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Abstract Microwave reflective properties of carbon fiber-epoxy composites are analyzed on the basis of wave propa-
gation theory. Dielectric constant is determined by the reflection/transmission technique in 4-12 GHz frequency
range. From the measured material constants, the microwave reflection loss has been calculated as a function of plate
thickness and frequency. Because of high dielectric constant and conduction loss, the carbon fiber composites exhibit a
relatively high microwave reflectance. However, large fluctuation in the reflection loss is predicted at a small norma-
lized thickness with respect to the wavelength, which is attributed to the variation of input impedance with the plate
thickness. It is suggested that the determination of plate thickness is important to obtain the maximum wave reflec-

tion especially in the low frequencies.

1. Introduction

Widespread use of electric and electronic circuits for
various purposes makes it necessary for circuit design-
ers to control the EMI (Electro-Magnetic Interference)
problems. One of the EMI reduction technique is shield-
ing the noise source to prevent the noise radition or
shielding the equipment to prevent the noise infiltration
from the outside". Metallic sheets are commonly used
as a shielding material. Recently many attempts were
made to replace the metals by light-weighted and easi-
ly-workable polymer composites as a shielding materi-
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al“"¥. Ferrite powders with magnetic loss and conduc-
tive metal or carbon powders are used as the absorbent
filler in a rubber or resin matrix*~¥. Those fillers in the
form of equiaxed powders have a lower microwave
shielding capability due to the lower conduction loss.
Continueous carbon fibers of high aspect ratio have
advantages in both high electrical conductance and con-

. Therefore,
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duction loss along its longitudinal axis
the carbon fiber reinforced composites can be consid-
ered as a good candidate of the microwave shielding

material. However, the experimental results and theo-
retical analysis on microwave properties (reflection,
absorption) of carbon fiber reinforced composites are
quite poor.

The purpose of this study is to investigate the micro-
wave reflective properties of carbon fiber composite
materials for the application to electromagnetic shield-
ing at high frequencies. Dielectric constant and perme-
ability spectrum was measured in 4-12 GHz frequency
range. On the basis of theory of wave propagation in a
lossy media, the reflection loss from the composite layer
was predicted as a function of frequency and layer
thickness.

2. Experimentals

Carbon fiber-epoxy composites were prepared by
lamination technique with commercially available 8~
harness fabric carbon fiber prepreg and Bisphenol-A
type epoxy resins. The carbon fiber fabric was cut by
15x15 ¢m? and dipped in epoxy resin. The fiber content
was about 60 wt%. After drying at 80 T in vacuum
oven, the prepregs were laminated using uniaxial press
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with automatic temperature and pressure controller.
The lamination temperature was 130 C.

The dielectric constant and perrﬁeability were deter -
mined by using HP/8720B network analyzer. Measure-
ments were made in the C and X-band frequencies (4-
12 GHz). The precisely machined toroidal samples were
inserted between the inner and outer conductors of
standard coaxial line. The complex permittivity and
permegbility can be determined from the measured re-

flected and transmitted scattering parameters™.
3. Results and Discusson

Fig. 1 shows the complex permeability (. —je, ")

and permittivity (e, —je,”) spectra observed in the

r
carbon fiber-epoxy composite specimen. High dielectric
constant with considerable loss was observed in this
specimen. Real part of permittivity (sr') is a slightly
decreasing function of the frequency (from 24 at 4 GHz

to 15 at 12 GHz). Imaginary part (¢.”), which corre-

r
sponds to the conduction loss, increses slightly with the
increase of frequency (4 at 4 GHz, 8 at 12 GHz). Near-
ly constant value of /‘r/ (equal to free-space perme-
ability) was observed and g " is negligibly small, which
is attributed to the nonmagnetic property of carbon fi-
bers and epoxy resins. The observed high dielectric con-
stant is coming from the space-charge polarization be-
tween the parallel carbon fibers and the longitudinal
current flow along the fibers induces the large amount
of conduction loss.

When a composite layer having a low characteristic
impedance (low permeability and high dieletric con-
stant as in carbon fiber composites) is illuminated by in-

cident plane wave, a microwave reflection occurs at the
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Fig. 1. Complex dielectric constant and permeability of carbon
fiber- epoxy composite.

front surface of the plate because of impedance-mis-
matching. The amplitude of the reflected wave (E) is
related to the amplitude of the incident wave (E) by
the reflection coefficient (1), defined by

r'=(E/E) (1
The power reflectance, in decibels, is then given by
reflection loss=20 log | I (2)

For normal-incidence, the reflection coefficient is de-
termined by the input impedance at the layer surface
(Z..) and free-space impedance (Z,= 376.7 £), which
1s given by

_ Zm‘lZAu

F_z.n+zu

where,

7.=7.X ,Zﬂj;z_(ﬁ_ap_h_lﬁg
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In Equation (4), Z.1s characteristic impedance, v is a
propagation constant, and d is the thickness of compos-
ite layer. Z.and v are functions of # and ., expressed

as
&
vy = ]'CUV Ho€o V HE: (6)

where, w is angular frequency, ¢ and &, are permeabili-
ty and permittivity of free-space, respectively.

Fig. 2 shows the reflection loss calculated from the
material constants by using the Equation (2). It is evi-
dent that the reflection loss is greatly dependent upon
the plate thickness and frequency. The result is attribut-
ed to the variation of input impedance with the plate
thickness and frequency as seen in the Equation (4).
The variation of permittivity with frequency (shown in
Fig. 1) gives rise to frequency-dependent characteris-
tic impedance and propagation constant as seen in
Equations (5) and (6), which, in turn, influence the mi-
crowave reflectance at a given thickness.

Fig. 3 shows the variation of reflection loss according
to the different layer thickness at a given frequency.
The reflection loss varies periodically with an average
value of about -4 dB. The deviation from the average
value is greater at a lower frequency and at a smaller
thickness. The maximum wave reflection occurs at a
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Fig. 2. The frequncy dependence of the reflection loss predict-
ed in the carbon fiber-epoxy composite.
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Fig. 3. The variation of reflection loss with the thickness of car-
bon fiber-epoxy composite.

middle point of the first half cycle (d= 3.5 mm at 4
GHz, d=20 mm at 8 GHz and d=1.5 mm at 10 GHz)
and the minimum reflection loss is at the middle point
of the second half cycle. The deviation decreases to-
ward the average value as the thickness increases.
which is more clearly seen at high frequency.

It can be seen from Equation (3} that the reflected
power increases as the input impedance at the plate sur-
face is reduced. Since the rear face of the sample is
open to free space (which can be considered as a trans-
mission line with the resistive load; Z,>ZJ, the voltage
minimum is at A/4 distance from the load®. Therefore,
the maximum wave reflection is expected when the

plate has a quarter-electrical-wavelength thickness.
For a lossy media, the wavelength is expressed as”

/{ - 7—2-%[ ('UI‘, ’ + ﬂrﬂz) (Er, ‘ + Eruz)

e —ple ] 7

where, fis frequency and ¢ is velocity of light. Fig. 4
shows the calculated A/4 value which is a decreasing
function of frequency (6 mm at 4 GHz, 2 mm at 12
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Fig. 4. The calculated A/4 in carbon fiber-epoxy composite.

The plate thickness with maximum wave reflections is also
given.
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Fig. 5. The calculated microwave reflection from the carbon-
fiber composite with large normalized thickness.



164 FAaTIA A8H A2E (1998)

GHz). The layer thickness with maximum wave reflec-
tion is a little lower than the A/4 value. The discrepancy
needs a further consideration. However, the two curves
exhibit a similar decreasing function of frequency.
When the plate thickness becomes large as compared
to the wavelength (d/A—o0), Z., is equal to to the char-
acteristic impedance (Z,= Z.) as seen in Equation (4).
Therefore, the reflection loss is simplified into

reflection loss = 20log % )

and thus the wave reflection is independent of thick-
ness. Combining Equations (5) and (8) gives a result of
reflection loss shown in Fig. 5. Nearly constant value of
reflection loss about -4 dB is resulted. This value is con-
sistent with the average value of reflection loss shown
in Fig. 3.

4. Conclusion

This study has demonstrated that the microwave re-
flection from the carbon fiber composite materials is
greatly dependent upon the plate thickness and frequen-
cy. Because of high dielectric constant and conduction
loss, the carbon fiber composite exhibits a relatively
high microwave reflectance (in average, -4 dB). How-
ever, large fluctuation in reflection loss is predicted at a
smaller plate thickness as compared to the wavelength.
The maximum wave reflection is expected at a speci-
fied thickness with the minimum input impedance (min-
imum voltage at the surface). This critical thickness is
reduced as the frequency increases. When the plate
thickness is large as compared to the wavelength, the
reflection loss approaches the intrinsic value {(about -4
dB). It can thus be suggested that the determination of
plate thickness is important to obtain the maximum mi-
crowave reflection (high shielding effectiveness) espe-
cially in the low frequencies.
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