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Abstract This study aims at investigating the thermal

and dielectric behaviour of thermoplastic polymer based

packaging materials for microelectronics applications.

Thermally conducting, but electrically insulating, polymer

matrix composites that exhibit low value of coefficient of

thermal expansion (CTE) are needed for electronic pack-

aging. For developing such composites, two different

ceramics i.e. micro-sized aluminium nitride and aluminium

oxide (Al2O3) are reinforced in polypropylene individually.

Compression moulding technique is used for fabrication

purpose. Thermal properties like effective thermal con-

ductivity (keff), glass transition temperature (Tg), CTE and

electrical property like dielectric constant (ec) of compos-

ites are measured and reported. In addition, physical

properties and morphological features are also studied. The

experimental findings are interpreted using appropriate

theoretical models. The results show that, while the

incorporation of filler improves the keff and Tg, the CTE

decreases favourably and also increase in dielectric con-

stant is suitably controlled. It is found that the measured

properties of the composites are suitable for certain appli-

cations like electronic packaging and printed circuit

boards.

1 Introduction

Incorporation of inorganic fillers in polymer is widely used

to enhance the property of polymers for high technology

application like electronic moulding compound and glob

top encapsulation. Earlier, the main functions of packaging

devices are to protect the electronic devices from exposure

to various environmental hazards such as moisture,

chemical agents, dusts and light. But as the electronic

technology advancing day by day, miniaturization of

microelectronics causes the problem of heat dissipation

which may limit the device reliability [1]. So for such

application an important class of engineering materials

have to be produced by compounding particles into poly-

mers which will offer excellent thermal properties, desir-

able electrical properties and can be easily formed in

different shapes by any of these fabrication techniques like

injection moulding, compression moulding and extrusion

[2].

The thermal conductivity of polymer composites can be

improved by reducing its thermal barrier resistance in the

direction of heat flow. The reduction of thermal barrier

resistance results in the formation of thermal conductive

network within the composite. As the conductive network

forms, the composite shows percolation behaviour. For-

mation of such conductive network depends on the type,

shape, size, volume fraction, dispersion characteristics and

intrinsic thermal conductivity of the filler [3]. In addition to

high thermal conductivity, low dielectric constant is also

needed, as in application like printed circuit board; low

dielectric constant helps to increase the velocity of signal

propagation [4]. So the material used for these kinds of

applications must have multifunctional properties.

One approach of providing path for heat conduction

through the composite and increasing mean thermal con-

ductivity while maintaining low dielectric constant of the

system involves addition of ceramic fillers with intrinsi-

cally high thermal conductivity and relatively low dielec-

tric constant to polymers. In the literature, a lot of

thermally conductive composite systems have been
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investigated by incorporating different type of ceramics

filler such as SiC [5], Si3N4 [6, 7], Sr2Ce2Ti5O16 [8], BN

[9, 10], aluminium nitride (AlN) [11, 12], aluminium oxide

(Al2O3) [13] and ZnO [13, 14] into various type of poly-

mers which include elastomers like silicon rubber, ther-

moplastics like low density polyethylene (LDPE), High

density polyethylene (HDPE), Polymethyl methacrylate

(PMMA), polybutylene terephthalate (PBT), polypropyl-

ene (PP) and thermosets like epoxy, polyster, cynate ester

(CE) etc. Among the various versatile polymer matrices,

PP is a thermoplastic which is most common commodity

plastic and having one of the highest consumptions because

of its well-balanced physical and mechanical properties

and easy processability at a relatively low cost [15]. The PP

matrix is already used in many industrial applications like

in automobile and textile industries. However, it has some

shortcomings such as low dimensional and thermal stabil-

ity [16]. To overcome this deficiency, suggestions have

been made in some recent reports related to the improve-

ment in certain properties of PP by the incorporation of

various fillers [17–19].

In this context, the main objective of this research work

is to study the effects of ceramic fillers, AlN and Al2O3 in a

thermoplastic polymer i.e. PP on its thermal and dielectric

properties. The microstructural, physical, thermal and

dielectric properties of PP/AlN and PP/Al2O3 composites

are evaluated. Suitable theoretical models to predict such

properties of different matrix-filler combinations have been

suggested in this study. It is expected that this study will be

of importance for new packaging technologies of further

increasing working frequency and miniaturization of elec-

tronic devices.

2 Theoretical models for composite materials

2.1 Models for effective thermal conductivity

To evaluate the effective thermal conductivity of com-

posite materials, several predictive models have been

proposed in the past. Brief descriptions of few such models

are listed below with their basic assumptions. For a two-

component composite, the simplest alternatives would be

with the materials arranged in either series or parallel with

respect to heat flow, which gives the upper or lower bounds

of effective thermal conductivity [20].

For the parallel conduction model:

keff ¼ 1� /f

� �
kp þ /f kf ð1Þ

where, keff, kp, kf are the thermal conductivities of the

composite, matrix and filler respectively and Uf is the

volume fraction of filler.

For series conduction model:

1=keff ¼ ð1� /f Þ=kp þ /f =kf ð2Þ

Maxwell–Euken model [21] assumes well dispersed

small spherical filler within continues matrix to calculate

the effective thermal conductivity. The model is valid for

low loading of filler where the particles are not coming in

contact with each other. The expression for Maxwell–Eu-

ken model is given as:

keff

kp

¼
kf þ 2kp þ 2/f kf � kp

� �

kf þ 2kp � / kf � kp

� �

 !

ð3Þ

Bruggeman [22] derived an equation of effective ther-

mal conductivity in terms of the solid loading for spherical

fillers in a dilute suspension which is given as:

1� /f ¼
keff � kf

kp � kf

kp

keff

� �1
3

ð4Þ

Lewis and Nielsen [23] modified the effect of shape of

the particles and the orientation or type of packing and

derived an equation which is expressed as:

keff ¼ kp

1þ AB/f

1� B/f w

 !

ð5Þ

where

B ¼
kf

�
kp

� �
� 1

kf

�
kp

� �
þ A

;w ¼ 1þ
1� /p

/2
p

 !

/

The values of A and Up depends on the geometric shapes

and the orientation of the fillers and are having specified

values.

By assuming a parabolic distribution of discontinuous

phase in the continuous phase, a new model is derived by

Cheng et al. [24]. Here the parabolic distribution constant

purely depends on the volume fraction of discontinuous phase.

For kf [ kp:

1

keff

¼ 1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cðkp � kf Þ½kp þ Bðkf � kpÞ�

p

� ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½kp þ Bðkf � kpÞ�

p
þ B

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cðkp � kf Þ

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½kp þ Bðkf � kpÞ�

p
� B

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cðkp � kf Þ

p þ 1� B

kp

ð6Þ

where

B ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
3/f =2

q
C ¼ �4

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2
�

3/f

q

All the models mentioned above are capable of esti-

mating the effective thermal conductivity of particulate

filled composites on the basis of volume fraction of the

filler but none of the model has actually taken care of the

arrangement of the filler within the matrix. However this

aspect has been considered in a recently proposed model by
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the authors [25]. This model assumes an arranged distri-

bution of filler particles within the matrix body, and the

expression for keff as per proposed model is given by:

keff ¼
1

1
kp
� 1

kp

6/f

p

� 	1
3þ 4

kp
4p

3/f

� 	2
3

þ 2/f
9p

� �1
3
2p kf�kpð Þ

� �
ð7Þ

where U represents the volume fraction and k is the thermal

conductivity, suffix f and p are for filler and matrix material

respectively.

2.2 Models for coefficient of thermal expansion

Coefficient of thermal expansion (CTE) is an important

property to study in applications where high temperature or

fluctuating temperature is required. To evaluate the effec-

tive coefficient of thermal expansion, the simplest method

is of rule of mixture which assumes that the total expansion

of the composite must be the sum of the expansions of the

constituents multiplied by their respective volume fraction

[26], and is given as:

ac ¼ ap/p þ af /f ð8Þ

where a and U are CTE and volume fraction, suffix c, p and

f are for composite, matrix and filler respectively. The

above equation is based on the assumption that there is a

linear relationship between CTE and volume fraction of

each phase. However, the thermal strain in one phase is

constrained by the other phase within a composite and the

magnitude of such strain depends on the shear transfer at

the interface [27]. Thus, the elastic constants of individual

effects the thermal strain features strongly. In view of this,

Turner [28] gave a model which is based on the fact that

only uniform hydrostatic stresses exist in the phases and

derived a relationship that is expressed as:

ac ¼
ap/pKp þ af /f Kf

/pKp þ /f Kf

ð9Þ

where K is the bulk modulus.

Kerner’s model [29] is given by the expression as:

ac ¼ ap/p þ af /f þ /p/f ðaf � apÞ

� Kf � Kp

Kp/p þ Kf /f þ ð3KpKf

�
4GpÞ

ð10Þ

The above model assumes the filler to be spherical which is

completely surrounded by the matrix phase and the CTE of

composite depends upon the volume fraction of the indi-

vidual phases.

According to Rosen–Hashin model [30], the expression

of evaluating the CTE of composite only provide bounds of

CTE which is divided into two parts i.e. upper bound and

lower bound, and is given as:

au
c ¼

4/p/f Gf ðKp � Kf Þðap � af Þ
3KpKf þ ð4Gf ðKp þ Kf Þ=2Þ þ ðap/p þ af af Þ ð11Þ

al
c ¼

4/p/f GpðKp � Kf Þðap � af Þ
3KpKf þ ð4GpðKp þ Kf Þ=2Þ þ ðap/p þ af af Þ ð12Þ

where the superscript u and l are for upper and lower bound.

2.3 Models for dielectric constant

For applications like printed circuit board and encapsula-

tion, material with low dielectric constant is preferred to

increase the signal transmitting speed. So, precise predic-

tion of the dielectric constant of polymeric composites is

required. Among various analytical models available, few

of them are used in present study to calculate dielectric

constant of the composite material. Lichtenecker equation

[31] to predict dielectric constant of the composite material

is simplest among all and is given as:

ln ec ¼ /f ln ef þ 1� /f

� �
ln ep ð13Þ

where ec, ep and ef are the dielectric constant of composite,

polymer matrix and filler material respectively, and Uf is

volume fraction of filler material.

In early 90’s Jayasundere and Smith [32] derived an

equation which is one of the most popular and widely used

correlation for evaluating dielectric constant of composite

which is given as:

ec ¼
epð1� /f Þ þ ef /f

3ep

efþ2ep

h i
1þ 3/f ðef�epÞ

efþ2ep

h i

ð1� /f Þ þ /f
3ep

efþ2ep

h i
1þ 3/f ðef�epÞ

efþ2ep

h i ð14Þ

The developed expression is valid only when dielectric

constant of filler is more as compared to that of matrix

material. This deficiency of the above model is solved in

mid-2000 by Poon and Shin [33]; they derived an analytic

formula for prediction of dielectric constant of binary

composite material which is given as:

ec ¼ ep þ /f ðef � epÞ
1

/f þ ð1� /f Þ
efþ2ep�/f ðef�epÞ

3ep

ð15Þ

They validated their data with the experimental values for

different type of filler-matrix combination and concluded

that the model is applicable for wide range of ef/ep values.

3 Experimental details

3.1 Materials considered

Homopolymer polypropylene of grade M110, most easily

available resin belonging to the thermoplastic group of

polymer is used as a matrix material in the present
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investigation. Its molecular formula is (C3H6)n, where n is

the number of polymerized unit. It is used widely for its

good mechanical performance, aesthetics, resistance to

chemicals, cost effectiveness and stability to heat and

recyclability. PP used in the present work is procured from

Reliance Industries Limited located in Mumbai, India. AlN

and Al2O3 are aluminium based ceramic materials used as

the filler were purchased from M/s Alfa Aesar Limited-

Beijing, China and Rankem Limited located in New Delhi,

India respectively. Aluminum nitride is a newer material in

the technical ceramics family. While its discovery occurred

over 100 years ago, it has been developed into a com-

mercially viable product with controlled and reproducible

properties within the last 20 years. AlN powder with hex-

agonal structure possesses good dielectric properties, high

thermal conductivity, low thermal expansion coefficient

and is non-reactive with normal semiconductor process

chemicals and gases. Al2O3, an inorganic material and

commonly referred to as alumina, can exist in several

crystalline phases which all revert to the most stable hex-

agonal alpha phase at elevated temperature. Alumina is the

most cost effective and widely used material in the family

of engineering ceramics. It is hard, wear resistant, has

excellent dielectric properties, resistance to strong acid and

alkali attack at elevated temperatures, high strength and

stiffness. With an excellent combination of properties and a

reasonable price, it is no surprise that fine grain technical

grade Al2O3 has a very wide range of applications. The

various properties of matrix and fillers, which are used in

our investigation, are shown in Table 1.

3.2 Composite fabrication

For first set of composite, AlN particles with average size of

60–80 lm are reinforced in PP resin. Al2O3 (90–100 lm) is

another ceramic filler used for second set of composites.

Compression molding technique has been adopted to cast the

composites. Rheomix 600 batch mixer with chamber volume

90 cm3 is used to melt and mix PP and filler with the help of

two rotor rotating in opposite direction. In present case the

mixing temperature is set to 190 �C whereas mixing time is of

12 min, the temperature and time may differ for different sets

of materials. The mixing is done as per ASTM standard

D-2538. As the mixing is over, the material is taken out from

the chamber and is cut into small pieces after which it is kept in

a hot air oven for about an hour. Small pieces of that material

are then taken for compression molding. Materials are kept in

die which is used to make a composite sheet of thickness

3 mm and area 150 9 150 mm2. With the help of hydraulic

press, the material is pressed with a pressure of 150 kg/cm2

while maintaining a temperature of 190 �C for around 3 min.

The composites are water-cooled after that. Compression

moulding is done as per ASTM D-256 standard. Later the disc

type specimens (diameter 50 mm, thickness 3 mm) are cut

from the sheet. Composites of ten different compositions with

filler content ranging from 2.5 to 25 vol% are prepared. The

compositions of various samples prepared for present work is

shown in Table 2 both in term of vol% and wt%.

3.3 Characterization

Macrostructural features of the fillers and typical PP/AlN

and PP/Al2O3 composite samples are observed under a

scanning electron microscopic JEOL JSM-6480 LV. The

density of the composites is measured by the Archimedes

principle using distilled water as a medium. UnithermTM

Model 2022 is used to measure thermal conductivity of the

fabricated composite which works on the principle of

guarded heat flow meter test method. The tests are done in

accordance with ASTM E-1530 standard. Circular sample

of 50 mm diameter and 3 mm of thickness with flat surface

on both side are used for this measurement. Tg and CTE are

measured with the help of Perkin-Elmer thermal mechan-

ical analyzer (TMA-7). The temperature range used to

measure the properties is from -50 to 50 �C with a heating

rate of 5 �C/min. The tests are in accordance with ASTM D

618 for evaluating glass transition temperature and ASTM

E 831 for CTE. Dielectric constant (ec) measurement is

done on a Hioki 3532-50 Hi Tester LCR analyzer with an

applied AC voltage of 500 mV in the frequency range of

1 kHz–1 MHz. The used samples are disc-shaped with

15 mm diameter and 1.6–2 mm thickness. The dielectric

constant is calculated from the equation given as:

ec ¼ C:d=e0:A ð16Þ

where d is the thickness of the discs, e0 is vacuum dielectric

constant that is 8.85 9 10-12 farad per m, A is the disc area

and C is the parallel capacitance.

Table 1 Properties of materials used

Materials properties Polypropylene Aluminium nitride Aluminium oxide

Density (g/cm3) 0.92 3.30 3.89

Thermal conductivity (W/m K) 0.11 160 35

Coefficient of thermal expansion (10-6/ �C) 111.5 4.5 8.1

Glass transition temperature (�C) -14.9 – –

Dielectric constant (at 1 MHz) 2.25 8.9 9.8
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4 Results and discussion

4.1 Morphology

It is well known that the properties of particulate filled

polymer composites are strongly affected by the degree of

compatibility between the matrix and the filler phase. In

view of this, the scanning electron microscopy of the filler

particles and the composite surfaces are taken and some

typical SEM images are presented in Figs. 1 and 2. Fig-

ure 1 reveals the spherical shape of the ceramic fillers

under study. The average sizes of AlN particle is 60–80 lm

and that of Al2O3 is around 80–100 lm is observed. Fig-

ure 2a, b show the morphologies of PP/AlN and PP/Al2O3

composite cross sections respectively. These images are for

typical composites with filler content of 20 vol%. From

images it is clear that there is almost homogeneous dis-

persion of Al2O3 particle in the PP matrix whereas slight

agglomerations of particles are observed in case of PP/AlN

composite. The slight difference in the dispersion of par-

ticles might be due to the difference in their particle size,

also affinity of AlN towards moisture can be another reason

for such agglomeration.

4.2 Density

The density of composite materials depends on the densi-

ties of the constituent components and also on their

respective volume percentage. The density is measured

using Archimedes method and compared with the rule of

mixture model [34] which is given as:

qc ¼ /f qf þ 1� /f

� �
qp ð17Þ

where q and U are the density and volume fraction, suffix

c, f and p represents the composite, filler and matrix

material. Figure 3a, b shows the measured and theoretical

densities of PP/AlN and PP/Al2O3 composites for different

volume fraction of filler content. It is seen that the densities

reaches maximum to 1.44 and 1.59 g/cm3 for PP/AlN and

PP/Al2O3 composite respectively for a filler loading of

25 vol% which is the maximum in this work. It is further

noticed that the experimental values of the composites for

lower volume fractions agree well with the theoretical

values and as the filler content increases, divergence

between the two values is observed indicating the

increasing amount of void content with filler loading which

is evident from Table 3.

The maximum void content in PP/AlN composites is

4.95 % which is more than that of PP/Al2O3 composites

where maximum void content is 4.33 % for maximum filler

loading. This can be attributed due to the inevitable

agglomeration of AlN particles whereas more uniform

distribution of Al2O3 particles are observed in SEM images.

4.3 Effective thermal conductivity

Figures 4 and 5 show the variation of effective thermal

conductivity of PP/AlN and PP/Al2O3 composites with the

volume fraction of filler. It is clear from the figure that the

thermal conductivity of both the composites increases with

the increase in filler content which is obvious because of

relatively higher thermal conductivity of filler as compared

to matrix. The value of effective thermal conductivity cal-

culated from various established theoretical models includ-

ing the mathematical model proposed by authors is their

earlier work [25] and experimentally measured values are

reflected in the figures. In case of PP/AlN composites a

sudden increase in thermal conductivity is noticed beyond

20 vol% whereas in case of PP/Al2O3 it is beyond 17.5 vol%

of filler. Similar trend is observed and explained by the

authors in their earlier work when they had taken epoxy as a

matrix material with same ceramic fillers [25]. The volume

fraction at which such sudden rise is noticed is called per-

colation threshold. Beyond this, no theoretical model is

estimating the conductivity value correctly including the

model proposed by the authors previously, though up to

Table 2 List of fabricated composites

Sample Composition (PP/AlN composite) Composition (PP/Al2O3 composite)

1 Polypropylene ? 2.5 vol% (8.422 wt%) filler Polypropylene ? 2.5 vol% (9.781 wt%) filler

2 Polypropylene ? 5.0 vol% (15.88 wt%) filler Polypropylene ? 5.0 vol% (18.20 wt%) filler

3 Polypropylene ? 7.5 vol% (22.53 wt%) filler Polypropylene ? 7.5 vol% (25.53 wt%) filler

4 Polypropylene ? 10.0 vol% (28.49 wt%) filler Polypropylene ? 10 vol% (31.96 wt%) filler

5 Polypropylene ? 12.5 vol% (33.88 wt%) filler Polypropylene ? 12.5 vol% (37.65 wt%) filler

6 Polypropylene ? 15.0 vol% (38.76 wt%) filler Polypropylene ? 15 vol% (42.73 wt%) filler

7 Polypropylene ? 17.5 vol% (43.21 wt%) filler Polypropylene ? 17.5 vol% (47.28 wt%) filler

8 Polypropylene ? 20.0 vol% (47.27 wt%) filler Polypropylene ? 20.0 vol% (51.38 wt%) filler

9 Polypropylene ? 22.5 vol% (51.01 wt%) filler Polypropylene ? 22.5 vol% (55.10 wt%) filler

10 Polypropylene ? 25.0 vol% (54.45 wt%) filler Polypropylene ? 25 vol% (58.49 wt%) filler
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percolation threshold model proposed by the authors is in

good agreement with measured data whereas other estab-

lished models are underestimating the measured values.

After percolation occurs, proposed model is not estimating

the conductivity value correctly which can be attributed to

the fact that, while deriving the correlation, the inter-con-

nectivity between the filler particles has not been considered.

In the actual case this is built up within the composite body

normally at higher filler concentrations.

The intrinsic thermal conductivity of PP matrix is as

low as 0.11 W/m K, however, with 25 vol% of AlN

filler, it reaches to around 5.8 times that of neat PP.

Similarly, addition of same volume fraction of Al2O3

filler increases the thermal conductivity of homo-polymer

PP to 0.658 W/m K which is about six times that of

unfilled PP. It can be seen that the thermal conductivity

of Al2O3 is less than that of AlN but surprisingly the rise

in the value of effective thermal conductivity of PP/

Fig. 1 The SEM micrographs

of (a) AlN powder (b) Al2O3

powder

Fig. 2 The SEM micrographs for 20 vol% filler (a) PP/AlN composite (b) PP/Al2O3 composite

Fig. 3 Variation in density with

filler content (a) PP/AlN

composite (b) PP/Al2O3

composite
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Al2O3 composite is more as compared to PP/AlN com-

posite for maximum loading. The possible reason for

such output might be because of the difference in the

density of both the powder, as it can be seen from

Table 2 that for same volume fraction of both the filler,

weight fraction of Al2O3 is more than that of AlN. This

also might be the reason because of which percolation

threshold reaches earlier in case of PP/Al2O3 composite

as compared to PP/AlN composites.

4.4 Glass transition temperature and coefficient

of thermal expansion

The glass transition temperature values of PP/AlN and PP/

Al2O3 composites evaluated from TMA are shown in Fig. 6.

Glass transition temperature of neat PP is -14.9 �C which is

measured experimentally. With incorporation of 25 vol% of

AlN, Tg of PP increases to 2.5 �C whereas micro sized Al2O3

increases the Tg of PP to 3.4 �C. The reason behind such

improvement is explained by authors in their earlier works

where they observed similar increasing trend for different

combination of matrix and fillers [35, 36].

The variations in the theoretically calculated and mea-

sured values of CTE of the fabricated composites with filler

content are shown in Fig. 7. As expected, ceramic particles

under study when incorporated into the PP polymers results

in a reduction in the value of CTE, as CTE of fillers are less

as compared to the matrix. The CTE of the PP reduces

from 111 9 10-6/ �C to 80.7 9 10-6/ �C when AlN

Fig. 4 Variation in effective thermal conductivity of PP/AlN com-

posite with volume fraction of fillers

Fig. 5 Variation in effective thermal conductivity of PP/Al2O3

composite with volume fraction of fillers

Fig. 6 Variation of glass transition temperature with filler content

a PP/AlN b PP/Al2O3 composites

Table 3 Theoretically and experimentally obtained density of composites along with volume fraction of voids

S.no. Filler content (vol%) Density (g/cm3) Void content (%) Density (g/cm3) Void content (%)

Polypropylene/AlN Polypropylene/Al2O3

Theoretical Experimental Theoretical Experimental

1 5 1.039 1.03 0.86 1.068 1.06 0.75

2 10 1.158 1.14 1.55 1.217 1.19 2.21

3 15 1.277 1.25 2.12 1.365 1.33 2.56

4 20 1.396 1.35 3.29 1.514 1.46 3.56

5 25 1.515 1.44 4.95 1.662 1.59 4.33
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content reaches to it maximum loading of 25 vol%. On the

other side, CTE of PP reduces to 81.7 9 10-6/ �C when

25 vol% of Al2O3 is added into it. It can be seen that for

both sets of composites, the measured CTE values lies in

between the upper and lower bounds of Rosen–Hasin

model for all volume fraction of filler. The measured value

are close to the value obtained from upper bound of the

models as well as from the values obtained from Rule of

mixture and Kerner’s model whereas Turner’s model is far

from satisfaction. This is not surprising for Turner’s model

as it does not describe the actual stress state in the com-

posites and consider only uniform hydrostatic stresses

existing in the phases, while the stresses inside the com-

posite are very complex. Similar trend is observed by

Wong and Bollampally [37] as well.

4.5 Dielectric constant

The materials used in integrated electronic circuits must

possess low dielectric properties for better device perfor-

mance. The dielectric constant is very important parameter

which greatly influences the signal-carrying capacity and

the speed of the device to propagate signals. The frequency

dependence of dielectric constant of the PP composites

with different volume fractions of ceramic filler is shown in

Fig. 8a, b. It is found that the dielectric constant on the

composites increases with an increase in filler content. The

dielectric constants of neat PP as well as its composites

show decreasing trend in the measured frequency range.

The decrease in the dielectric constant with an increase in

frequency is due to the reason that the interfacial dipoles

have less time to orient themselves in the direction of the

alternating field when frequency rises [38]. Similar trend is

observed by Wu et al. [39] as well. At 1 kHz, and for

25 vol% of filler, dielectric constant of PP/AlN composites

is 4.06 and that of PP/Al2O3 composite goes up to 4.28

which is the maximum value attained by the fabricated

composites in this work.

Figure 9a, b shows the comparison between the exper-

imental and the theoretical values of dielectric constant

obtained from the predictive equation at 1 MHz for PP/

AlN and PP/Al2O3 composites respectively. It can be seen

that, Lichtenecker’s model is in closest approximation with

the experimentally measured values whereas Jayasundare-

Smith and Poon-Shin model shows more deviation with the

Fig. 7 Variation of CTE with filler content (a) PP/AlN (b) PP/Al2O3

composites

Fig. 8 Variation of dielectric

constant with frequency and

filler content (a) PP/AlN (b) PP/

Al2O3 composites
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experimental values. Generally all the theoretical predic-

tions are valid for low filler contents and deviation between

them is noticed as filler content increases. This is due to the

imperfect dispersion of ceramic particles at higher filler

contents and also due to the trapping of air in the com-

posites [40].

5 Conclusions

In this article, thermal and dielectric characteristics of two

different sets of composite materials are studied. Micro-

sized AlN and Al2O3 particles are two fillers incorporated

in thermoplastic polymer PP individually, in the range of 0

and 25 vol% to obtain two sets of composites. Effective

thermal conductivities of the fabricated composites are

measured experimentally and are found that the measured

points fit well up to percolation threshold with the mathe-

matical model proposed by the authors. For maximum

loading, AlN particle enhances thermal conductivity of PP

by 5.8 times whereas Al2O3 increases its thermal conduc-

tivity by around six times for same volume fraction of

filler. Results obtained from TMA shows the improvement

in the value of Tg and CTE. For PP/AlN combination, Tg of

PP increases from –14.9 to 2.5 �C and CTE reduces from

111 9 10-6/ �C to 80.7 9 10-6/ �C. Similarly Al2O3

increases Tg of PP to 3.4 �C and reduces its CTE to

81.7 9 10-6/ �C. The dielectric properties of the com-

posites in a wide range of frequency from 1 kHz to 1 MHz

are studied as well. It is found that dielectric constant

increases with increase in filler content and decreases with

increase in frequency. For maximum filler loading at the

lowest operating frequency, dielectric constant reaches to

4.06 and 4.28 for PP/AlN and PP/Al2O3 composites

respectively. The experimental results suggest that the

fabricated composites can find potential applications in the

areas of electronic packages, encapsulations and printed

circuit board substrates.
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