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Abstract

A carbon-matrix composite with continuous carbon-fibers was found to be an excellent electromagnetic interference (EMI) shielding
material with shielding effectiveness 124 dB, low surface impedance and high reflectivity in the frequency range from 0.3 MHz to 1.5 GHz.
The shielding effectiveness of polymer-matrix composites with continuous carbon-fibers was less and that of polymer-matrix composites
with discontinuous fillers was even less. The addition of 2.9 vol.% discontinuous 0.1mm diameter carbon-filaments between the layers of
conventional 7mm diameter continuous carbon-fibers in a composite degraded the shielding effectiveness. The dominant mechanism of EMI
shielding for both carbon-matrix and polymer-matrix continuous carbon-fiber composites is reflection.q 1999 Elsevier Science Ltd. All
rights reserved.
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1. Introduction

Electromagnetic interference (EMI) shielding is receiv-
ing increasing attention in electronic and communication
industries because of devices becoming increasingly sensi-
tive, dense and abundant. Composites with discontinuous
conducting fillers, such as metal particles, metal flakes,
carbon particles and carbon-fibers, are widely used for
EMI shielding [1–10]. Although these composites are not
strong enough for most structural applications, they are
attractive because of their processability by injection mold-
ing and other commonly used polymer processing methods.
For these composites, the EMI shielding effectiveness
increases with increasing volume fraction of the filler and
with increasing aspect ratio of the filler.

The shielding effectiveness of various polymer-matrix
composites with discontinuous fillers were previously
compared [1–10], but comparison has not been made
between those with continuous fiber fillers and those with
discontinuous fillers. Comparison has also not been made
between polymer-matrix and carbon-matrix composites
although it was suggested based on theory that the carbon-
matrix composite is superior in shielding to the polymer-
matrix composite by an insignificant amount [11]. As the
shielding effectiveness varies with the testing configuration,

comparison of effectiveness values determined by using
different testing configurations is not reliable. Therefore,
this article emphasizes comparison of results obtained
using the same testing configuration for polymer-matrix
and carbon-matrix composites.

Structural composites mostly use continuous rather than
discontinuous fillers as reinforcement. A structural compo-
site that is capable of EMI shielding is particularly needed
for aircraft, which houses electronics. If the shielding is
mainly because of reflection, the composite is low in surface
impedance and is thus valuable for lightning protection,
which is also needed for aircraft. Carbon-matrix composites
with continuous carbon-fibers (called carbon–carbon
composites) are used for aerospace structures that require
high temperature resistance. This article provides the first
experimental study of the EMI shielding effectiveness of a
carbon–carbon composite, which was found to be an excel-
lent shielding material – even better in shielding effective-
ness than continuous carbon-fiber polymer-matrix
composites. Previous reports on the shielding effectiveness
of continuous carbon-fiber polymer-matrix composites were
mainly in the frequency range from 1 to 12 GHz [12–14].
More detailed studies regarding the EMI shielding effective-
ness of polymer-matrix composites have also been
conducted in relation to the laminate properties, the fiber
orientation and anisotropy of laminates, and the angle and
polarization of the incident wave [15]. The EMI shielding of
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polymer-matrix and carbon-matrix composites in a lower
frequency range (0.3 MHz–1.5 GHz) is addressed in this
article as a result of the relevance of this range to radio
frequency devices, such as wireless communication devices,
which are a main source of interference to digital devices.

Various electrically conductive fillers, such as silver-
coated ceramic microballoons (discontinuous) and metal
mesh (continuous), were added to continuous fiber compo-
sites for enhancing the EMI shielding effectiveness [16,17].
Experimental and theoretical investigation of the EMI
shielding effectiveness has also been done on intrinsically
conductive polymers in the frequency range from 1 MHz to
3 GHz [18]. The microballoons are effective for enhancing
the shielding effectiveness of a continuous glass fiber poly-
mer-matrix composite [16]; since glass fibers are not
conducting, this result is expected. However, when contin-
uous carbon-fibers, which are conducting, are used in place
of the glass fibers, the effect of a conducting discontinuous
filler is expected to be much less. This article provides the
first study of the effect a discontinuous conducting filler on
the shielding effectiveness of a continuous carbon-fiber
composite. The discontinuous filler used was carbon-fila-
ments of diameter 0.1mm (much smaller than the diameter
of 7–12mm for a conventional carbon-fiber), owing to the
skin effect (phenomenon in which electromagnetic radiation
at high frequencies interacts only with the near surface
region of a conductor) causing the small diameter to be
attractive. In this article, ‘‘filaments’’ refer to those of
diameter less than 1mm and ‘‘fibers’’ refer to those of
diameter greater than 1mm. These filaments were
previously shown to be useful for improving the vibration
damping ability [19]. This work unexpectedly shows that
the filaments do not improve the shielding effectiveness of a

continuous carbon-fiber composite. They even degrade the
shielding effectiveness.

2. Experimental methods

2.1. Materials

The carbon–carbon composite, kindly provided by Sigri
Great Lakes Carbon Corp. (Union, NJ) under the grade
designation of CC 1501G, was in the form of a sheet
comprised of continuous carbon-fiber roving fabric (908
biaxial weave) and was produced by lamination and
compression. The heat treatment temperature used in
production was 20008C. The bulk density was 1.40–
1.45 g/cm3; the open porosity was 20%–25%; the tensile
strength was about 382 MPa. The composite was cut into
different shapes for various measurements described later.

Polymer-matrix composites with crossply continuous
carbon-fibers (10E, Torayca T-300, 6K, untwisted, UC-
309 sized, diameter� 7 mm, tensile strength� 3.1 GPa,
tensile modulus� 221 GPa and density� 1.76 g/cm3) as
reinforcement at 47 vol.% and epoxy (976,Tg � 2328C,
density� 1.28 g/cm3) as matrix were made by hot pressing
prepreg tapes (ICI Fiberite, Tempe, AZ) in a crossply [08/
908] configuration in a steel mold at 1608C and 3.0 MPa for
2 h. Discontinuous amorphous carbon-filaments (ADNH,
from Applied Sciences Inc., Cedarville, Ohio) of diameter
0.1–0.2mm and length at least 100mm and with a naturally
bent morphology were made into sheets by vacuum filtra-
tion. The electrical resistivity 4.1× 1024 Vm for the fila-
ments was calculated from the volume electrical resistivity
of filament compacts, as measured by the four-probe method
[20]. A filament sheet was optionally introduced into every
interlaminar region of a composite prior to hot pressing,
such that the filaments occupied 2.9% of the volume of
the composite after hot pressing. This volume fraction is
much higher than that in [19]. The number of fiber laminae
were 19 and 12 for composites without and with filaments
respectively. These numbers were chosen so as to make the
different composites similar in thickness.

Polymer-matrix composites with various discontinuous
fillers (including the carbon-filaments) and polyether
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Fig. 1. Set-up for electromagnetic shielding effectiveness measurement.

Table 1
Electrical resistivity and attenuation upon transmission and reflection of continuous carbon-fiber composites

Matrix Filler Number
of
carbon-
fiber
laminaeb

Resistivity,
through
thickness
direction (V.m)

Resistivity, in-
plane direction
(V.m)

Attenuation upon
transmission
(dB)a

Attenuation upon
reflection (dB)

Thickness for
attenuation
measurement
(mm)

Carbon Fibers / / 2.16× 1025 124.7^ 6.9 0.02 2.40
Epoxy Fibers 19 3.5× 1023 7.2 × 1025 114.8^ 9.4 0.05 2.08
Epoxy Fibers 1 filaments 12 4.5× 1022 9.1 × 1024 98.3^ 11.9 0.07 1.90

a Same as the EMI shielding effectiveness. Value before ‘‘^ ’’ is the average attenuation. Value after ‘‘̂ ’’ is the average range of variation.
b Chosen to make the thicknesses (last column) similar for different composites.



sulfone (PES,Tg � 2208C, density� 1.37 g/cm3, particle
size� 100–150mm) as matrix were fabricated by forming a
mixture of the polymer power and the filler and subsequent
hot pressing at 3108C and 13.4 MPa for about 30 min [10].

2.2. Electromagnetic transmission/reflection measurements

The shielding effectiveness was measured using the coax-
ial cable method. The set-up as illustrated in Fig. 1 consisted
of an Elgal (Israel) SET 19A shielding effectiveness tester,
which was connected to a Hewlett-Packard (HP) 8752C
network analyzer. An HP 85032B type N calibration kit
was used to calibrate the system. Then standard attenuators
with a total attenuation 130 dB were tested to ensure that the
dynamic measurement range up to 130 dB is valid for all
sample measurements. The frequency was scanned from
0.3 MHz to 1.5 GHz and 201 data points were taken in
reflection and also in transmission. The average of SE
value and the range of SE variation of these 201 data points
within the measured frequency range were calculated. One
sample of each type was measured at least five times. The
average SE value and variation range of SE within the
frequency range for all measurements of each sample
were separately averaged and indicated in Table 1. The
attenuation under transmission and that under reflection
were measured. The former is equivalent to the shielding
effectiveness. The samples were in an annular form with
outer diameter 97 mm and inner diameter 32 mm. The
thicknesses of the samples are listed in Table 1.

2.3. Resistance/impedance measurements

The DC electrical resistivity in a fiber direction in the
plane of the laminate was measured by a Keithley 2002
Multimeter using the four-probe method and silver–epoxy
electrically conducting paste for the electrical contacts. The
specimens were rectangular, of length 15–47 mm, width
1.2–6.1 mm and thickness 2.8–3.3 mm. The resistivity of
the samples in the through-thickness direction was also
measured by the four-probe method, with the two current
probes formed by copper wire in the form of loops with
diameter 22.5 mm attached with silver–epoxy to the oppo-
site faces in the plane of the composite sheet and the two
voltage probes in the form of dots attached with silver–
epoxy to the centers of the loops. The same samples for
in-plane resistivity measurement were used for the AC
impedance measurement by a QuadTech 7600 RLC
Meter, in which the frequency was scanned from 10 Hz to
2 MHz and 200 data points for each frequency scan were
collected. The surface impedance of the materialsZl was
measured from 0.3 MHz to 1.5 GHz by the same set-up
which was used for the reflection measurement and was
calculated using the equation

Zl � Z0

�������������������������������
1 1 uS11u2 1 2uS11u cosw

1 1 uS11u2 2 2uS11u cosw

vuut ;

whereS11 is the reflection coefficient (i.e., the ratio between
the voltage of reflected electromagnetic wave and that of
source electromagnetic wave),w is the phase angle andZ0 is
the characteristic impedance of the instrument, which is
50V.

3. Results and discussion

The EMI shielding effectiveness (SE) is composed of
three portions, namely reflection, absorption and multiple
reflections. Reflection is as a result of the impedance
mismatch between air and the sample at the frequency of
interest; the absorption is because of the energy dissipation
while electromagnetic wave interacts with the material; the
multiple reflections are as a result of the inhomogeneity
within the material. The higher the SE value in decibel,
the less energy passes through the sample.

SE�dB� � 10log10�Ii =It�
whereIi the intensity of the incident beam and theIt is the
intensity of the transmitted beam.

The EMI shielding effectiveness of the carbon-matrix and
epoxy-matrix composites is shown in Table 1, along with
the DC resistivity. The higher the resistivity, the lower the
shielding effectiveness and the higher the attenuation upon
reflection. The carbon-matrix composite exhibits lower
resistivity than the epoxy-matrix composites. The low resis-
tivity of the carbon-matrix composite is attributed to the
much lower resistivity of the carbon matrix compared to
the epoxy matrix, which is insulating. Similarly, the high
shielding effectiveness of the carbon-matrix composite
compared to the epoxy-matrix composites is attributed to
the carbon-matrix. The introduction of the carbon-filaments
between the fiber layers does not improve the electrical
conductivity or the shielding effectiveness of the epoxy-
matrix composite. The composite with carbon-filaments
has a lower SE value as well as higher resistivities in both
in-plane and through-thickness directions than that without
the filaments. Under an optical microscope, we observed
distinct carbon-filament–epoxy interlayers between
carbon-fiber laminae. The presence of the carbon-filaments,
which are discontinuous and not particularly conductive
anyway, caused the observed large increases in the
through-thickness and in-plane resistivities.

The low attenuation upon reflection for all the composites
(Table 1) means that reflection dominates the shielding
mechanism. In other words, most of the incident energy is
reflected back to the transmitter. This is consistent with the
high conductivity of these composites. The carbon–carbon
composite has the highest SE value (124 dB) and the least
attenuation upon reflection (0.02 dB) among the compo-
sites. Fig. 2 shows the SE variation with frequency for
these three composites. The SE values for the epoxy-matrix
composites with and without carbon-filaments decrease at
low frequencies. The impedance measurement indicates a
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similar trend (Fig. 3). The carbon–carbon composite has the
most severe skin effect; its impedance increases most
abruptly with the increase in frequency. The impedance
values of the epoxy-matrix composites also increase with
frequency, but the abrupt increase occurs at higher frequen-
cies. The low value of the attenuation upon reflection (Table
1) and the consistency between the transmission and impe-
dance measurements show that reflection is the dominant
mechanism for EMI shielding using continuous carbon-fiber
carbon-matrix and polymer-matrix composites. The domi-
nance of reflection was previously reported for continuous
carbon-fiber polymer-matrix composites [12–14].

The surface impedance values of the three composites of
Table 1 in the measured frequency range are all below 3V.
Among these composites, the carbon-matrix composite has
the lowest surface impedance – about the same as that of the
solid copper at each corresponding frequency, whereas the
epoxy-matrix composite with carbon-filaments as interlami-
nar filler has the highest surface impedance at each corre-
sponding frequency. This trend is consistent with the results
of other electrical measurements (Table 1). The strong
reflectivity and low surface impedance suggest that the
carbon-matrix and polymer-matrix composites are also

effective for lightning protection, electrostatic dissipation
and use as microwave waveguides.

The SE values of PES-matrix composites of the same
thickness (about 2.8 mm) and with various discontinuous
fillers, all tested at 1–2 GHz using the same shielding effec-
tiveness tester (Elgal SET 19A), are listed in the Table 2.
The carbon-filaments in Table 2 are the same as those used
in this work as an interlaminar filler. As shown in Table 2,
they are less effective than nickel particles (1–5mm), nickel
fibers (2mm diameter) and nickel filaments (0.4mm
diameter), in spite of their small diameter and the skin
effect. The composite with nickel filaments as filler has
the highest SE value (87 dB) among all the composites in
Table 2. This is believed to be because of the small diameter
in conjunction with the skin effect, as shown when this
composite is compared with that having SE value 58 dB
and nickel fibers of a much larger diameter (2mm) at the
same volume fraction [21]. Using polyimide siloxane as the
matrix, comparison between nickel particle and silver parti-
cle composites shows that nickel particles are more effective
for shielding than silver particles. This is probably because
nickel is magnetic. All the composites with discontinuous
fillers (Table 2) have lower SE values than the composites
with the continuous carbon-fibers (Table 1).

Owing to the high shielding effectiveness of continuous
carbon-fiber composites compared to that of composites
with discontinuous fillers, the addition of a discontinuous
interlaminar filler to a continuous carbon-fiber composite is
not expected to have much positive influence on the shield-
ing effectiveness. The influence turns out to be even nega-
tive for the addition of carbon-filaments as a discontinuous
interlaminar filler, partly because of the relatively large
volume fraction of carbon-filaments (2.9 vol.%) between
the carbon-fiber laminae in this work compared to the low
volume fraction (0.6 vol.%) in Ref. [19].

4. Conclusion

Composites with continuous carbon-fibers have better
EMI shielding effectiveness than those with discontinuous
fillers. However, a continuous carbon-fiber composite with a
carbon-matrix is more effective for shielding, more reflec-
tive, and more conductive than that with an epoxy matrix,
reaching an EMI shielding effectiveness of 124 dB at
0.3 MHz–1.5 GHz. The introduction of 2.9 vol.% discon-
tinuous 0.1mm diameter carbon-filaments to an epoxy-
matrix composite with continuous 7mm diameter carbon-
fibers degrades the EMI shielding effectiveness. The domi-
nant mechanism of EMI shielding for these continuous
carbon-fiber structural composites is reflection.
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Fig. 2. Attenuation upon transmission vs. frequency for composites with
continuous carbon-fiber (a) Carbon–carbon composite. (b) Epoxy-matrix
carbon-fiber composite. (c) Epoxy-matrix carbon-fiber carbon-filament
composite.

Fig. 3. Impedance vs. frequency for composites with continuous carbon-
fibers (a)Carbon–carbon composite. (b) Epoxy-matrix carbon-fiber compo-
site. (c) Epoxy-matrix carbon-fiber carbon-filament composite.
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Table 2
EMI shielding effectiveness at 1–2 GHz for PES-matrix composites (thickness about 2.8 mm) measured using the same shielding effectiveness testera

Filler Vol.% EMI shielding effectiveness (dB) Ref. No.

Al flakes (15× 15 × 0.5mm) 20 26 [22]
Steel fibers (1.6mm dia.×
30–56mm

20 42 [22]

Carbon-fibers (10mm dia.×
400mm)

20 19 [22]

Ni particles (1–5mm dia.) 9.4 23 [22]
Ni fibers 20mm × 1 mm) 19 5 [21]
Ni fibers (2mm × 2 mm) 7 58 [21]
Carbon-filaments (0.1mm
dia. × . 100mm)

7 32 [21]

Ni. Filaments (0.4mm dia.×
. 100mm)

7 87 [21]

a 41 dB at 5.7 vol.%, compared to 1.5 dB at 4.9 vol.% for silver particles (0.8–1.35mm), for composites with a polyimide siloxane matrix [22].


