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Abstract: The effect of filler content on the electrical and optical properties of
polystyrene filled with Mg powders has been investigated. For this purpose, PS samples
with Mg additive were prepared with different percentages of Mg and with different
thicknesses. The experimental results showed that the conductivity of such composites
increased suddenly by several orders of magnitude at a critical weight concentration. The
electrical conductivity changed with increasing temperature. Furthermore, the activation
energy changed with increasing filler concentration. The dielectric constant, dielectric
loss and electrical conductivity changed with the concentration of the filler and with the
frequency of the applied electrical field. The absorption coefficient, extinction coefficient,
and energy gap of the indirect allowed and forbidden transitions, the real and imaginary
dielectric constants, and the optical conductivity were determined.
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1. INTRODUCTION

Composites made of polymers with a conducting filler phase allow the
combination of the mechanical properties of polymers and their ease of
processing with electrical applications that require significant conductivity.
Polymer-based electrically conducting materials have several advantages over
their pure-metal counterparts, including cost, flexibility, reduced weight, the
ability to absorb mechanical shock, corrosion resistance, the ability to form
complex parts and controlled conductivity.

Filled conducting polymer composites are used for electromagnetic
shielding of computers and other electronic equipment. In addition, they are used
as conducting adhesives in electronics packaging flip-chips, cold solders,
switching devices, static-charge-dissipating materials and devices for surge
protection.' Since the synthesis of filled conducting polymer composites is an
efficient and cost effective process for mass production, significant interest in the
technological properties of particle-filled polymers currently exists. Filled
polymer composites have a wide range of industrial applications. They are used
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in anti-static materials, self regulating heaters, over current and over temperature
protection devices and materials for electromagnetic radiation shielding.®

The electrical insulating behaviour of most polymeric materials is well
documented. However, conductive fillers can be incorporated as a second phase
into these matrices, which leads to an increase in the conductivity of the resulting
composites. The properties of these composites vary primarily with the filler
content. Polymeric composites are traditionally used as electrically insulating
materials and are, in general, known to have many structural applications.
However, their use in electronics has been relatively limited. To make the
polymeric materials electrically conductive, continuous pathways must be
established by electrical fillers.’

The percolation theory is the most adequate for modelling the
conductivity of conducting polymer composite materials (CPCMs). It involves
convergence of particles to distances at which the probability of transfer of
current carriers between them becomes greater than zero. The so-called
percolation threshold dc, i.e., the lowest concentration of conduction particles at
which continuous conducting chains are formed, is easily determined from the
experimental dependence of conductivity on the filler concentration. The
percolation threshold is a useful parameter for probing the filler distribution
within a polymer matrix.* Polystyrene (CPS) is a preferred material in electronics
technology due to its favourable dielectric and mechanical properties and its low
cost. PS can be subjected to high temperature and pressure variations during the
manufacture of electronic components.’®

Liang'® has studied the electrical properties of PS-carbon nanofibre
composites at the percolation threshold and found that both the electrical
conductivity and the dielectric constant increased at an additive concentration of
1.7 vol %. It was also determined that the electrical conductivity is dependent on
temperature at this additive concentration. The present work addresses the effect
of Mg additive on the DC and AC electrical and optical properties of a PS
composite.

2. EXPERIMENTAL
The materials used were polystyrene as the matrix and Mg as the filler.
Electronic balances with an accuracy of 10~ were used to weigh the Mg and

polymer powders.

The Mg and polymer powders were mixed by hand, and the
homogenisation of the samples was verified by microscopic examination. The
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weight percentages of Mg were 0, 20, 40, 50 and 60 wt%. The hot-press method
was used to compact the powdered mixtures. The mixtures with different Mg
percentages were compacted at a temperature of 145°C under a pressure 100 bar
for 10 min, and the samples were subsequently allowed to cool to room
temperature. The compacted samples were disc-shaped with a diameter of
approximately 15 mm and a thickness that ranged between 1 and 1.43 mm. A
coating unit (Edward Coating System E3C6A, Japan) was used to deposit thin-
film aluminium electrodes on both sides of each sample. The resistivity was
measured over the temperature range from 30 to 80 °C using a Keithley 616C
electrometer. The volume electrical conductivity o, is defined by:

ool L
Y RA
pv (1)

where:

A = effective area of the guard electrode,
R = volume resistance (Ohm), and
L = average thickness of sample (cm).

In this model, the electrodes have a circular area A= D’r 4, where D =
0.6 cm’. The dielectric properties of the PS-Mg composites were measured using
an Agilent 4294A impedance analyser in the frequency (f) range of 25 x 107 to
5 x 10° Hz at room temperature. The measured capacitance C (w) was used to
calculate the dielectric constant £¢(w) using the following expression:

Cw)=—2 i @)

o

where d is the sample thickness, and A is the surface area of the sample.
Whereas, for dielectric loss €"(w):

g"(w) =€ (w) x tand (w) 3)

where tand (w) is the dissipation factor.
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The AC conductivity o, can be calculated by the following equation:

e (W) = £ows" 4)

where g, is the permittivity of free space and w is the angular frequency (w =
2xf). The transmission and absorption spectra of PS-Mg composites were
recorded in the wavelength range of 190 to 850 nm using a double-beam
spectrophotometer (Shimedza UV-210°A, Japan).

3. RESULTS AND DISCUSSION

Figure 1 shows the electrical conductivity enhancement of the composite
when the concentration of the Mg filler was increased at T = 303 K. At lower
concentrations of the filler (p<45 wt%), the electrical conductivity of the
composite increases slightly, whereas at higher concentrations ($p>45 wt%), the
conductivity increases sharply at the point where the composite becomes a good
conductor.
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Figure 1: Variation of DC electrical conductivity with Mg wt% concentration for PS-
Mg composites.

The source of the conductivity enhancement is the electrical contacts
generated from the filler networks, as illustrated in the microscopic photographs
in Figure 2, which were taken for samples with different concentrations. At high
filler contents, the amount of the interconnecting networks increased, and the
contact resistance between the filler decreased. Good electron conduction was
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consequently achieved, which resulted in the transformation of the polymer
insulator to a good-conducting polymer composite.’

(b)

(d)

Figure 2: Photomicrographs for PS-Mg composite (a) for pure (x50), (b) for 40 wt% Mg
(x50), (c) for 50 wt% Mg (x50), and (d) for 60 wt% Mg (x50).

Figure 3 shows the behaviour of the electrical volume conductivity of the
samples as a function of temperature. The electrical conductivity of samples with
low concentrations (p<dc) increased with increasing temperature, and all of
these materials exhibit negative thermal coefficients of resistance. This result is
attributed to the polymeric chains and Mg particles acting as traps for the charge
carriers, which are transported by a hopping process. When the temperature is
increased, segments of the polymer begin to move, which releases the trapped
charges.

The release of trapped charges is intimately associated with molecular
motion. The increase in current with increasing temperature is attributed to two
main parameters: the presence of charge carriers and mobility of these charges.
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Figure 3: Variation of the DC electrical conductivity as a function of temperature for
PS-Mg composites.

An increase in temperature will increase the number of charge carriers
exponentially. The mobility of the carriers depends on the structure and the
temperature. For high concentrations of Mg, the electrical conductivity decreases
with increasing temperature because the composite becomes a good conductor.®’
Figure 4 shows the relationship between the In (conductivity) and the reciprocal
absolute temperature of the PS-Mg composites. The activation energy was
calculated based on the equation:

O =0, exp(Ea /kT) (5)

The high activation energy values for the neat sample and the samples with low
Mg concentrations are attributed to the thermal movement of the ions and
molecules. The low activation energy values for the samples with higher Mg
contents are attributed to the electronic conduction mechanism, which is related
to the decreased distance between the Mg particles.”

An increase in the concentration of Mg diminishes the activation energy,
as shown in Figure 5 for PS-Mg composites with low Mg concentrations. This
result supports the previous discussion concerning the thermal movements of
- 10
ions.
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Variation of the activation energy for DC electrical conductivity as a function
of Mg wt% concentration in PS-Mg composites.

Figure 6 shows the variation of the dielectric constant of PS-Mg

composites as a function of angular frequency. The figure shows that the
dielectric constant values decreased when the applied field frequencies were
increased. The increased frequencies result in a decrease in the space-charge
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polarisation to the total polarisation. The space-charge polarisation becomes the
dominant type of polarisation at low frequencies, whereas its contributions
decrease with increasing frequency. This behaviour results in a decrease in the
dielectric-constant values for all of the PS-Mg composites when the electric field
frequency is increased."
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Figure 6: Variation of the dielectric constants as a function of angular frequency for PS-
Mg composites.

The effect of Mg concentration on the dielectric constants of the PS-Mg
composites at 150 kHz is shown in Figure 7.

The dielectric constant increases with weight fraction of Mg at 150 kHz
because the dielectric constant of Mg is greater than that of PS. The increase in
dielectric constant with weight fraction of Mg at 150 kHz supports the hypothesis
of the space-charge polarisation contribution. The sudden increase in the
dielectric constant of the composite with ¢ = 45 wt% reflects the formation of a
capacitance network of Mg. As the weight fraction of Mg increases, the
capacitance network increases as well.'" '*

The variation of the dielectric loss with frequency for PS-Mg composites
at room temperature is depicted in Figure 8. The behaviour of dielectric loss is
oscillatory, which is attributed to a combination of some relaxation processes that
are common in heterogeneous systems. A broad relaxation peak was observed in
each of the curves in Figure 8, and the height and broadness of the peaks
increased with increasing filler content.
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Figure 7: Variation of the dielectric constant as a function of Mg wt% for PS-Mg

composites.
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Figure 8: Variation of dielectric loss as a function of frequency for PS-Mg composites.
The increases in the peak heights that result from increased filler concentrations

are attributed to the enhancement of the bulk conductivity, which implies
increased dielectric losses. However, the increased broadness of the peaks may
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be related to the overlapping of the relaxation processes due to the structural
changes that occur in the composite as a result of filler addition.'*"?

Figure 9 shows the variation in the conductivity of the PS-Mg
composites as a function of angular frequency. The figure shows that the AC
conductivity increases considerably as the frequency was increased, which is
attributed to the space-charge polarisation."*
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Figure 9: Variation of the AC electrical conductivity frequency for PS-Mg composites.

Figure 10 shows the variation in the AC conductivity of the PS-Mg
composites as a function of the Mg concentration at 150 kHz and 303 K. The AC
conductivity increased slightly at low concentrations of Mg. This increase is due
to the effect of the space charge. The particles of Mg take the form of clusters or
separated groups. The conductivity increased with increasing Mg concentration
because of the increased number of charge carriers and because of the formation
of a continuous network of Mg particles inside the composite. Consequently, the
conductivity increased as the Mg concentration was increased in the PS-Mg
composites.'
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Figure 10:  Variation of the conductivity as a function of the Mg wt% in PS-Mg
composites.

The absorption coefficient (o) was calculated in the fundamental absorption
region from the following equation:'®

4
a=2303~ 6
7 (6)

where A is the absorbance and d is the thickness of the sample.

The absorption coefficient a are shown in Figure 11 as a function of photon
energy for the PS-Mg composites. As evident from the data in the figure, the
change in the absorption coefficient is small at low energies, which indicates a
low probability of electronic transitions.
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Figure 11: The relationship between the absorption coefficient and photon energy of the
PS-Mg composites.

The absorption-coefficient results lead to the conclusion that the nature
of the electronic transitions when a<10* cm™' was indirect electronic transitions
assisted by the momentum of the electron and photon preserved by phonons. The
forbidden-energy gaps for both the allowed and forbidden indirect transitions
were calculated according to the relation: '

ahV =A(hV - E,)" (7)

where hv is the energy of a photon, A is the proportionality constant, and E, is
the forbidden energy gap of the indirect transition.

A value of m = 2 indicates an allowed indirect transition, whereas a value of
m = 3 indicates a forbidden indirect transition. Figure 12 shows the dependence
of the absorption edge (ahv)"™ of PS-Mg composites with different filler contents
(Mg) as a function of the energy of the incident light (hv). The obtained results
indicate that E,, decreased as the Mg concentration was increased.
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Figure 12: The relationship between (ohv)1/m(cm '-e¢V)1/m and photon energy of PS-Mg
composites.

This behaviour can be attributed to the fact that, in heterogeneous
composites, the electrical conduction depends on the concentrations of defects
and impurities."'® Figure 13 shows the variations in the extinction coefficients
(k = aA/4m) as a function of wavelength for both pure PS and PS doped with Mg.
This figure shows that the extinction coefficient (k) values increase with
increasing doping concentration. The behaviour of the extinction coefficients can
be ascribed to the high absorption coefficient. This result indicates that the Mg
doping atoms modify the structure of the host polymer. Interestingly, the Mg
doping increases the absorbance in the visible region."

The variation of the refractive index for PS-Mg composites with various
concentrations of Mg as a function of wavelength at 30°C is shown in Figure 14.
The figure shows that the refractive index increases as a result of filler addition.
This behaviour can be attributed to the increased packing density that results
from the increased filler content.

The refractive index also shows a decreasing region in the A range of 190
to 300 nm, which is analogous to formation of valleys due to the high absorbance
of Mg atoms that occurs in this wavelength range. The real and imaginary parts
of the dielectric constants (g, = n>-k” and &, = 2nk) of pure PS and PS doped with
different concentrations of Mg as a function of on A are shown in Figure 15 and
Figure 16."
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Figure 13: The relationship between the extinction coefficient (k) and wavelength for the
PS-Mg composites.
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Figure 14: The relationship between the refractive index (n) and wavelength (A) of the
PS-Mg composites.
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Figure 15: The relationship between the real dielectric constant and wavelength (A) for
the PS—-Mg composites.

We conclude that the variation of & mainly depends on n* because of
small values of k?, whereas &, mainly depends on the k values, which are related
to the variation of absorption coefficients.

Figure 17 shows the variation in the optical conductivity as a function of
the incident photon energy. The optical conductivity was determined using the
relationship ¢ = anc/4n, where c is the speed of light. The optical conductivity
depends directly on the absorption coefficient and was found to increase
sharply1 1a1t14higher energy values due to the large absorption coefficient for these
values.



Properties of PS-Mg Composites 54

6.00E-05
| —&—pure
1 —8—20% wt.
- 5.00E-05 - 40% wt.
s ] 50% wt.
- ] 0
g 4.00E-05 —*%—60% wt.
o 1
L 1
= ]
®  3.00E-05 -
8 1
2 ]
kel 4
2 2.00E05
£ 1
o)) 1
] 1
£ 1.00E-05 1 il

100 200 300 400 500 600 700 800 900
Wavelength (nm)

Figure 16: The relationship between the imaginary dielectric constant and wavelength
() for the PS-Mg composites.
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Figure 17: The relationship between the conductivity and wavelength (A) for the PS-Mg
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4. CONCLUSION

The DC electrical conductivity of the polystyrene increased with
increasing Mg concentration and with increasing temperature. The activation
energy of the DC electrical conductivity decreased with increasing Mg
concentration. The dielectric constant decreased with the increasing frequency
and increased with increasing Mg wt%. The dielectric loss is oscillatory in the
whole frequency region and increased with increasing Mg wt%. The AC
electrical conductivity of the PS-Mg composites increased with increasing
frequency of an applied electrical field and with increasing Mg wt%. The
absorption coefficient increased with increasing of the filler wt%. The absorption
coefficient was less than 10* ¢cm', which indicated forbidden and allowed
indirect electronic transitions. The nature of the electron transfers in PS samples
did not change with the addition of Mg. The forbidden energy gap decreased with
increasing filler wt%. The extinction coefficient increased with increasing filler
wt%. The real and imaginary dielectric constants and optical conductivity
increased with increasing concentration of Mg.
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