more, increasing

the corresponding mean free path. This results in minimi-

zation of the chain defects and thus the contribution to the

corresponding thermal resistance decreases linearly with

the rise in temperature and as a result thermal conductivity

increases.

Above the glass transition temperature region, scattering

by micro-voids (vacant site scattering) contributes to the

Fig. 5 a Temperature dependence of thermal conductivity of CdS/PS nanocomposites. b Temperature dependence of thermal conductivity of

ZnS/PS nanocomposites

Fig. 6 Composition dependence of glass transition temperature of

CdS/ZnS-PS nanocomposites

Heat Mass Transfer (2013) 49:947–953 951

123



thermal resistance besides structural scattering. As the

temperature increases the polymer passes gradually from

glassy to rubbery state. During this transformation indi-

vidual units of polymer, atomic groups and small chain

segments undergo intensive thermal motion and large tor-

sional rotations and the sliding of chain segments starts to

play a dominant role to control the thermal conductivity

above the glass transition temperature. This has two fold

effects on the structure of the system; initially the dominant

chain movements create some vacant sites or micro-voids

which scatter phonon in the similar way to the point defects

[30]. With the increase of temperature, the number and size

of these micro-voids increases and consequently, the con-

tribution of vacant site scattering to the thermal resistance

would increase linearly with temperature. Thus, the struc-

ture scattering and vacant site scattering are responsible to

control the thermal conductivity above the glass transition

temperature and hence the thermal conductivity becomes

constant [23].

It is observed that the thermal conductivity of polymer/

CdS (ZnS) nanocomposites is relatively low compared with

the intrinsic thermal conductivity of CdS (42.7 W/mK for

13 nm) [31] and ZnS (17.4 W/mK for 4 lm) [32]. This is

because of large interfacial thermal resistance between CdS

(ZnS) and the surrounding polymer matrix which hinders

the transfer of phonons dominating heat conduction in

polymer and CdS (ZnS). It is also observed from Fig. 5a, b

that the thermal conductivity increases for 2 and 4 wt% of

CdS (ZnS) nanocomposites. This behavior can be explained

on the basis of compact structure of composites. When the

nanoparticles are introduced into the matrix, they acquire

the position of voids and reduce the free volume (voids

filled with air) resulting into compact structure of com-

posites, which improves the thermal conduction or thermal

conductivity of nanocomposites over the pure PS. Also, the

amount of air convection due to the temperature gradient,

through voids, is negligibly small because of the presence of

very little amount of air filled in the pores. This is due to the

addition of filler nanoparticles to the voids already existing

in the polymer matrix. Therefore, the air convection is

ignored during the heat transfer in nanocomposite. As, the

concentration of CdS and ZnS fillers increases to 4 wt%, the

free volume further decreases and makes the nanocom-

posites more compact than the composite with 2 wt% of

CdS and ZnS. This seems to be the optimum compact

structure for which the thermal conductivity is maximum in

the entire studied range of temperature. It is also seen from

Fig. 5 that beyond 4 wt% of CdS and ZnS nanoparticles the

thermal conductivity decreases in the entire range of tem-

perature. This behavior of thermal conductivity can be

explained on the basis of the structural changes occurring in

the composite due to the change in dispersion of nanopar-

ticles from uniform to agglomeration, as indicated by the

TEM images (Fig. 4a, b). It is interesting to note from

Fig. 5 that the thermal conductivity of the nanocomposites

containing 8 wt% of CdS (ZnS) into polymer have got the

thermal conductivity even less than the thermal conduc-

tivity of pure polymer for all the temperatures in the study.

This could be explained on the basis of the existence of

excess free volume over the pure polymer obtained due to

strong agglomeration of CdS and ZnS nanoparticles into the

polystyrene polymer. Moreover, this phenomenon is also

explained [33] by very low efficiency of heat transfer due to

interfacial thermal resistance between particles and matrix,

so that the higher thermal conductivity of the filler cannot

be taken into advantage and the composite behaves like a

hollow material, thus reducing its conductivity compared to

the dense reference matrix.

4 Conclusions

A systematic study of prepared samples of CdS/PS and ZnS/

PS nanocomposites leads to the following conclusions:

• The variation of effective thermal conductivity of CdS/

PS nanocomposites is similar to the variation of effective

thermal conductivity of ZnS/PS nanocomposites.

• The increase of effective thermal conductivity of CdS/

ZnS-PS nanocomposites with the increase of temper-

ature up to glass transition temperature is attributed to

the straightening of the chains and removal of defects.

Almost constant value of thermal conductivity beyond

glass transition temperature (Tg) is explained on the

basis of structure and vacant site scattering of phonons.

• Thermal conductivity of nanocomposites increases up

to 4 wt% of the nanoparticles and beyond this wt%, it

decreases. This is suggestive of the fact that compact

structure of nanocomposites up to 4 wt% and agglom-

eration for 6 and 8 wt% of the CdS and ZnS nanopar-

ticles, respectively are responsible for the observed

variation.
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