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Study on the numerical model of complex permittivity of composites based on the
percolation theory

Jin-Bong Kim™, Sang-Kwan Lee’, Chun-Gon Kim"

ABSTRACT

In this paper, we proposed a numerical model the complex permittivity for the E-glass fabric/epoxy
composite laminate containing electrical conductive carbon black. The model is based on the percolation theory
and for the composites over than the percolation threshold and in higher frequency band in that the AC
conductivity is fully proportional to the frequency. The measurement for the complex permittivity wasperformed
at the frequency band of 0.5 GHz ~ 18.0 GHz using a vector network analyzer with a 7 mm coaxial air line.
The proposed model is composed of the numerical equationsof the scaling law used in percolation theoryand
constants obtained from experiments to quantify the model itself. The model describes the complex permittivity

as the function of frequency and filler concentration. The model was verified by being compared with the
measurements.
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Fig. 1 Definition of percolation and its clusters: (a) shows parts of a
square lattice; in (b) some squares are occupied with big dots;
in (¢} the ‘clusters’, groups of neighboring occupied squares,
are encircled cxcept with the ‘cluster’ consists of a single
square. From Stauffer er «l. |2].
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Fig. 2 Example for percolation on a 60x50 square lattice, for various
p as indicated. Occupied squares are shown as *, empty
square are ignored: (a) shows the clusters when p<pc (b) the
infinite cluster is marked when p>pe. From Stauffer er af. [2].
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Fig. 3 Density of sites which are connected to a point on the largest
percolation cluster on a square lattice, at p - pc =0.035 (solid
circles) and p - p. =0.022 (open circiels), within a box of L

around an occupied site. The slope for L < & is dr - d
=-0.1, and the plateau for L > & is Pw. From Kapitulnik

et al. [6].
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Fig. 4 Section of the infinite cluster at pc: only few sites contribute to
the backbone of the cluster From Stauffer et al. [2].
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Fig. 6 SKEM image for the overall cross sectional view of the E-glass
fabric/epoxy containing carbon black.
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Fig. 7 SEM image of the resin rich region on the cross section of
the E-glass fabric/epexy containing 2wt% of carbon black

Thioll pon >> woson of2kit ZHYSHA, BRI U iofAl o)
Haheade) B3 BE pi okl 4(33)9 BAS A,

vy Ioc DORY Vr p' 0
p= poxy W POXY s 33)
Pcs T WPipory Pca
A3 prponts o EAY WEBEA F 12 gem'ot}

FhE Halel W peso] QAZRE 2R oo ol g
ojuf B Aol A AMRE o2 WmE oF 2.0 glem o)t
Fig 6& A28 BeaRel dwlg et 43u

it lamina) Abolef A 9l E(resin rich region)o] WY

A Ehste AL & 4 Yok Figo 72 2wi%d] 7HE EFo]

T EPARY AR guig ARoRA, 2
Edo] 2 SAHYEE FHOR EAEH: AL B

4 ik,

el 2}

~H BEae] A% S8 &A8lr) YA Al
% Mél&& 7tEet Al27F ZFzE 25 mm x 25 mmE sk
L ANRERE }‘}%94 A L s A
L(Silver) #H2 1_,; AFE FAISII HP3458A DMME ol &

o
2
3
f_>i
E;!
Hl

107
E 10t ’
5 -
Z
2 5
£ 14
3
2
g
8 10 experimental data
8 7. of Eq{7) for p_{or, w ) = aear 0’
107"
1o
0.0 1.0 2.0 3.8 4.0 5.0 6.0

concentration, w [wt%]

Fig. 8 DC conductivity of the composite laminate containing carbon
black. The solid line is the case that the percolation threshold
is assumed to be near zero,

107 Siemolth. Fig. 82 &A%
H E-glass fabric/epoxy -3hafjs

&l i | olatm mjg vtowd, 7HE
o] TaE BaAnel W7 M&EL Hgo] AeE e
i A A2l
PIHER H2obe W 2 AE 9 4 Ytk Fig 84
g HEARe AHELEE olgstel 4

T m{rL

v
i}

lass fabric/epoxy

L,?L
o
a5

° g

i
g

Ar
fot o rlo o

o]

&

-~
)
T

We

—~

i

o

=2

it

=2

A

1o

~

e I

_}:LE

N

p X

Lig

r:lqmcj

o =
7]
%@é
ar[o}_.
S .3

= 5o g
ot B g
LA

)

A ==
EO[H)HE
ﬂmiﬁhﬁig.m—{u
o 2
o 3 o

H

43 SEN R THE
B $A8SAglent N5230A (PNA-L #E| 8] stghi4]7))el

= Aol ZE(Port) & ol HUE|E Agilent N3696A(electrical
calibration module)2 o]&3to] WASEL AlglHo] AHE 7 mm
i:’:‘:31"(c0axial air line)s A@e] ZAsHGTL 24 9AHRS

ZhA)(scatter parameter)$) Su, Si, Sz, Sn dl A9 AREA
£2 BT ARR-5H= Transmission/Reflection 21 Nicolson-Ross-
Weir WS AESGT [20] 250 ALE Fo4 gl 05
GHz ~ 18.0 GHzo|w|, 20 MHz?| 5 7+Z(equal interval) 22
etk

m s Ve Ve ™

9u8e 4009 Ukt BA S48 of oolud, ws
SO AL pof SR o7t BE Fudol] wed A
wHoz 7rashH, F340 F7l WE Soldo] waslx



52 AAgE -0

il

A M AR i

50.0
-
2 400
z
T 30,0
o
Q2
5 20.0
k=
]
o
% 100
e

0.0
. 50.0
-
S
3 40.0
£
E
5 30.0
(-3
S
5 200
a
o
£ 100
=
]
E s s 8
= 0.0

0.0 5.0 10.0 15.0 20.0

frequency [GHz}

Fig. 9 Real () and imaginary (') parts of the complex permittivities
of E-glass fabric/epoxy containing carbon black.
grch whebd, AWM Qe Hi SHEL BE [(o) < &

ol 3Fa Fofoln Zlolth.

5. 24 Ag mue 3%

AFolH AR BIARM 12 Bele] sFaold
RARSE wee 0olck ela, AGe] AG3)E e
ofgle} o] FhE Helo] HIALE wol T

A Ao = ok
K, =aw” +e¢ (34)
ABHA a= K7t wo vt HEE AGDHY aF A

7 gelsolop gtk AGHE AG2el Helsie a4
&

el 7HE BEY BARE wib Fukd o B4l e,

fol ek,

2739 Ba4aY Ba fage dude olgsiel et
8 mgel 448 T¥ 4 9ok HEAEe] Ha §HES
A29)8h AG0)T ol Fohie] whE @ vepd 4
e, B Aol @S A% x pi= 0.7, 030l A% x,
AR wol mebd thd ohE G BRI B A
A T PE 5 AEETRY Aot Ans Aus Wik

= (o)
#stAr). Table 2= BRAR 4y by, 0] FS LERATH

Table 2 Characteristic constants for the composite laminates
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