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Abstract:  Mechanical and physical properties, such as tensile strength, elongation at break, modulus of elasticity, Shore D
hardness, melt flow rate (MFR), and electrical and thermal conductivities of composites with high density polyethylene matrix
reinforced with Al powders were investigated experimentally. Measurements of the mechanical and physical properties were
performed up to a reinforcing component concentration of 30% volume Al powder and compared with mathematical models from
the literature. The obtained results have shown that experimental data were in good agreement with theoretical data. The ultimate
tensile strength (UTS) and elongation at break decreased with increasing Al powder content, which was attributed to the intro-
duction of discontinuities in the polymer structure, and modulus of elasticity increased with increasing Al content. The composite
preparation conditions allowed the formation of a random distribution of metallic particles in the polymer matrix volume for
system high density polyethylene-Al (HDPE-AI). There was a cluster formation of Al particles at higher Al contents in the
polymer matrix. Electrical and thermal conductivity values of HDPE-AI composites were higher than pure HDPE values.
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1 Introduction

Metal powders play an important role in the
production of polymeric materials. In addition to cost
saving (Bader, 2002; Park et al., 2009), other value-
added properties are gained through the use of fillers.
Metal powders can improve optical and mechanical
(Han and Jang, 1999), thermal (Progelhof et al.,
1976), and electrical (Lux, 1993) properties of
polymer materials. Polymers can be modified with
metallic powders for more specific uses such as anti-
fouling compounds, corrosion-resistant paints, and
maintenance products such as cold-poured steel and
tooling. Metal filled polymer composites are often
used as heating elements, temperature-dependence
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resistors and sensors, self-limiting electrical heaters
and switching devices, and antistatic materials for
electromagnetic interference shielding of electronic
devices, etc. They are much cheaper than metals.
Some of these materials are multifunctional, envi-
ronmentally friendly, offer better corrosion resistance
than metals and, in most cases, require only one-step
processing, compared to the great number of steps
involved in metal processing.

The conductivity of polymer composites that
contain dispersed conductive fillers depends on many
factors such as the size and the shape of the filler
particles, their spatial distribution within a polymer
matrix, and the interactions between the filler surface
and the polymer matrix (Gavarri et al., 1999; Kovacs
et al.,2007). Additionally, their electrical and thermal
conductivity levels can be designed in order to satisfy
the various requirements of the end users. The
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physical and mechanical properties: type, character-
istics, and proportion of polymeric matrix/reinforcing
component correlation must be known to determine
the usefulness and application of these materials. It is
therefore important, from both the scientific and
practical viewpoints, to understand the effects of
powder addition as a reinforcing component on the
properties of a polymer matrix.

In this work, the effect of the volume fraction of
filler metal powder on the mechanical properties and
conductivity behaviour of polymer was researched.

2 Materials and methods
2.1 Materials

High density polyethylene (HDPE) produced by
Petkim (Turkey) was used as the matrix component.
HDPE has the density of 0.95 g/cm3, melting start
point of 110 °C, and molecular weight of 10° g/mol.
Aluminium powder (99% purity) of irregular particle
shape, with the particle size distribution of 200 um
produced by Ecka Granules were used as the rein-
forcing material.

2.2 Composite preparation

The composites were prepared by mixing the
polymer and various amounts of metallic powders in a
Szegvari type attritor. Samples were measured ac-
cording to the required volume and then mixed at
room temperature at a speed of 250 r/min in argon
atmosphere. HDPE-Al mixtures were extruded to
prepare homogenous feedstock. The samples were
injected in an HM 300 Super injection moulding
machine at a pressure of 80 MPa and temperature of
190-235 °C depending on the reinforcing amount and
were allowed to cool at room temperature. Injection
mould cavity was produced according to ASTM
D638-10 (2010). Standard sample dimensions were
given in Table 1 and Fig. 1.

2.3 Scanning electron microscopy (SEM)

The SEM micrographs were taken at different
magnifications of 350X and 500X, using JEOL JSM-
6060 LV SEM device (Japan).

2.4 Rheological measurements

Rheological properties of the polymer matrix
composite were investigated using a Llyod trade mark

Table 1 Test specimen type SA (ASTM D638-10, 2010)

Standard dimension

Sample dimension

Parameter (mm) (mm)
L, >75 75
b, 12.5+1 12.5
Ly 25+1 25
by 4+0.1 4
2 8+0.5 8
7 12.5+1 12.5
L 50+2 50
Ly 20+0.5 20
h >2 3

Ly
——I—r-b— L4 "2
< | _\y|
- —-—|8
fi | Lo |f1/]\\
L

Fig. 1 Sample dimension
L: distance between grips; Ly: gage length; L,: length of nar-
row section; L,: overall length; r: radius of fillet; ,: outer
radius; b,: narrow width; b,: overall width; 4: sample thickness

MF-I 10 model melt flow indexer with a capillary
length /=8 mm, a diameter of capillary D.=2.095 mm,
a diameter of barrel D=9.47 mm, and the pressure
P=298.2 Pa. Melt flow rate (MFR) and viscosity val-
ues were obtained according to the standard test
method for MFRs of thermoplastics by extrusion plas-
tometer (ASTM D1238-10, 2010). Measurements
were carried out on a sample of 2160 g at 190 °C. The
final melt flow rate and viscosity results were evalu-
ated from the average of three different measurements.

2.5 Mechanical testing

The mechanical properties were measured at
room temperature according to ASTM D638-10
(2010), using a Shimadzu Autograph AG-IS provided
with control system, acquisition, and computer data
processing. The samples were stretched at the speed of
50 mm/min under a cell load of 2500 N. The me-
chanical properties were obtained using the average
value of three experimental test samples values. Frac-
ture surface of the specimens was examined with an
electron scanning electron microscope (Jeol, Japan).

Shore D hardness was obtained according to the
standard test method for rubber property-durometer
hardness (ASTM D2240-05, 2010) and was deter-
mined using GS-720G type device.
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2.6 Electrical conductivity

A measure of the electrical resistance between
opposite faces of a unit cube of material, gives volume
resistively through an insulating body. The standard
test methods for DC resistance or conductance of
insulating materials (ASTM D257-07, 2007) measure
resistance in Q between electrodes mounted on oppo-
site specimen faces (Fig. 2). This resistance is multi-
plied by the electrode’s area and then divided by the
sample thickness, to give the volume resistivity in
Q-cm. Finally, the volume resistivity is converted in
electrical conductivity measured in S/m.

+ Electrode

Guard ring
Specimen
- Electrode

|

Fig. 2 Cross-sectional schematic of a typical volume-
resistivity test apparatus

2.7 Thermal conductivity

The standard test for thermal transmission prop-
ertiecs (ASTM C177-04, 2004) measures the
steady-state heat flux through a flat-slab specimen,
using a guarded hot-plate apparatus. In the test, a hot
isothermal surface is placed between two specimens,
with two cold plates placed on the specimens’ outer
sides (Fig. 3). These three isothermal units help to
create a measurable, steady-state heat flux unidirec-
tional through the specimens. Sensors measure heat
transfer from the centre hot plate through the speci-
mens to the cold plates.

3 Results and discussion

The morphological analyses of Al powder was
carried out by JEOL JSM-6060 LV SEM device using
the tension of 20 kV, and an electronic spot diameter
of 20 um in vacuum atmosphere (Fig. 4).

Fig. 4 shows the overall morphological appear-
ance of Al powder particles with a particle analysis

Cold isothermal plate

Cold isothermal plate

Fig. 3 Simplified schematic describing the test quantifying
thermal transmission
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Fig. 4 SEM micrographs of Al powder particles (a) and the
size analysis result (b)

result. As shown in the micrograph, the shapes of
particles are irregular which are typically water at-
omised powders. The mean particle size of the parti-
cles is 55.66 um. The mechanical and physical prop-
erties of HDPE and Al powder are given Table 2.

Shear stress can be obtained using the following
equation as given in the standard test method for
determination of properties of polymeric materials by
means of a capillary rheometer (ASTM D3835-08,
2008):

__(p=R)D_(F-F)D

, , 1
! 4L, 4L, A4, M
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Table 2 Mechanical and physical properties of HDPE and Al
powder

. Viscosi
Material Dens1§y at 190 ‘% MFR. SE Hardness
(g/em?) (Pa-s) (g/10min) (s )
HDPE 0.966-0.970 320  4.4-65 2700 64
Al 2.702 - - - 95"
Material TS EB ER TC EM
(MPa) (%) (Qem) (W/(m'K)) (MPa)
HDPE 22 750 9x10 0386 200
Al 241 12 270x10°° 167 6.8x10°

* Shore D hardness; = Brinell hardness; MFR: melt flow rate; SR:
shear rate; TS: tensile strength; EB: elongation at break; ER: electrical
resistivity; TC: thermal conductivity; EM: elastic modulus

where 7, is the apparent shear stress, p is the melt
pressure, P, is the initial pressure of plunger force, D
is the die diameter, L4 is the die length, F is the force
applied on plunger, F is the intercept force, and Ap is
the cross-sectional area of the barrel. Melt flow in-
dexer measure the plunger force. This force drops
inside of the barrel. In order to eliminate the pressure
dropping effect, a Bagley correction was performed.

The Wiesenberger Rabinowitsch shear rate
(ASTM D3835-08, 2008) correction accounts for the
fact that the true shear rate is often larger than the
apparent shear rate for non-Newtonian materials. The
true shear rate can be calculated using the following
equation:

=2, )
4n

where y is the true shear rate, and y, is the apparent

shear rate. 7 is the tangent slope of the log true shear

stress versus log apparent shear rate curve with the

apparent shear rate being corrected, which could be

calculated from the linear line in Fig. 5.
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1.12 //
> >,
g 111 -
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log ©

Fig. 5 Shear rate against shear stress at 190 °C

Perform calculations as follows:

FR
TR ©
R, L,
2.4AMVR
7:7, “4)
4 4
A Fr't
=2 )

8LO SRLYV’

where F is the force on ram (N), R is the radius of
barrel (m), L. is the length of capillary (m), V' is the
volume extruded (m?),  is the radius of capillary (m),
Q is the flow rate (m’/s), 7 is the extrusion time (s),
and 7 is the true shear stress.

Coefficient n was calculated from the slopes of
MFR against shear rate curve as 0.7649 (Fig. 5).

MFR was measured for every rate (5%—-30%) of
reinforcing elements within the matrix, and shear rate,
shear stress, and viscosity were calculated according
to the obtained values. Then Figs. 5-8 were plotted
according to those values.

2.565
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2545 N
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log n

112 1.13 1.14
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Fig. 6 Viscosity against shear rate at 190 °C

An increase in the amount of reinforcing ele-
ments in the composite resulted in an increase in the
density of the polymer matrix composite that in-
creases the amount of reinforcing elements in the
composite. This density effect caused a decrease in
the volumetric MFR (cm’/10 min), whereas it results
in an increase in mass MFR (g/10 min) of the polymer
matrix composite. So Eq. (6) has been generated de-
pending on the density (Fig. 7):

MFR, = 0.96MFR!pD!""*((1-)D_)"**, (6)

where MFR, and MFR,, are the melt flow rates of the
composite and the matrix, respectively, Drand D,, are
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the densities of the filler and the matrix, and ¢ is the
packing factor. There is no experimental study on the
sample containing more than one metallic powders.

It has been established, as an original contribu-
tion that the equations obtained by regression analy-
ses to predict MFR.

® ® © ©
o O o O

Experimental ]

Melt flow rate (g/10 min)

= Equation ]

o o N N
o v o w
.

o

005 010 015 020 025 030 0.35
Packing factor

Fig. 7 MFR of HDPE-AI composites

The viscosity of the polymer matrix composite
increased the packing factor reached 0.30 (Fig. 8).
The rheological behaviour of a plastic-metal powder
composite was a combination of non-Newtonian and
Newtonian flow behaviours. At lower shear rates, the
plastic-Al powder composite was non-Newtonian, but
as the shear rate increased, the mixture composite
tended to exhibit a Newtonian behaviour due to the
fact that increasing shear rates cause the polymer
molecules and Al particles to untangle from each
other and align themselves in the flowing direction.

370
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360
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345 /

340
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Packing factor

Fig. 8 Viscosity of HDPE-AI composites

0.25 0.30 0.35

SEM microscopy was used to investigate the
distribution of metallic particles in the polymer ma-
trix. The structure of composites, obtained by SEM
microscopy at 10% (v/v) and 30% (v/v) Al is shown in
Fig. 9. Al powder particle distribution was not uni-
form in the matrix that contained both low rate (10%,
v/v) (Fig. 9b) and high rate (30%, v/v) (Fig. 9c) of Al
particles, leading to the formation of a particle

network in the whole material, which contributed to
the improvement of Shore D hardness, especially in
30% (v/v) Al HDPE matrix (Fig. 10). Examined SEM
pictures, particle fillers, type, concentration, size,
shape, and orientation of the Al particles in the HDPE
matrix were important factors in determining me-
chanical properties. The strength of the adhesive bond
between two phases, the type of dispersion, and the
amount of particle agglomeration also greatly affect
mechanical properties. It is difficult to provide these
effects in the samples since the homogeneity of the
particle distribution is not uniform and the shape of
the particles is not properly spherical.

B
ek

g
GUEE Lz

Fig. 9 Fracture surface of the samples
(a) and (b) HDPE with magnifications of 350X and 500X; (c)
and (d) HDPE-AI containing 10% (v/v) Al with magnifica-
tions of 350X and 500X; (e) and (f) HDPE-AI containing
30% (v/v) Al with magnifications of 350X and 500X
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Fig. 10 Hardness of HDPE-AI composites
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Nielsen (1974) developed a mathematical model
which can predict tensile strength of polymer matrix
composites reinforced with metal powders:

o, /o, =1—K3¢)2/3, 7

where o, and oy, are the tensile strengths of the com-
posite and the polymer matrix, respectively, K3 is the
constant that describes the quality of adhesion be-
tween the polymer matrix and the metal powders, and
¢ is the packing factor.

Comparing Nielsen (1974)’s model theoretical
data with our experimental data, and calculating the
coefficient K3 from the Nielsen equation by regres-
sion analyses:

o, =0, (1-8.64¢p"), (8)

and it was found K53=8.64.

A decrease of elongation at break with an in-
crease in the filler content is always observed. For
description of this behaviour, the Nielsen model has
been suggested as follows:

gbc = gbm (1 - @KI )’ (9)

where &, and ey, are the elongations at break of the
composite and the matrix polymer, K is the constant
that describes the quality of adhesion between the
polymer matrix and the metal powders, @ is the
volume fraction of metal powder in the composite.
For elongation at break, the coefficient K; was cal-
culated from the Nielsen equation by regression
analyses:

Epe = Eon (1= D7), (10)
and it was found K;=0.25.

The ultimate tensile strength (UTS) and elonga-
tion at break of HDPE-AI composites were presented
in Figs. 11 and 12. The Nielsen model is valid for
particles of spherical shape assuming perfect adhe-
sion between phases. Many types of filler do not fulfil
these conditions. As shown in Fig. 4, the used metallic
powders have very irregular shapes and consist of
many sharp edges. These geometrical factors are
expected to contribute significantly to a dramatic
decrease of elongation at break. Conversely, the use
of the Nielsen model is correct only if a deformation

is homogeneous. In the case of polyethylene, a neck is
created during tensile and therefore elongation at
break is not homogeneous. The presence of defects in
the front of the neck has a critical influence on the
tensile behaviour of the composite.

34

| Experimental
32y <. | v Nielsen (1974)'s model

30
28
26}

24 1 1 1 1 1 .‘I
0 0.05 0.10 0.15 020 025 030 0.35

Packing factor

Ultimate tensile strength (MPa)

Fig. 11 Ultimate tensile strength of HDPE-AI composites
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Fig. 12 Elongation at break of HDPE-AI composites

Experimental results concerning UTS and
elongation were validated, by comparing them with
the Nielsen model. As shown in Figs. 11 and 12, ex-
perimental values were higher than those obtained
from the Nielsen mathematical model for UTS and
elongation. This could be explained by the tendency
of the agglomeration of powder particles, or by wet-
ting and hence their poor encapsulation in the poly-
mer matrix. The decline in the value of elongation at
break (Fig. 12) with increasing addition of metal
powder relative to that predicted by the mathematical
model of Nielsen was due to lower adhesion between
the phases. UTS and elongation at break decreased
even though a small percent of Al particles were in-
troduced into the polymeric matrix. Therefore, it is
possible to state that adding Al particles into HDPE
made the composite more brittle.

To describe the elastic modulus of the polymer
matrix composite several mathematical models were
found (Nielsen and Landel, 1994; Einstein, 2005),
one of which is Einstein (2005)’s equation:
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E =E,(1-9), (1)
where E, and E,, are the elastic moduli of the com-
posite and the matrix polymer, respectively.

The second of these models is Nielsen and
Landel (1994)’s equation, to describe the dependency
of the elastic modulus versus powder content using
the set of equations:

p _ B, (1t 4P0)

CA-pHR) ] (12
_(E/E, -1

ﬂ_(Ef/Em+A)’ (13)

Wl:1+“‘§¢, (14)
= 09

where Eyis the metallic powder elastic modulus, @yis
the volume percent of Al powder, f is the function of
the elastic module of the composite, @, is the vol-
ume fracture of matrix, v is Poisson ratio of the ma-
trix, and A is the function of Poisson ratio. The factor
¥, can be determined by the maximum packing
factor of composite.

Einstein (2005)’s mathematical model is valid at
concentrations up to 30% volume metal powder in-
corporated into the polymer matrix and assumes a
perfect adhesion between polymer and metal powder
and a perfect dispersion of polymer particles in the
metal powder matrix. As shown in Fig. 13, the Einstein
model was almost validated by experimental data ob-
tained. The experimentally values of modulus of elas-
ticity were greater than those predicted by the Einstein
model at 15% (v/v) Al. Theoretical values of elastic
modulus according to the Nielsen model showed an
increasing trend with increasing modulus of elasticity
in the HDPE matrix with addition of Al powder. It
appears that, for all concentrations considered, ex-
perimentally determined values are lower than those
associated with the Nielsen model and the difference
increases with increasing Al powder content (Fig. 13).
It could be concluded that the Einstein model was more
suitable than the Nielsen model for comparison of
theoretical data with this experimental data.

Nielsen (1974) developed a mathematical
model, which may provide electrical conductivity of

polymer matrix composites reinforced with metal
powders, expressed by

© - Ku(+4B2)

, 16

T u-swa) (1o

_K /K, -1 a7
K, /K, +A4
1+@ (1-D,)

=T m ) 18

5

Dy =, (19)
+ A4
10+4 7

where A, is the function of the aspect ratio and ori-
entation, B is a constant (B=1 for polymer systems),
Dy is the maximum packing factor, ¥, is determined
by the maximum packing factor of composite, and K,
K., and Ky are the conductivities of the composite,
matrix, and filler, respectively. Nielsen (1974) used
these equations to describe the electrical conductivity,
thermal conductivity and the modulus of metal/
polymer systems.

500
= /
©
% 450 — Experimental P 7
o 400 F— """ Einstein (2005)’s model /|
3 — — Nielsen (1974)'s model 7
3 350 -7
5 300 | -
=1 ~ |
7] - .=
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0 0.05 0.10 0.5 020 025 0.30 0.35

Packing factor

Fig. 13 Elastic modulus of HDPE-AI composites

Percolation is a change of the conductivity of a
composite material taking place in a relatively narrow
range of concentrations of dispersed conductor phase.
It is caused by the formation of networks of conduc-
tive particles, at first fragmented and then continuing
to significantly alter the electrical conductivity (heat).
Increasing volume concentration of dispersed phase
causes, in ideal conditions, an increase in particles per
unit volume of composite material and therefore a
decrease in distance between two neighbouring par-
ticles (dispersed phase). Increasing volume concen-
tration of dispersed phase in the composite material
causes these to reach a critical threshold called per-
colation threshold in which conductive particles are
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attained by changing the character of insulating
composite to conductor material composite.

When the reinforcing metallic powder had a
random distribution into the composite matrix-
identified by observation at SEM (Fig. 9), the poly-
mer matrix composite had an increase in electrical
conductivity (Fig. 14), because the percolation effect
was formed at this critical volume fraction of the
metal particles as a consequence of higher agglom-
eration of particles. The percolation effect is a well-
known phenomenon observed in filler-matrix systems
as the extreme change of certain physical properties
within a rather narrow concentration range of het-
erogeneity (Kuo and Gupta, 1995; Gavarri et al.,
1999). The effect was explained as the formation of a
conductive path through the sample in such a way that
the conductive particles, which create the path, are in
contact at a filler concentration corresponding to the
percolation threshold.

10-8

10-9F
10-10}
10- 1| =
10- 12 /m
’ - - - - Nielsen (1974)’s model

10-13
0 0.05 0.10 0.15 0.20 0.25

Packing factor

Electrical conductivity (S/m)

0.30 0.35
Fig. 14 Electrical conductivity of the HDPE-AI composites

Al particles with irregular shapes had long
branches reaching out from the main body of the
particle. Al powder can require anywhere from 5% to
30% loading to reach the percolation threshold. As
shown in Fig. 14, experimental data were in good
agreement with the theoretical values predicted by the
Nielsen model.

Incorporation of the conductive Al powder as a
reinforcing component in HDPE improved the ther-
mal conductivity of the polymer matrix. The experi-
mental results concerning thermal conductivity were
validated by comparing them with those of Agari et
al. (1990)’s model:

logK, =logC; +¢C, logK; +(1-¢)log(CK,,), (20)
where C; and C; are the coefficients.

Fig. 15 shows the determined thermal conduc-
tivity experimental data and prediction data obtained

by the Agari model of HDPE-Al composites. The
model coefficients C; (0.91), C, (0.18), and the
equation constant C; (1.06) from Eq. (20), were ob-
tained by regression analyses based on Al powder
properties (type, filler dimension, and particle shape).
Eq. (21) showed the Agari model adapted for Al
powder used in this work as a reinforcing phase into
the HDPE matrix:

K, =1.06K"*0.91K"*. Q1)

0.7
06

o
3

N
~

—— Experimental
---- Nielsen (1974)'s model
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I

0 0.05 010 0.15 020 025 0.30 0.35
Packing factor

o

Thermal conductivity (W/(m-K))
o
w

Fig. 15 Thermal conductivity of the composites as a func-
tion of Al content

As shown in Fig. 15, experimental values were
validated by predicted values, and it can be seen that
there was a clear increase in thermal conductivity of
HDPE-AI composites with increasing Al content.
This may be explained by the higher thermal con-
ductivity of Al. The Al particles were located in the
interlamellar spaces, in close contact with the lamellar
surfaces. The high thermal conductivity of Al then
caused these particles to quickly reach a higher tem-
perature than the surrounding matrix (through the
percolation pathways observed for high Al content
composites). The consequence was the increase in
thermal conductivity proportional to the reinforcing
level of Al in the HDPE matrix.

4 Conclusions

In this paper, the mechanical and physical
properties of HDPE-Al polymer composites were
investigated and compared with general mathematical
models.

In order to establish the suitable process pa-
rameters of injection moulding of composite, the
main rheological parameters (viscosity, shear rate,
and MFR) of HDPE-AI composites were studied. The
values of MFR were measured for every rate of me-



Chifor et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2011 12(8):583-592 591

tallic powder content between 5%-30%. Coefficient n
was calculated as 0.7649.

As an original contribution, a new formula was
generated by regression analyses for MFR according
to density. It was found that MFR formula depends on
the composite density, which agreed well with ex-
perimental data. This model has not been confirmed
for the composite containing more than one type of
reinforcing element.

The strength of the adhesive bond between two
phases, the type of dispersion, and the amount of
particle agglomeration also greatly affected the me-
chanical properties. It was difficult to provide these
effects at all times since the homogeneity of the par-
ticle distribution was not uniform and the shape of the
particles was not properly spherical.

The shape, distribution, and the volume fraction
of metallic powder content in the HDPE matrix are
important factors for controlling the mechanical
properties of polymer matrix composite. With in-
creasing reinforcing component, UTS and elongation
at break decreased. This was due to the fact that the
particle presence induced numerous discontinuities in
the polymer matrix and, as a result, the composite
ductility decreased. Elastic modulus obtained from
experimental results was found to increase at higher
Al powder contents in the HDPE matrix composites.
UTS and elongation at break experimental data were
compared with the Nielsen model and were found to
agree well with mathematical model.

Elastic modulus experimental values were
compared with the Nielsen and Einstein models, and
it was concluded that the Einstein equation was more
suitable for this experimental work.

Electrical and thermal conductivities of HDPE-
Al composites depended on Al powder conductivity
and polymer matrix conductivity. Electrical con-
ducting paths and networks were formed in compos-
ites with increasing Al concentration. Electrical
conductivity experimental data were compared with
those of the Nielsen model, and it was concluded that
all experimental data fit the Nielsen model. Thermal
conductivity was compared with the Agari model, and
it was found that the equation established was in a
good agreement with the experimental data.

Incorporation of the conductive metal powder as
a reinforcing component in polymers improved the
electrical and thermal conductivities of the HDPE

matrix. The electrical and thermal conductivities of
composite materials obtained by mixing HDPE with
sufficient contents of Al powder were superior to
those of unfilled HDPE. It had been seen that thermal
conductivity increased continuously up to 30% (v/v)
Al. This was due to the fact that the percolation effect
was formed at this critical volume fraction of the
metal particles.

As a conclusion, the mathematical models were
suitable to validate the experimental data, and the
suitable coefficients and constant are obtained by re-
gression analyses for the composites. It can be con-
cluded that all the elaborated polymer matrix compos-
ites have good physical and mechanical properties and,
as a result, can be used as multifunctional materials.
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