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ABSTRACT: The electromagnetic interference shielding
characteristics of polypropylene (PP) and poly(ether imide)
(PEI) filled with synthetic graphite composites were studied.
The thermal properties were characterized by differential
scanning calorimetry and thermogravimetric analysis,
whereas the morphologies of the composites were studied
by scanning electron microscopy. The viscosity measure-
ments were studied by advance rheometry. The measure-
ments of shielding effectiveness (SE) were carried out in the
frequency range 8-12 GHz (X-band range). The return loss
and loss due to absorption were also measured as a func-

tion of frequency in the X-band range. It was observed that
the SE of the composites was frequency dependent, and it
increased with increasing frequency. The SE also increased
with increasing filler loading. The PEl-based composites
showed a higher SE compared to that of the PP-based com-
posites. The correlation between SE and the conductivity of
the various composites is also discussed. © 2008 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 109: 2054-2063, 2008

Key words: composites; polyimines; structure—property
relations; thermal properties

INTRODUCTION

With the rapid growth of electrical and electronics
devices, which emit electromagnetic energy in the
same frequency bands used by other users in mar-
kets, it becomes essential to limit and shield elec-
tronic equipment against all sources of interference’
due to all of these electromagnetic energies. Electro-
magnetic interference (EMI) is basically electrical in
nature and is due to unwanted electromagnetic
emissions being either radiated or conducted. Metal
is considered to be the best material for electromag-
netic shielding, but it is expensive and heavy. On
the other hand, the use of polymers for housing elec-
tronic devices is popular because they are light-
weight, flexible, and less expensive. However, poly-
mers are electrically insulating and transparent to
electromagnetic radiation; that is, their inherent EMI
shielding effectiveness (SE) is practically zero. To
shield against EMI, the technical approach, which
has been considered extensively, is to incorporate
electrically conductive fillers in polymer matrices.?
Various materials are selected for use in different
microelectronic devices depending on their SE over
different frequency ranges. They are also used in
microwave applications to avoid interference due to
unwanted electromagnetic waves. Thus, a number of
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researchers have endeavored to prepare electrically
conductive composites as effective electromagnetic
shielding materials;> > however, both the conductiv-
ity and EMI SE have reported to be improved by the
incorporation of electrically conductive fillers,
including carbon black, graphite fibers, metal fibers,
and metal particulates.”'® Various studies have been
carried out on conductive plastics composites as EMI
shielding materials.">'®!” Baker et al.! evaluated the
SE of steel-fiber-filled acrylonitrile-butadiene—styrene
rubber. Even carbon and glass fibers can be coated
with metals, such as aluminum or nickel, to improve
the SE of the composites; nickel-coated mica-filled
low-density polyethylene can also be used as an
effective shielding material.'® Fibrous fillers, which
are less expensive, are considered to be superior to
other conductive fillers, such as powdery particles or
flakes."” When polyacrylonitrile-based carbon fibers
are compounded into the polymer matrix, they can
improve not only the conductivity but also the
strength of the composites.>'® The SE of poly(ether
imide) (PEI) composites filled with conductive
graphite and polypropylene (PP) based composites
was investigated. In fact, this kind of conductive
composite may also be used for applications such as
typical antenna systems, anechoic chambers to pre-
vent interference due to unwanted electromagnetic
fields during measurement, radar cross sections,
computer housing, PCB shielding, different types of
pressure-sensitive switches, connector gaskets, and
floor-heating elements. This article reports the results
of the EMI SE and return loss (RL) of different com-
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posites based on PEI and PP filled with conductive
graphite over the X-band frequency range 8-12 GHz.

The aim of this study was to asses the EMI SE of
polymer—graphite composites in the X-band fre-
quency region and to compare the performance of
these polymers. PEI was chosen in this study
because it belongs to the polyimide family of poly-
mers and has been proven to have the proper combi-
nation of mechanical properties, thermooxidative sta-
bility, and grocessability desirable in aerospace
applications.”® Moreover, it exhibits a much wider
processing window than other polymers, which are
interactable with high melting temperatures (T,’s)
and viscosity and less solubility.*'** It can be easily
processed with conventional extrusion and injection-
or blow-molding machines. The cost of PEl-based
composites may be slightly higher than that of PP-
based composites. However, the difference is not sig-
nificant because an adequate SE can be obtained for
PEI-based composites at a relatively lower loading.
In fact, the cost of these composites are cheaper than
those of the metal or metal-filled systems.

EXPERIMENTAL
Materials

The orthodichlorobenzene and methanol used were
from E. Merck (Mumbai, India); 4,4'-isopropylidenedi-
phenoxy)bis(phthalic anhydride) (97%) and 1,3-phen-
ylenediamine (99%) were purchased from Aldrich
(Bangalore, India). The polymeric matrices used for
the preparation of the composites were PEI and PP.
PP (REPOL B250EG) was obtained from Reliance
Industries, Ltd. (Hazira, India). Synthetic graphite
powder was supplied by Graphite India, Ltd. (Banga-
lore, India; carbon = 98.5%, sulfur = 0.1%, iron =
0.4%, volatile matter = 0.5%, ash content = 0.5%, and
particle size = 2-10 pm) and was used as a filler.

Preparation of PEI

PEI was prepared by the reaction of equimolar
amounts  of  4,4'-(4,4'-isopropylidenediphenoxy)-
bis(phthalic anhydride) and 1,3-phenylenediamine in
orthodichlorobenzene. A standard protocol of the so-
lution polymerization technique was adopted, as
reported elsewhere.”* The number-average molecular
weight of the synthesized PEI was 26,000, the poly-
dispersity index was 2.6, and the glass transition of
the synthesized PEI was 217°C.

Composite processing: Formulation of the mixes

Before processing, the PEI powder and PP pellets
were dried in vacuo at 110°C for at least 24 h. The
graphite powder was dried in a vacuum oven at
100°C for at least 12 h. The formulation of the poly-

2055
TABLE I
Formulation of the PP/G and PEI/G Composites
Sample Graphite PP PEI
composition (wt %) (wt %) (wt %)
100/0 0 100 100
90/10 10 90 90
80/20 20 80 80
70/30 30 70 70
60/40 40 60 60
50/50 50 50 50
40/60 60 40 40

mer mixes containing graphite are given in Table L
The mixing of different composites was accom-
plished in a Brabender plasticorder PL2200 (mixer
N50) equipped with two counterrotating rotors at
200°C for PP and 320°C for PEI, and mixing was car-
ried out for a short time to prevent the effect of
processing on the electrical conductivity and,
thereby, EMI SE. The procedure was as follows: first,
the polymer was melted, and then, graphite was
incorporated into the molten polymer matrix. The
mixed materials were taken out of the mixing cham-
ber. The formulation are given in Table I. The mixes
were compression-molded under a pressure of about
20 MPa at 320°C for poly(ether imide)/graphite
(PEI/G) and 200°C for polypropylene/graphite (PP/
G) composites for 10 min. The samples were allowed
to cool to room temperature under the same pres-
sure at a rate of 2°C/min.

CHARACTERIZATION

Electrical conductivity and EMI shielding
measurements

The volume resistivity (ohm cm) of composites was
measured on a compression-molded square slab
(length = 1 c¢m, thickness = 1.6 mm, and breadth =
1 cm). A Keithley (Keithley Instrument, Inc., Cleve-
land, OH) 230 programmable voltage source text fix-
ture was used to measure volume resistance. This
equipment allowed resistivity measurement up to
10'%. The pressed samples were put into the four-
point conductivity apparatus, a constant current (I)
was applied to the sample through two outside
probes with the help of a direct-current power source,
the steady voltage across the other inside two probes
(V) was determined,” and with the following equa-
tions. the resistivity (R; ohm cm) was calculated:

R=V/I 1)
p = Quwt/L ()
where Q is the resistance, p is the resistivity, w is the

width of sample, t is the thickness of sample, and L
is the length between inner probes.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Schematic diagram of a basic scalar coaxial sys-
tem for the measurement of transmission loss and RL. RF,
radio frequency.

The measuring setup used for the EMI SE is sche-
matically shown in Figure 1. The setup consisted of
a sweep oscillator (model HP 8350B, Hewlett Pack-
ard, USA), a power splitter, a detector, and a scalar
network analyzer (model HP 8753 C/E, Hewlett
Packard). All of these instruments were connected to
a test chamber. The sample holder in the test cham-
ber was changed according to the measurement fre-
quency range. The SE was measured with the coaxial
cable line method. SE in the frequency range 8-
12 GHz was measured with an X-band wave guide as
sample holder. Samples with thicknesses of 4.96 mm
were used during measurement. We carried out the
EMI shielding measurement for each sample by con-
tinuously sweeping the frequency over ranges of 8-12
GHz. When SE was found to be greater than 40 dB,
some noise was encountered during measurement;
otherwise, the result obtained was a smooth curve of
SE against frequency as obtained from the instrument.

Differential scanning calorimetry (DSC)

The melting and crystallization behaviors of the PP
and the glass-transition temperature (T,) of PEI were
measured with a Netzsch DSC 200 PC model instru-
ment (Netzsch, Germany). Polymer samples weigh-
ing about 10 mg closed in aluminum pans were
used throughout the experiment. Indium of high pu-
rity was used to calibrate the DSC temperature and
enthalpy scales. The samples (10 mg) of the PP-
based composites were heated from room tempera-
ture to 200°C and cooled to room temperature at a
rate of 20°C/min under a nitrogen atmosphere, and
the PEl-based composites were heated from room
temperature to 300°C at a rate of 20°C/min under a
nitrogen atmosphere.
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Thermogravimetric analysis (TGA)

The decomposition process of the composites was
studied with a Netzsch TG 209 f1 thermogravimetric
analyzer in nitrogen from 50 to 800°C at a heating
rate of 10°C/min.

Advance rheometry

Samples of disk-shaped specimens with a thickness
of 2 mm and a diameter of 25 mm were prepared.
An AR 1000 rotational rheometer (TA Instruments,
New Castle, DE) was used to measure the viscos-
ities. The measurement of the dynamic viscosities
was performed with a parallel plate fixture (diameter
= 25) with a gap distance of 1.2 mm; the strain was
kept at 10% to ensure linear viscoelasticity. and the
temperature used was 200°C for PP-based composites
and 300°C for PEI-based composites. This study was
conducted under air to prevent degradation.

Scanning electron microscopy

Scanning electron microscopy analysis was done
with a Jeol (Japan) JSM-5800 scanning electron
microscope. This was done to observe the morphol-
ogy of the failure surfaces of the composites and the
dispersion of graphite in the composites. Samples
were fractured in liquid nitrogen, and the fractured
surfaces were gold-plated and then mounted over an
aluminum stub with double-sided electric adhesive
tape. The vacuum was on the order of 10 * to 10°°
mmHg during the scanning of the composite samples.

Tensile testing

The tensile tests were carried out with a Tinius Olsen
(Horsham, PA) materials testing system (model
H50KS) at room temperature with a gauge length of
25 mm and a crosshead speed of 1.25 mm/min.

RESULTS AND DISCUSSION
Basic theory of EMI shielding

An electromagnetic shielding material is a material
that attenuates radiated electromagnetic energy.
Electromagnetic radiation can be divided into near-
field and far-field regions. In the near field, the elec-
tromagnetic signal can be predominantly an electric
vector or a magnetic vector, depending on the nature
of the source. In the far field, plane waves exist, in
which the electric and magnetic vectors have an
equal ratio in phase and are orthogonal to each
other. We are most concerned with the plane radia-
tion (far field) in measuring SE. EMI is defined as
spurious voltage and current induced in the elec-
tronics circuit by external sources. SE is a number
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Figure 2 Volume resistivity against the conductive filler
for the PP-and PEI-based composites.

that quantifies the amount of attenuation typical of a
particular material.?® If P, is the incident power
density at a measuring point before the shield is in
place, Pians is the transmitted power density at same
measuring point after the shield is in place, and Py
is the reflected power density at same measuring
point

SE = 1010g(Ptrans/Pinc) 3)
RL = 101og(Pref/Pinc) 4)

It is evident that, for a lossless material
Pinc = (Pref/Pirans) 5)

where P,ps can be quantified as the absorbed power
inside the dielectric and

Pabs =1- Pref/Pinc - Ptrans/Pinc (6)

where P,,s is the power absorbed of a lossy dielec-
tric.”” However, EMI is the consequence of reflection
loss, transmission or absorption loss, and internal
reflection loss at exiting interfaces of the incident
electromagnetic waves in the sample. These three
losses are interrelated by™®

S=(R+A+B)(dB) )

where S is the shielding effectiveness or insertion
loss, which represents the reduction (dB) of the level
of an electromagnetic field at a point in space after a
conductive barrier is inserted between that point and
the source. R is the sum of the initial reflection losses
(dB) from both surfaces of the shield exclusive of
additional reflection losses, A is the absorption or
penetration loss (dB) within the barrier itself, and B
is the internal reflection loss at exiting interface (dB).
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This term may be either positive or negative and is
negligible for A > 15 dB.

For plane wave radiation, R and A may also be
calculated from*

R =108 + log(G/uf) (8)
A = 1.324[Guf]"/? )

where G is the conductivity of the sample relative to
copper, | is the magnetic permeability of the sample
relative to a vacuum or copper (n = 1), f is the fre-
quency of radiation (MHz), and ¢ is the thickness of
the sample (cm). It is observed from these equations
that reflection loss is directly proportional to the log
of conductivity and inversely proportional to the
permeability of the sample and also to the log fre-
quency of the incident electromagnetic wave. How-
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Figure 3 Variation of SE over the X-band frequency range
(8-12 GHz) of the (a) PP-based composites containing dif-
ferent weight percentages of PP/G and (b) PEI-based com-
posites containing different weight percentages of PEI/G.
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Figure 4 SE at 8 and 12 GHz as a function of filler load-
ing for PP- and PEI-based composites.

ever, absorption loss is directly proportional to the
thickness of the sample and the square root of
frequency, conductivity, and permeability of the
sample.

EMI, SE, RL, and absorption loss (AL) measurements

The electrical resistivity of PP- and PEI (graphite)-
based composites are represented in Figure 2. The
resistivity decreased with increasing conductive
graphite loading. The PEI-based composites showed
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much higher conductivity than the PP-based ones.
However, the percolation limit for conduction was
higher for the PEl-based composites compared to the
PP-based ones.

The SE values of different composites containing
graphite over the frequency range 8-12 GHz (X-band
region) are presented in Figure 3. The following
results were observed

1. The SE of the composites increased with filler
loading at all frequencies of incident radiation.

2. The SE of all of the composites appreciably
increased when the frequency was changed
from a lower to a higher frequency domain; for
example, the composite PEI/G (70/30) contain-
ing 70 wt % PEI and 30 wt % graphite exhibited
a shielding level between 19.16 and 20.36 dB
over 8-12 GHz, respectively.

3. An amorphous-polymer-based composite was
more effective than the crystalline polymer in
providing high EMI shielding.

Figure 4 shows the variation of SE with graphite
loading at fixed frequencies of 8 and 12 GHz, respec-
tively. Interestingly, with increasing graphite load-
ing, SE increased, but the rate was much faster for
the PEl-based composites to for the PP-based com-
posites. The SE of the 60 wt % graphite loading
in PP was 17.58-20.54 dB over the frequency range

Figure 5 Scanning electron micrograph of 60 wt % graphite loaded in the PEI and PP composites at (A,B) 500 and (C,D)

2000%.

Journal of Applied Polymer Science DOI 10.1002/app
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8-12 GHz, but this SE value was achieved in only
30 wt % graphite loading in PEI (19.16-20.36 dB).
The SE of 40 wt % graphite loading in the PEI-based
composite was 40 dB, and the SE at 50 and 60 wt %
graphite loading had an average value of 40 dB.
This was because the graphite concentration as-
sumed almost a saturated limit around 40 wt % of
the PEI-based composite. The change in conductivity
remained marginal up to the critical concentrations.
Then, the increase in conductivity was abrupt; that
is, the insulation polymer matrix became conductive
and above the critical concentration because of the
formation of conductive networks. However, above
this critical concentration, the change in conductivity
with the graphite loading was only marginal; hence,
this loading would be the optimum choice for effec-
tive shielding from these composites. The network
formed due to distribution of the conducting filler
inside the PEI matrices behaved like a conducting
mesh, which intercepted electromagnetic radiation.
The size of the mesh generally determines the effec-
tiveness of shielding. The finer the mesh size is, the
better is the SE. However, the size of the mesh is
also related to the frequency of the incident radiation
that will be intercepted. The SE depends on the
thickness of the material, its electrical characteristics.
and the nature of the incident radiation.*® Increasing
the specimen thickness would increase the amount
of graphite intercepting the incident wave and make
the network openings smaller. This orientation of the
conducting filler inside this composite produced
openings, which affected the coupling of the electro-
magnetic wave. If the openings were electrically
small, the coupling was mainly due to the tangential
magnetic field and the electric field component nor-
mal to the specimen plane. The higher SE of the PEI-
based composites compared to those of the PP-based
ones at the filler loading was due to the higher con-
ductivity of the PEl-based composites than those of
PP-based ones. The conductive particle aggregation
led to the formation of continuous conductive net-
works in the insulating PP matrix. Graphite particles
already have aggregating tendencies, which may be
of two types, known as primary and secondary
structures. Some of these aggregates (secondary
structure) easily break down during mixing, whereas
the primary structure is relatively permanent and
difficult to break. Even the primary structure may
undergo some partial breakdown because of strong
shearing action during mixing. The magnitude of the
shearing action intensifies if the matrix to which
graphite is added is tough, that is, if the matrix has
a high viscosity. Extensive structure breakdown has
a retarding effect on the formation of continuous
conductive networks through particle aggregation.
The PEIl-based composites exhibited higher conduc-
tivities and higher SE compared to the PP-based
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Figure 6 (a) Variation of RL versus frequency in the X-
band frequency range (8-12 GHz) of the (b) PP-based com-
posites containing different weight percentages of PP/G
and (b) PEIl-based composites containing different weight
percentages of PEI/G.

ones; PEI, being a softer matrix compared to PP,
caused a lesser degree of breakage during mixing.
The network formation in graphite-filled composites
was observed from scanning electron micrographs
(Fig. 5).

A reversed trend is observed in RL versus fre-
quency at different weight percentages of graphite
loading, as shown in Figure 6. This shows that com-
posites with a higher value of SE had a lower value
of RL. For example, the PEl-based composites with
40 wt % graphite loading had an SE of 40 dB,
whereas the RL of this composite was 1.7 dB at 12
GHz. Also, the result of the RL measurements shows
that RL was frequency dependent. The uneven varia-
tion of RL against frequency was due to the random
distribution of the conducting graphite inside the
specimen, which led to the formation of voids of dif-
ferent sizes in the conducting mesh. These voids also
affected RL because of their effect on the external
reflection. In addition, RL and absorption loss made

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Plot of absorption loss versus frequency over
the X-band region (8-12 GHz) for the (a) PP-based compo-
sites containing different weight percentages of PP/G and
(b) PEI-based composites containing different weight per-
centages of PEI/G.

significant contributions to total SE. The change in
absorption loss for the PP and PEI composites filled
with graphite with frequency is shown in Figure 7.
It is well established that the SE of a conductive
composite is related to its conductivity. The SE
depends not only on the conductivity but also on
the reflection and absorption coefficient of the dis-
persed filler and its size, shape, and distribution in
the matrix.'® The void space between the filler aggre-
gates depends on the distribution of filler in the ma-
trix. The SE and RL also depend on the polymer vis-
cosity, its polarity and the aspect ratio, structure,
and size of the particulate filler and their distribu-
tion in the matrix. The maximum SE was found for
PEl-based composites having a 40 wt % graphite
loading. The voids in the conductive composite
affected the absorption loss and RL due to their
effects on the internal reflection, as discussed earlier.
The most interesting feature of these conductive

Journal of Applied Polymer Science DOI 10.1002/app
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graphite-filled PEI-based composites was that the
shielding was much more effective than that of the
PP-based composites. For example, the PEl-based
composites at 40 wt % graphite loading had an SE of
40 dB. A higher loading of graphite was also
attempted to understand the loading effect in better
way and to see whether the SE could be enhanced.
However, at more than 40 wt % graphite loading in
PEI, there was no significant enhancement in SE.
Loadings of graphite more than 40 wt % induced the
mixing problem and also decreased the mechanical
properties to a great extent. PP at 60 wt % graphite
loading had an SE value of 20.5 dB at 12 GHz.

Thermal properties (DSC and TGA)
DSC analysis

Figure (8) shows the DSC thermograms. The PP-
based composites were obtained at a scan rate of
20°C/min. Here, the main purpose of this technique
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Figure 8 DSC spectra of the (a) PP/G (T,,), (b) PP/G (T,).
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TABLE II
Thermal Properties for the Composites (from DSC)

PP/G composites

PEI/G composites

Sample composition T, (°C) AH,, (/8) T, (°C) AH. (J/g) Crystallinity (%) T, (°C) ACp (J g71 K2
100/0 169 69.89 108.1 83.27 39.84 217.9 0.259
90/10 173.3 56.71 113.9 69.81 30.17 213.4 0.189
80/20 170.3 54.8 118.7 64.19 28.12 210.7 0.153
70/30 167.8 43.81 121.3 50.80 24.34 213.8 0.149
60/40 169.3 42.34 124.0 45.17 20.14 213.3 0.132
50/50 168.9 32.6 126.4 34.04 17.23 215.3 0.106
40/60 166.4 22.56 128.5 27.45 13.96 215.3 0.110

* Change in the specific heat.

was to show the effect of melting, crystallinity, and
rate of crystallization. With the incorporation of
graphite, the melting peaks were shifted to the right
side compared to the pure PP, and the change in en-
thalpy also decreased. This was due to the increas-
ing graphite weight percentage, which acted to
reduce the mobility of the polymer chain segments.
The crystallization temperature (T,) increased almost
linearly with increasing filler quantity, and the crys-
tallinity decreased. This was consistent with a
change in the mechanism of crystallization associ-
ated with the addition of graphite (e.g., a change
from homogeneous to heterogeneous nucleation).>!
In the PEl-based composites, T, and the change in
the specific heat decreased as the weight percentage
of the graphite increased and the polymer weight
percentage decreased. This indicated that the mobil-
ity of the polymer chains was reduced because of
the constraint effect of graphite.’® T,, enthalpy at
melting (AH,,), T,, enthalpy at crystallization (AH,),
degree of crystallinity (%), T,, and change in specific
heat of the PP- and PEl-based composites are tabu-
lated in Table II. The SE was lower for the PP-based
composite because of the crystallization behavior
compared to the amorphous PEI-based composites.

TGA

TGA of the PP-based composites was carried out
from 50 to 650°C under nitrogen at rate of 10°C/
min. Figure 9(a) shows that the TGA curve of PP/G
composites exhibited mass loss steps and the maxi-
mum degradation temperature. The thermal stability
of the PP-based composites was evident up to 340°C.
A weight loss was observed from 340 to 480°C. The
degradation temperature, mass change (%) from 340
to 480°C, and residual mass (%) at 650°C of the sam-
ples are tabulated in Table IIL

TGA of the PEI/G composites was carried out
from 50 to 800°C under nitrogen at a rate of 10°C/
min. Figure 9(b) shows that the TGA curve of PEI/G
composites exhibited mass loss steps and the maxi-
mum degradation temperature. Thermal stability of
the PEI-based composites was evident up to 465°C.

A weight loss was observed from 465 to 800°C. Deg-
radation temperature, mass change (%) from 465 to
800°C, and residual mass (%) at 800°C of the sam-
ples are tabulated in Table III.

The PEI-based composites were more stable than
the PP-based composites. Weight loss (%) decreased
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TABLE III
Thermal Properties of the Composites (from TGA)

SAWAI AND BANERJEE

PP/G composites

PEI/G composites

Sample Degradation Mass Residual Degradation Mass Residual
composition temperature (°C) change (%)* mass (%)° temperature (°C) change (%)° mass (%)¢
100/0 453.5 99.18 00.13 539.6 46.04 52.39

90/10 458.3 89.19 10.91 540.0 43.60 54.73
80/20 457.4 75.44 21.29 539.0 37.11 61.43
70/30 458.2 68.20 28.52 537.7 34.42 63.63
60/40 458.4 61.06 34.36 534.0 28.84 70.12
50/50 456.7 51.42 48.52 532.8 25.25 73.92
40/60 458.0 37.04 58.53 5324 23.27 76.23
? Mass change (%) from 340 to 480°C.
P Residual mass (%) at 650°C.
€ Mass change (%) from 465 to 800°C.
4 Residual mass (%) at 800°C.
and residual mass (%) increased with decreasing more effective in providing EMI shielding when
weight percentage of the polymer and increasing graphite was used as the conductive filler. Fur-
weight percentage of graphite in the composites. thermore, the PEl-based composites exhibited
Advance rheometry —
An advance rheometer was used to determine the :Sg}f.jpp
viscosities of both the PEI- and PP-based composites p— —=— 80/20
at 300 and 200°C. Figure 10 indicates that the viscos- 1%3;33
ity of the PEl-based composites was higher that of —&— 50/50
than the PP-based composites. The viscosity . By —e— 40/50
increased quite sharply with increasing shear rate. <
The viscosity also increases with increasing weight g i |
percentage of graphite loading. However, the perco- ]
lation limit for conduction was higher for the PEI-
based composites than for the PP-based ones. This 10007
can be explained by the higher viscosity of the base
PEI matrix compared to that of PP. 4l

Mechanical properties of the conducting
composites

The tensile strengths of the PP and PEI composites
with different loading levels of graphite are tabu-
lated in Table IV. As shown, the tensile strength of
the PP-based composites decreased with the increas-
ing graphite ratio in PP. This was because of the
crystallinity effect of the PP. The tensile strength of
the PEI/G composites progressively decreased with
increasing graphite ratio in PEL An experiment
revealed that the maximum loading beyond the
equimolar ratio of PEI and PP brought about the
breakdown of the composite.”®> The tensile strength
of the PEI-based composites was higher than that of
the PP-based composites.

CONCLUSIONS

1. Between two polymeric systems, PEI and PP,
the PEl-based composites were found to be

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 10 Flow properties of the (a) PP/G and (b) PEI/G
composites with different weight percentage ratios.
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TABLE IV
Mechanical Properties of the Composites

Tensile strength (MPa) Tensile strength (MPa)

Sample of the PEI/G of the PP/G

composition composites composites
100/0 71 21
90/10 46 20
80/20 32 18
70/30 21 15
60/40 15 15
50/50 10 11
40/60 3 10

higher SEs at lower filler loadings compared to
the PP-based ones in the X-band frequency
range, that is, 8-12 GHz.

2. The thermal stability and tensile strength of the
PEIl-based composites were higher than those of
the PP-based composites.

3. The composites containing graphite were tech-
nically useful materials (SE > 20 dB) in the X-
band region.

The authors thank A. Chakraborty and Vishwa-
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trical Communication Engineering, Indian Institute
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