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ABSTRACT: In this article, we present and analyze the
dielectric properties of high-density polyethylene (HDPE)-
graphite(Gr) composites in low and radio frequency
ranges for capacitor and electromagnetic interference
(EMI) shielding application, respectively. The HDPE-Gr
composites were prepared by mixing and the hot com-
pression mold technique. The dielectric constant and AC
conductivity of HDPE-Gr composites according to graphite
volume fraction follow the power law model of percola-
tion theory. The percolation threshold of the composites
was estimated to be 0.039 (~ 7 wt % of Gr). The HDPE-Gr
composites exhibited high dielectric constants, high dissi-

pation factors, and high AC conductivities at a certain
addition of graphite in low frequency and radio frequency
regions. The AC conductivity of the composites with the
higher content of graphite depicted frequency independ-
ency in low and radio frequency region. The EMI shield-
ing properties of the HDPE-Gr composites was evaluated
in the radio frequency region and it was found that
the maximum EMI shielding of the composites was
obtained. © 2012 Wiley Periodicals, Inc. ] Appl Polym Sci 125:
E610-E619, 2012
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INTRODUCTION

Conductive polymer composites can be fabricated by
mixing an insulating polymer matrix with conduc-
tive fillers. Gra?hlte powder,Hl carbon black,S*8 me-
tallic powder 9 carbon nanotube,ll*lg’ piezoelectric
powderl‘l’15 and carbon nanofiber (CNF)'®!” have
been used as conducting fillers. The advantages of
using polymer and graphite in polymer composites
include lighter weight, corrosion resistance, and easy
processing and flexibility. Conducting po 1ymer com-
posites can be ap1phed to current limiters,®'? charge
storage capacitors'***?! and antistatic materials, which

2prov1de electromagnetic interference (EMI) shield-

g2 * for electronic devices.

The dielectric constant and AC conductivity of
conducting polymer composites increase with the
addition of the conducting filler. Especially, near the
percolation threshold (¢.), the dielectric constant
and AC conductivity change sharply. At the ¢,
many conducting particles are isolated by thin insu-
lating layers. Therefore, near the percolation thresh-
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old, the composites can become a capacitor and
therefore, can be applied to charge storing devices,
electro active polymers (EAP) and decoupling capac-
itor applications. Polymer composites of high dielec-
tric constant and dissipation factor in low and high
frequency regions are required for various applica-
tions, such as charge storage capacitors, decoupling
capacitors and EMI shielding applications.

Electromagnetic radiation at radio and microwave
frequencies such as those emanating from cell
phones tends to interfere with electronic devices.
Therefore, the EMI leakage in the radio to micro-
wave frequency range is still a serious problem in
our society. To control the EMI leakage, conducting
polymer composites have been widely used in the
area of EMI/radio-frequency interference (RFI)
shielding effectiveness (SE) due to their unique com-
bination of electrical conduction, corrosion resist-
ance, low density, and flexibility.

Previously, HDPE mixed conducting polymer
composites were fabricated by mixing the HDPE
matrix with different types of conducting fill-
ers.'®"?*%” Tjong et al.'® analyzed the AC and DC
conductivities of HDPE-carbon nanofiber (CNF)
composites in the frequency range of 100 Hz to 10
MHz and composites followed the scaling law of
percolation theory and ¢, of the composites was 0.97
vol % of CNF. Yang et al.'” performed the dielectric
analysis of vapor grown carbon nanofiber (VGCNF)
reinforced HDPE composites in the frequency range
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of 0.01-10° Hz in the temperature range of 35-120°C,
and the dielectric properties of VGCNE-HDPE com-
posites followed the percolation theory and ¢. value
for permittivity and loss factor was 15 wt % of
VGCNF. Huang et al®* studied the electrical and
dielectric properties of polyethylene-aluminum (Al)
composites and they applied DC conductivity and
dielectric properties to the percolation theory and
found that ¢. of the composites was 24 wt % of Al
Bischoff et al.” studied the effects of electrical con-
ductivity, AC conductivity and positive temperature
coefficient (PTC) of carbon black-HDPE composites.
The percolation theory was applied to the DC con-
ductivity, and the value of composites was found to
be 0.1 volume fraction of carbon black. AC conduc-
tivity was also analyzed with frequency at different
temperatures. Wang et al.?® analyzed the impedance
spectra of carbon black filled HDPE composites and
analyzed the conductivity by percolation theory. The
¢, of the composites was 20% of carbon black. Pan-
war et al.”’ analyzed DC conductivity, resistivity
with temperature of HDPE-Gr composites. That is,
the dielectric constant and loss factor from 20 Hz to
5 MHz and EMI SE measurements in the frequency
range of 8.0-12.0 GHz using a microwave bench
were measured.

However, there is no report on the dielectric analy-
sis of HDPE-Gr composites in the radio frequency
region and the percolation theory analysis of AC con-
ductivity of HDPE-Gr composites according to lower
frequency region. In this article, we analyzed the
dielectric constant, AC conductivity and loss factor of
HDPE-Gr composites in the lower frequency (20 Hz
to 10° Hz) and the radio frequency range (1 MHz to 3
GHz). In the lower frequency range, the percolation
theory was applied to analyze to dielectric constant
and AC conductivity according to graphite volume
fraction as well as frequency. The EMI SE of compo-
sites in radio frequency range was calculated. The
HDPE-Gr composites were prepared by mixing and
the hot compression mold technique. The composites
consisted of HDPE as the insulating polymer matrix
and graphite as the conducting filler. As a linear poly-
mer, HDPE has no branching and has a more closely
packed structure with higher density, higher chemical
resistance, and harder temperatures resistance (120°C
for short periods, 110°C continuously) than LDPE.
Owing to these specific properties of HDPE, HDPE-
Gr conducting polymer composites can be applied as
charge storing capacitors, decoupling capacitors, and
EMI shielding materials.

EXPERIMENTAL
Materials

The matrix polymer used in this work is a commer-
cial grade (F41 003) HDPE resin with granules,
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manufactured by Indian Petrochemicals, Vadodara,
Gujrat, India. The various physical parameters of
HDPE are as follows: color = transparent, density =
0.96 g/ cm?, hardness shore D = ~ 75, melt flow = 5
to 18 g/10 min, melting temperature = 130°C, vicat
softening temperature = 125°C, heat deflection tem-
perature = 90°C, molecular weight = 50,460, dielec-
tric constant at 1 MHz = 2.2-2.35, dissipation factor
at 1 MHz = 1 x 10™* and volume resistivity = 1 x
10" Q cm. As the electrical conducting filler, graph-
ite powder with average particle size ranging from
10 to 20 pm was used (supplied by Graphite India).
Some of the properties of graphite are as follows:
color is black, density = 1.75 g/ cm®, maximum
usable temperature = 3600, modulus of elasticity
(Young modulus) = 4.8 GPa, electrical resistivity =
7.5 x 107> Q cm and carbon-graphite% = 30-70.

Composite sample preparation

The HDPE granules were ground to obtain fine par-
ticles (212-250 pm) using Aurther H. Thomas type
Willey Grinder. The polymer and filler powders
were tumble mixed thoroughly for 4 h in a glass
beaker with a magnetic stirrer.”?® The speed of the
magnetic stirrer was maintained around 400 rpm
without any heating. This process coated the con-
ducting graphite powder on the surface of the
HDPE particles, so it is referred to as prelocalization
of the conductive phase. Prolonged mixing
improved the homogeneity of the spatial distribution
of the conductive particles and their uniform coating
thickness on the HDPE particles. The tumble mixed
prelocalized powders was prepared for different
graphite contents in the range ie., 0, 3, 5, 7, 10, 15,
20, 25, and 30 wt % of graphite under similar condi-
tions. The corresponding volume fractions of Gr (¢)
of these samples were 0, 0.016, 0.0274, 0.039, 0.056,
0.086, 0.099, 0.118, and 0.187.

By using a hydraulic press (Shimadzu, Kyoto,
Japan) of ram diameter 42.7 mm, the graphite coated
HDPE powder was initially pressed for 5 min at
room temperature to eliminate any void formation
within the pellet. By using a rectangular mold, rec-
tangular specimens of length 2.28, width 1.01 cm
and thickness ~ 0.2 to 0.25 were obtained. The proc-
essing temperature (initial temperature) and the
pressure in the molding procedure are the main con-
cerns in the fabrication of graphite mixed polymer
composite pellets. The composites should have good
conductivity as well as hardness. After the fabrica-
tion procedures were setup, all the samples were
prepared at processing temperature of 100°C under
70 MPa and baked at 115 °C (below a melting tem-
perature) for 15 min at atmosphere pressure. After
baking the samples, all the samples were cooled
down to room temperature at atmospheric pressure

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Scanning electron microscopy (SEM) images of (a) graphite flakes at x1000 magnification, (b) surface part of
hot compressed mold pure HDPE sample at x500 magnification, (c) surface part of composite with ¢ = 0.039 (7 wt %) at
x500 magnification, (d) surface part of composite with ¢ = 0.086 (15 wt %) at x500 magnification and (e) surface part of

composite with ¢ = 0.086 at x2000 magnification.

to eliminate porosity, bubbles or blisters. This proce-
dure improves the electrical properties, minimizes
the after-shrinkage and enhances the quality and
appearance of the samples. The specimens were
taken out from the mold and the surfaces of the
specimens were polished by sandpaper to remove
the polymer rich surface layer and to eliminate sur-
face irregularities. The specimens were sealed in air
free polyethylene bags prior to measurements to
avoid atmospheric and humidity effects that may
induce some changes in the conductivity of the
specimens.

Characterization
Scanning electron microscopy

Scanning electron microscopy (SEM) of the HDPE-
Gr composites was performed using a Hitachi scan-
ning electron microscope (Model No. S-4700). All the
samples were gold sputtered prior to measurement.

Measurements

For the measurement of resistance, both opposite
surfaces of the samples were coated with SEM grade
conductive silver paint. The resistance of the sam-
ples having resistance less than 200 MQ was meas-
ured using a conventional digital multi-meter. When
the resistance exceeded 200 MQ, a Keithley Pico
ammeter was used to measure the resistance.

For studying the dielectric properties, the capaci-
tance (C) and dissipation factor (tan o) of the sam-
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ples were measured in two frequency ranges, 20 Hz
to 5 MHz and 1 MHz to 3 GHz, by using a Hewlett—
Packard (HP) Impedance Analyzer (Model No. 4294)
and RF Impedance/Material Analyzer (Model No.
E-4991 A), respectively. The dielectric constant (') of
composites is calculated from the formula ¢ = Ct/
gA (,) where g is the permittivity of the free space,
t is the thickness, A is the area, and C is the
capacitance.

RESULTS AND DISCUSSION
Morphology

Figure 1(a) shows the SEM image of the graphite
particles at x1000 magnification which have a flaky
shape.””?® Figure 1(b) shows the SEM image of sur-
face part of pure HDPE sample after compression
molding. This image corresponds to the formation of
solid HDPE. Figure 1(c,d) show the SEM images of
surface part of composites at ¢. and above ¢, having
graphite volume fraction ¢ = 0.039 (7 wt %) and
0.086 (15 wt %), respectively. From Figure 1(b-d),
SEM images of samples were executed at x500 mag-
nification. Figure 1(e) shows the SEM images of
composite having ¢ = 0.086 (15 wt %) at higher
magnification (x2000). Figure 2(a—c) show the SEM
images of cross section part of pure HDPE, compo-
sites having ¢ = 0.039 (7 wt %) and 0.086 (15 wt %).
From Figure 2(a-c), SEM images of samples were
also executed at x500 magnification. In Figure 1(c—e)
and Figure 2(b,c), the HDPE and graphite zones
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Figure 2 Scanning electron microscopy (SEM) images of (a) cross section part of hot compressed mold pure HDPE sam-
ple at x500 magnification, (b) cross section part of composite with ¢ = 0.039 (7 wt %) at x500 magnification and (c) cross
section part of composite with ¢ = 0.086 (15 wt %) at x500 magnification.

have been specified by white arrow. From the fig-
ures, it is clear that the presence of graphite particles
(flakes type) can be seen between the interfacial
regions of the HDPE matrix with the addition of
graphite.

Dielectric properties in low frequency range

Conducting polymer composites possess a frequency
(o) dependent, complex dielectric constant &* (w) =
¢ (o) — i¢” (w). The real part ¢/(®) represents the rel-
ative dielectric constant and the imaginary part &"(®)
accounts for the dielectric loss. The ratio of the imag-
inary to the real part (¢”/¢') is the “dissipation fac-
tor,” which is represented by tan d, where 9 is called
as the ”loss angle” denoting the angle between the
voltage and the charging current. To investigate the
dielectric behavior of HDPE-Gr composites in the
low frequency (f;) range, the room temperature ¢
and tan 6 of the composite were calculated in the
frequency range from 20 Hz to 100 kHz.

Figure 3 shows the variation of & of HDPE-Gr
composites as a function of ¢ of Gr at 50 kHz. The ¢’
of HDPE-Gr increases with the increasing volume
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Figure 3 ¢ of HDPE-Gr composites as a function of ¢ at

50 kHz. Inset 3 Plot of log €' versus log (¢p. — ¢) of HDPE-
Gr composites.

fraction of Gr and enhances greatly near ¢ = 0.039.
This enhancement of ¢ in the neighborhood of the
percolation threshold is also predicted by the power
law*! as follows:

g o (d)c - ¢)7S (1)

where ¢, is the critical filler volume fraction at
which percolation in €' takes place and it is called
percolation threshold, and s is a critical exponent of
¢'. The log-log plots of eq. (1) are shown in the inset
of Figure 3. The best fit of the € data to the log-log
plots of eq. (1) gives ¢, = 0.040, which is near equal
to the experimental threshold value (¢, = 0.039) of
the composites. The value of s is found to be 0.76,
which is close to the normal value given by percola-
tion theory.”

The dependence of €' of the HDPE-Gr composites
on the low frequency (f;) is shown in Figure 4.
When ¢ < ¢, for example at ¢ < 0.039, the & of the
composites exhibited weaker frequency dependence,
but when ¢ > ¢, € of the composites exhibited
stronger frequency dependence. The Gr filled HDPE
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Figure 4 Variation of ¢ of the HDPE-Gr composites as a
function of f; for different ¢. Inset 4 log-log plot of & ver-
sus f at ¢..

Journal of Applied Polymer Science DOI 10.1002/app



E614

composites depict large value of €' at lower frequen-
cies while the value of & decreased at higher fre-
quencies. At low frequencies, the polarization fol-
lows the change of the electric field. In this case,
highest value of ¢ is obtained. At high frequencies,
the electric field changes too fast for the polarization
effects to appear. In this case, lowest value of ¢ is
obtained.?® From the figure, it is clear that the values
of ¢ of composite increased with increasing ¢. The
increment in & of composite with addition of ¢ (Gr
content) could be mainly ascribed to following two
reasons.”’ One reason is Maxwell-Wagner (MW)
interfacial polarization originating in the insulator-
conductor (HDPE-Gr) interfaces. Another reason is
due to the formation of mini-capacitor networks in
the HDPE-Gr composites with increasing Gr content.
Large enhancement in € of composites in the low
frequency region occurs due to the Maxwell-Wagner
polarization originating in the insulator-conductor
interfaces.”®***® The high value of ¢ = 3.12 x 10°
was observed at 20 Hz for the composites with ¢ =
0.187. High value of € could be used in capacitor
applications.

The frequency variation of € at ¢~ ¢, as predicted
by percolation theory® is

Sl(fa d)c) OCfL_v )

where v is the critical exponent. The log-log plot of
eq. (2) is shown in the inset of Figure 4. From the
data, the value of v was 0.22.

The dependence of tan 6 of the HDPE-Gr compo-
sites on low frequency (f;) is shown in Figure 5.
Except for the composites with ¢ = 0 and 0.16, tan &
of all the composites increased up to 150 Hz and
thereafter, its value decreased with increasing fre-
quency. This is because the induced charges gradu-
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Figure 5 Variation of tan & of the HDPE-Gr composites
as a function of f; for different ¢.
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ally fail to follow the reversing field causing a reduc-
tion in the electronic oscillations as the frequency is
increased.?® From the figure, it is clear that the val-
ues of tan & increased with increasing ¢. In the
lower frequency region, the tan & increase sharply
for the composites having ¢ > ¢.. Large increment
of tan § in lower frequency region may be attribu-
tedto the interfacial polarization mechanism of the
heterogeneous system. The high value of tan § =
5.58 x 10* was observed at 150 Hz for the compo-
sites with ¢ = 0.086. High values of tan & of the
composites could be utilized for decoupling capaci-
tor applications. Due to the Maxwell-Wagner polar-
ization effect in the HDPE-Gr composites systems,
the ¢ and tan & of HDPE-Gr composites system was
found to be higher than other composite
systems.34'35

Figure 6 shows the variation of the AC conductiv-
ity (o) of the HDPE-Gr composites as a function of
¢ of Gr at 50 kHz. The o, of composites is calcu-
lated from the formula o, = ;g tan 8, where
o = 2nf;. In this formula, o, is the angular fre-
quency, f; is ordinary frequency and g is the dielec-
tric constant of vacuum. The o,. of the composites
increased with the increasing volume fraction of Gr,
and the insulator-conductor transition of composites
was found near to ¢ = 0.039 (7 wt %). According to
classical percolation theory, the conductivity of
composites near the insulator-conductor transition
can be represented by the power law model of per-
colation theory”*%:

Gac X (d) - d)c)t (3)

where ¢, is the critical filler volume fraction at
which percolation in c,. takes place, and t is the
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critical exponent of conductivity. The experimental
values of c,. were fitted to eq. (3) and a log-log plot
of the power law was generated, as shown in the
inset of Figure 6. The best fit of the conductivity
data to the log-log plots of the power law gives ¢. =
0.037 (~ 7wt %) and t = 1.52. The value of t for our
composite system was found to be less than to 2,
which is a universal value of three dimensional (3-
D) systems which is a geometrical phase transition.
The universal value of t = 2 is found to be applica-
ble for touching particle model in which physical
contact between the conducting particles is necessary
to make a percolative path while Kirkpatrick® ana-
lyzed percolation theory and proved theoretically
that ¢ is a universal constant which is independent
of the chemical natures and geometries of the con-
stituents. The value of t = 1.6 has been predicted
by** for 3-D system while computer simulations
give t = 2.0.”” Therefore, value of t in our composite
system is near to values of ¢ obtained by**® for 3-D
systems. The reason of deviation of t from universal
value (~ 2) has also been reported by previous
research articles.*'™* It was reported*'** that the theo-
retical model does not consider the interaction
between conducting particles and conducting particle
and polymer matrix. They concluded that theoretically
if physical contact is not necessary (i.e., charge can
tunnel through the barrier) to make the percolative
network, nonuniversal value of t can be obtained for
composite systems. Research article™ reported that the
value of t depends on the authors and type of simula-
tion used for fitting the eq. (2). The best linear fitting
to the eq. (2) is obtained by varying the value of ¢.
and different value of t is obtained with different ¢..
The dependence of c,. of the HDPE-Gr compo-
sites on f; is shown Figure 7. As we have discussed
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in Figure 6, it is clear that c,. depends ong¢/, tan
and f;. After calculating o, in low frequency range
for each composite, graph was plotted between c,.
with f;. A small value of ac conductivity increased
with the increase of frequency for the composites
with ¢ = 0.0 to 0.086 while c,. of composites with ¢
= 0.099 to 0.187 remained constant with the increase
of frequency. So, the composites with ¢ = 0.099 to
0.187 have high c,. and weak frequency depend-
ence, and these properties of the material could be
utilized as antistatic media and shielding for EMI or
RFI of electronic devices. The frequency variation of
Gac at d~ ¢ as predicted by percolation theory?” is

Gac(f; bc) o fi 4)

where u is the critical exponent. The log-log plot of
eq. (4) is shown in the inset of Figure 7. From the
data, the value of u was 0.68, which is slightly lower
than the universal one (1 = 0.70).*” The critical expo-
nents u and v are related as # + v = 1. In the present
case, u = 0.68 and v = 0.22 i.e., u + v = 0.9, which is
close to the normal value given by percolation
theory. The above analysis confirmed the percolation
phenomenon in the HDPE-Gr composites.

Dielectric properties in the high frequency region

To investigate the dielectric behavior of the HDPE-
Gr composites at high frequencies (fy), the room
temperature ¢ and tan & of the composites were cal-
culated in the frequency range from 1 MHz to 3
GHz (radio frequency). Figure 8 shows the &’ of the
composites as a function of fy for various contents
of graphite. A small variation in & was observed for
the composites with ¢ < ¢. = 0.039 (7 wt %) and a
large variation was observed for the composites

10° G0, —0— 0.016 §, —L— 00274 ¢,
—v— 0.039 §, —+— 0.056 ¢,
—0— 0.086 ¢, —*— 0.099 ¢,

10* ~.& —=—0118 ¢, —&— 0.187 ¢
10°
"W
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10' 1
10° al ool bl P 1¥|1u]
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Figure 8 Variation of ¢ of the HDPE-Gr composites as a
function of fy for different ¢.
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Figure 9 Variation of tan § of the HDPE-Gr composites
as a function of fy for different ¢.

with ¢ > ¢, from 1 MHz to GHz. The ¢ of the com-
posites with ¢ = 0.086 and 0.099 shows complex
fluctuations at the measured f;; = 0.002 GHz to 3
GHz. The maximum values of ¢ = 2.3 x 10* was
obtained at 1 MHz for the composites with ¢ =
0.187 (30 wt %) and in the GHz frequency range, the
maximum values of ¢ = 1.54 x 10° was obtained at
1.86 GHz for the composite with ¢ = 0.118. The
HDPE-Gr composites attained higher values of
dielectric constant with higher graphite content in
HDPE-Gr composites due to the formation of mini-
capacitor networks in the HDPE-Gr composites with
increasing Gr content. High values of & in the radio
frequency range are useful in EMI SE applications.

Figure 9 shows the tan 6 of the HDPE-Gr compos-
ite as a function of fy for various contents of graph-
ite. The tan 6 for composites with ¢ = 0, 0.16, 0.027,
0.086, 0.099, 0.118, and 0.0187 shows a complex fluc-
tuation with the measured fy. And, the tan d of the
composites with ¢ = 0.039 increases with increasing
frequency while tan & of the composite with ¢ =
0.056 decreases with increasing frequency, although
tan 6 shows complex variation above 1 GHz for both
composites. The maximum value of tan § = 4.9 x
10% is obtained at 2.4 GHz for the composite with ¢
= 0.086 (15 wt %). High values of tan § in the radio
frequency range are useful in EMI SE applications.
The noise in the values of ¢ and tan 6 is observed
near to 0.5-3 GHz due to the oscillation of ¢ and tan
d in this frequency ranges.

Figure 10 shows the o,. of the HDPE-Gr compo-
sites as a function of f;; (radio frequency) for various
contents of graphite. o, increases sharply with the
increase of fy for composites with ¢ = 0 to 0.056 but
a complex fluctuation of c,. is seen when fy > 1
GHz. For composites with ¢ = 0.086 to 0.187, G, is
high and remains constant with the increase of the
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frequency, although o,. shows complex fluctuation
when f; > 1 GHz. Because the HDPE-Gr composites
with ¢ = 0.086 to 0.187 have high c,. and weak fre-
quency dependence in radio frequency range, they
can be utilized in EMI or RFI shielding of electronic
devices.

EMI shielding

An electromagnetic shield is a conductive material
which attenuates electromagnetic energy. The total
shielding effectiveness (SEr) is defined as the ratio
of incident to transmitted power and which is equal
to SE due to absorption of EM energy, SE due to
reflection of EM energy from the material surface
and multiple internal reflection of EM radiation.
Therefore, the total SEr of the sample is expressed
as eq. (5)*.

SEr = 10log [Pin /Pout] —SE, +SEr +SE;,  (5)

where P;, and P, are the power incident on and
transmitted through a shielding material, respectively.
The SEr is expressed in decibels (dB). SE4, and SEg
are the absorption and reflection (from both sides of
the material with neglect of the multiple reflections
inside the barrier) shielding efficiencies, respectively.
The third term (SE;) is a positive or negative correc-
tion term induced by the reflecting waves inside the
shielding barrier, negligible when SE, > 15 dB. The
terms in eq. (5) can be described as

SE, = 8.86al (6)
11+ nf?

p— 7

SEr =20log yT (7)
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Figure 10 Variation of o,. of the HDPE-Gr composites as
a function of fy for different f.
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Figure 11 Variation of SEg of the HDPE-Gr composites
as a function of fy for different ¢.

_exp(=2yl)(1 - n)?
(1+n)?

SE; =201log|1 (8)

where the parameters o, #, and y are defined by the
following equations, and [ is the thickness of the
shielding barrier.

2n [e¢v/1+ tan?
o= 28 [EVIH N0 ©)
Mo 2
'(v/1 +tan2 6+1 / 2
n_\/s(\/ + tan )_H\/g\/l—&—tan dF1 (10)
2 2
B [Zj] gv1l+tan2o F 1
= 2
(2m) (¢ (V1 +tan2 8%1)
+z(x—] - (11)
0

where } is the wave length, ¢’ the real part of com-
plex relative permittivity, the * and F signs are
applied for positive and negative ¢, respectively.
Using egs. (6), (7), (9), and (10) and the values of
¢’ and tan § in the frequency range from 1 MHz to 3
GHz, the values of SEzx and SE, for the HDPE-Gr
composites were calculated. The SEr and SE,4 of the
composites as a function of f (1 MHz to 3 GHz) are
shown in Figures 11 and 12, respectively. The SEg of
the composites with ¢ < ¢, decreases slowly with
the increase of f;; except when oscillations occur
above 1 GHz while the SEy of the composites with ¢
> ¢, shows large variation with the increase of fy
except when oscillations occur above 1 GHz. The
SEg of the composites increases with the increase of
¢. A high value (~ 50.44 dB) of SEr is obtained at

10'4 —=— 01184, —&—0.187 ¢

1(':"—§

SE, (dB)

10 4

f, (H2)

Figure 12 Variation of SE, of the HDPE-Gr composites
as a function of fy for different ¢.

1 MHz for the composites with ¢ = 0.187 (30 wt %)
because these composites have high values of ¢ and
tan 9. The SE,4 of HDPE-Gr composites increase with
fu because SE, is directly proportional to fy as
observed by egs. (6) and (9). The maximum value
(114.11 dB) of SE, is obtained at 2.46 GHz for com-
posites with ¢ = 0.086 (15 wt %).

Using egs. (8) and (11), the values of SE; were cal-
culated. The SE; of the composites with ¢ = 0 to
0.056 was evaluated and it is shown in Figure 13
while SE; of the composites with ¢ = 0.086 (15 wt
%) to 0.187 (30 wt %) was 0.

Using eq. (5), the SEr of the composites was calcu-
lated by adding SEr SE, and SE;. The SEr of the
composites as a function of f;; is shown in Figure 14.
The SEr of the composites increases with increasing
¢ and decreases with increasing fy except when

030 |
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| —A—0.0274 ¢, —v— 0.039 ¢
od0 |~ 00564
0.05 |-
0.00 |-
wl ul P al wl
10° 10’ 10° 10°
fH (Hz)

Figure 13 Variation of SE; of the HDPE-Gr composites as
a function of fy for different ¢.
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Figure 14 Variation of SE; of the HDPE-Gr composites
as a function of fp for different ¢.

oscillations occur above the 1 GHz. As expected
from the above data on SEg SE,4 and SE; the trendof
SEr shows that SEg comprises a major portion of the
EMI SE. The maximum value (101.42 dB) of SEr is
obtained at 1.97 GHz for the composites with ¢ =
0.099 (20 wt %). The high value of EMI SE can be
utilized for shielding various types of equipment
from electromagnetic interference in the radio fre-
quency range.

CONCLUSION

In this article, dielectric properties of HDPE-Gr com-
posites in low and radio frequency ranges have been
analyzed. Both dielectric constant and AC conduc-
tivity of HDPE-Gr composites followed the power
law model of percolation theory at the percolation
threshold ¢. ~ 0.039. At ¢ = ¢, the dielectric con-
stant and AC conductivity of HDPE-Gr composites
at low frequencies followed the power law model of
percolation theory. The dielectric constant of HDPE-
Gr composites with ¢ > ¢. was strongly frequency
(low and high) dependent. The highest dielectric
constant (3.12 x 10°) was obtained at 20 Hz for com-
posites with ¢ = 0.187. These composites can be
used in charge storing devices. The highest dissipa-
tion factor (5.58 x 10%) was obtained at 150 Hz for
composites with ¢ = 0.086, which makes these com-
posites suitable for decoupling capacitor applica-
tions. Above ¢ > 0.086, the composites possessed
high values of AC conductivity and exhibited weak
frequency (low and high) dependence, so these com-
posites can be utilized as antistatic media and in
EMI shielding applications. The main contribution of
these composites to effective EMI shielding was due

Journal of Applied Polymer Science DOI 10.1002/app
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to reflection. The maximum value (101.42 dB) of SEr
was obtained at 1.97 GHz for composites with ¢ =
0.099. Finally, the proposed HDPE-Gr composites
exhibited a high dielectric constant and dissipation
factor with the addition of graphite content in the
low and radio frequency ranges, and the composites
with high graphite filler had high EMI shielding
effectiveness in radio frequency range, so these com-
posites can be utilized in charge storing capacitors,
decoupling capacitors, and electromagnetic interfer-
ence shielding applications.
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