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ABSTRACT

Dielectric properties of rubber wood were studied at various moisture contents and grain directions
at low frequencies from 1072 to 10° Hz. Results showed that the moisture content of wood affected
the dielectric properties considerably. Dielectric data at different anisotropic directions, i.e., longitu-
dinal, radial, and tangential and at various moisture contents were modeled using universal capacitance.
The equivalent circuits for different dielectric processes observed in wood were expressed by the
combinations of diffusive, quasi-dc elements together with nondispersive capacitance and resistance.
Three equivalent circuits for wood with moisture contents—a) above fiber saturation point, b) below
fiber saturation point, and c) very low moisture content or oven-dried wood—are obtained for three

grain directions. The experimental data are in close agreement with the value obtained from equivalent

circuit.
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INTRODUCTION

Dielectric properties of wood have both the-
oretical and industrial applications. They also
provide a better understanding of the molec-
ular structure of wood and wood-water inter-
actions. The behavior of water with the con-
stituents of wood such as cellulose and lignin
can be understood more clearly by studying
dielectric properties. These properties can be
used for determining the density and moisture
content of wood by nondestructive electrical
measurements. It is also reported that the de-
tection of knots, drying defects, and spiral
grain are possible by measuring dielectric
properties of wood (Martin et al. 1987). The
dielectric properties of rubber wood at differ-

 Member of SWST

Wood and Fiber Science, 32(4), 2000, pp. 450-457
© 2000 by the Society of Wood Science and Technology

Dielectric constant, dielectric loss factor, moisture content, universal capacitance, suscep-

ent moisture contents (MC) were reported ear-
lier (Kabir et al. 1998a). The dielectric prop-
erties above 25-30% MC showed almost a
single mechanism. As the moisture content de-
creases from around 25%, the dielectric con-
stant and dielectric loss factor decrease abrupt-
ly (Kabir et al. 1998b). The shape of the
curves changes accordingly, indicating a dif-
ferent dielectric mechanism involved in the
processes.

The interaction of wood with a low fre-
quency electrical field has not yet been stud-
ied. It may provide a valuable basis for deter-
mining fiber saturation point (FSP) and defects
in wood nondestructively, and also may help
to understand wood-water interactions and hy-
groscopic characteristics of wood. This paper
deals with the modeling of the dielectric prop-
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erties using an electrical circuit consisting of
a capacitor and a resistor.

THEORETICAL CONSIDERATIONS

The classical expression relating the com-
plex permittivity to the frequency is based on
Debye (1945), in which the susceptibility
function can be given by

X*(w) * ey

1 + iw/w,
where x* is the complex susceptibility, w is
the angular frequency, = indicates proportion-
ality.

The Debye response is suitable for present-
ing the dielectric properties of some liquids
and gases. Since the behavior of most dielec-
tric materials deviates in varying degree from
the Debye responses Cole-Cole (1941) modi-
fied the Debye equations by introducing a pa-
rameter o. The Cole-Cole susceptibility func-
tion can be written as

1

1+ (iw/e,) @

X*(w) o

where « is an empirical parameter that lies be-
tween O and 1, still having a symmetrical loss
peak, but broader than the Debye function.
Davidson and Cole (1951) later modified this
expression to fit the experimental data, which
is given by

1

*
X T Gty

3

where {3 is a parameter in the range from O to
1. The parameters a and 3 used in these equa-
tions were determined empirically and have no
physical significance. Most dielectric behavior
cannot be explained by cither of these two
equations. Havrilak and Negami (1966) pro-
posed a generalized form by combining these
two equations, which yields

1
{1+ Gwle,) =}

The above-mentioned equations, such as Cole-

X*(w) = C)
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Cole, Davidson-Cole, and Havrilak-Negami
are usually associated with a distribution of
relaxation times. The best result can be ob-
tained with two parameter Havrilak-Negami
functions for fitting of experimental data.
Jonscher (1983, 1990a) introduced the con-
cepts of power law frequency response of di-
electric relaxations that were found suitable
for fitting experimental data for a wide range
of dielectric materials. According to this uni-
versal law, the complex capacitance and cor-
responding susceptibility can be expressed by

x*(w) © C*(w) = B(io)"!
= B{sin(nm/2) — i cos(nn/2)}w"! (5)

where C* is the complex capacitance, B is the
proportional constant, and the exponent n de-
fines the frequency dependence that lies be-
tween 0 and 1. Another important feature for
this power law relation is that the real and
imaginary components maintain a constant
frequency-independent ratio (Jonscher and
Pickup 1985; Jonscher and Robinson, 1988),
ie.,

Cll(w) _ X”(w)
Clw) —C.  x(w)

= cot(nm/2) (6)

Based on the concept of universal law, the
experimentally observed behavior for different
dielectric dispersions can be explained with
dipolar, quasi-dc, and diffusive mechanisms
(Hill and Pickup 1985; Zaidi and Jonscher
1987). For the bound dipolar case, the frac-
tional power law behavior is given by

X*(@) < x(0)(iw/w,)~!

foro>»w, (1)

and

x(0) — x*(0) = x(0)(iow/w,)* for o K w, (8)
where o, is the peak frequency, x(0) is the
susceptibility at very low frequency. We can
write the alternative equations for bound di-
polar case by using Eq. (6) as
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X' (w) = cot(nm/2)x' (w)aw" !

for v > o, o
X'(0) = tan(mm/2)[x(0) — Xx'(®)]ao™
for o < w, (10)

where x' and x” are the real and imaginary
parts of the susceptibility, respectively. Ac-
cording to Jonscher, this susceptibility func-
tion can be expressed as

1
(/o)™ + (0/o,)'™

X'(w) (11)

The quasi-dc dispersion has been observed
experimentally at frequencies below 1 Hz in
which some of the charges are weakly bound
and partially free to move (Ramdeen et al.
1984; Rowe et al. 1988; Jonscher 1991). For
frequencies less than characteristics rate w,,
the quasi-dc dispersion is represented by

X(w) © x(0)(iw/w. )P
= x(O}w/w )P
X {cos(pn/2) — sin(pm/2)} (12)

and for frequencies greater than the character-
istics rate

X(@) = x(0)(iw/w )"
= x(0)(w/w)"!
X {sin(nm/2) — i cos(mm/2)} (13)

The equivalent presentation for this behavior
can be written as

X'(w) = cot{nn/2)x'(w) * wr!

0> w, (14)
X'(0) = tan(pw/2)x'(w) * » P
0 <K o, (15)

The exponent n in dipolar response defines
the degree to which the displacements of a di-
pole to those of its environment form a cluster
and is also a measure of the structural order
of the cluster (Dissado et al. 1987). The ex-
ponent m is a measure of the extent to which
one cluster can affect the others and can be
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taken as the efficiency of dipolar displacement
between clusters. Therefore, as the value of m
approaches unity, it describes a situation in
which the disturbance is spread almost ho-
mogeneously over the system as equilibrium
is approached. In quasi-dc process, p is a mea-
sure of the efficiency of the charge transport
between clusters. The deviation of p from uni-
ty defines the degree of inefficiency of the
charge transport in the system and is a mea-
sure of the degree of long-range homogeneity.

In the dipolar case, it is seen that in the high
frequency range of the loss peak (>w,), X'(w)
and x"(w) exhibit a constant ratio, independent
of frequency. The quasi-dc relaxation is char-
acterized by two independent processes, below
and above a certain characteristic frequency o,
without any loss peak. In the quasi-dc process,
the real and imaginary parts of the suscepti-
bility increase steadily with decreasing fre-
quency, with a small exponent value of p at
frequency <w,, followed by a flat loss behav-
ior above v, (Jonscher 1990b).

The Dissado-Hill theory (Dissado and Hill
1982; Pathmanathan et al. 1985; Dissado et al.
1987) explained the dipolar and quasi-dc re-
sponse in terms of cluster models. They as-
sumed that the two independent processes in
the dipolar and quasi-dc response above and
below w, or w, are due to the intra-cluster and
inter-cluster exchange mechanisms, respec-
tively.

Another type of dielectric response has been
found experimentally and is attributed to dif-
fusion (Dissado and Hill 1984; Doyle and
Jonscher 1986). This type of dielectric re-
sponse has been expressed as

x(®) * x(w,)(io/wg) ™ s=05 (16)

which defines a diffusion susceptibility of
magnitude x(w,) at frequency w,.

The parameters used in the Cole-Cole, Da-
vidson-Cole, and Havrilak-Negami functions
have no physical significance, and the value
has been determined by empirical means. On
the other hand, the exponent used in the uni-
versal law or in dipolar and quasi-dc response
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TABLE 1. Values of the different exponent and circuit element used in equivalent circuit modeling.
Quasi-dc Diffusive
MC (%) C, C, b n f, fy C, s C R
Longitudinal
99.8 1.7e8 7.4e7 0.93 0.06 280 le-3 7.6e15 0.29 6.3e4
14.5 1.2e5 9.5¢2 0.06 0.42 18 6e-2 1.6e4 Te-4
4.1 8.5¢-2 1.2e-1 0.008 0.46 2e-2 4e-3 4.2e-3 1.5e0
Radial
98.2 1.3e7 9.7e¢6 0.99 0.05 280 le-3 1.2e13 0.52 6.3e12
14.1 2.7e4 3.3e2 0.04 0.42 lel 6e-2 4.4e3 2e-3
43 6.4e-2 6.1e-2 0.01 0.40 1.5¢-2 4e-4 4.2e-2 1.5e0
Tangential
98.5 2.4e7 1.4e7 0.45 0.04 280 le-3 1.6e13 0.43 7.3el12
14.2 3.1e5 8.5¢2 0.005 0.4 40 6e-2 1.1e4 8e-4
38 8.8e-2 1.2e-1 0.006 0.42 2.5¢-2 4e-3 3.5¢-3 1.8e0

has physical significance regarding the degree
of ordering in the system.

The dielectric behavior so far discussed in-
volves dielectric loss due only to the polari-
zation mechanism. Many of the dielectric ma-
terials exhibit loss with the conduction of
charge carriers and add to the total loss. This
conduction loss is given by

€ =— amn

where €” is the dielectric loss factor and o is
the electrical conductivity of the material. It is
characteristic of dc conduction that €” shows a
slope of —1 at low frequency with e’ (dielec-
tric constant) independent of frequency.

MATERIALS AND METHODS

Dielectric properties, such as dielectric con-
stant and dielectric loss factor of rubber wood
(Hevea brasiliensis, Muell. Agr.), were mea-
sured by using a Dielectric Spectrometer con-
sisting of Chelsea Dielectric Interface (CDI
4c/L-4, Dielectric Instrumentation, UK) and
Frequency Response Analyzer (SI 1255,
Schlumberger Technologies, UK). Rubber
wood was supplied by the Farm Department
of University Putra Malaysia. The measure-
ments were carried out for three anisotropic
directions—longitudinal, radial, and tangential
at frequencies from 102 to 105 Hz. Specimens

were prepared in the form of discs of 35-40
mm in diameter and 3.0-3.5 mm in thickness.
For measuring the dielectric properties at dif-
ferent moisture contents, specimens were fully
soaked in water for a sufficiently long time to
achieve full saturation. After that, the speci-
mens were weighed, and measurement was
carried at room temperature. They were then
dried in air to reduce the moisture. This cycle
of measuring, drying, and weighing was re-
peated until the specimens showed no change
of weight by drying. Finally the specimens
were dried in an electric oven at 100 * 3°C
for 24 h, and oven-dry weight was taken.
Moisture content of the specimens was deter-
mined based on the oven-dry weight.

RESULTS AND DISCUSSION

Equivalent circuits have been determined
using different combinations of quasi-dc (12
and 13), diffusive (16), nondispersive capaci-
tance and resistance to fit the experimental re-
sults at different MC and grain directions. The
values of each component and exponents for
these models at different moisture content are
presented in Table 1. The working expressions
for these models are presented in the Appen-
dix.

The change of moisture content above fiber
saturation point (FSP) does not contribute
much to the dielectric properties in all grain
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IWOE  diffusive
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quasi-dc m __ C
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Fic. 1. Equivalent circuit for fitting the experimental
results at low frequency.
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Fic. 2. Experimental and theoretical value obtained
from equivalent circuit in longitudinal direction.

directions, as reported earlier (Kabir et al.
1998a). Above FSP (25-30% MC), the dielec-
tric mechanism can be expressed by diffusive
(16) in series with the parallel combination of
quasi-dc and nondispersive capacitance. The
equivalent circuit is shown in Fig. 1(a). The
experimental and theoretical values are pre-
sented in Figs. 2(a), 3(a), and 4(a) for longi-
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from equivalent circuit in radial direction.

tudinal, radial, and tangential directions, re-
spectively. It is shown that the theoretical val-
ues are in good agreement with the experi-
mental ones for all grain directions.
Regardless of the grain direction, the values of
p lie between 0.45 and 0.99, whereas n ranges
from 0.04 to 0.06 for this MC (Table 1). In
the free water region, diffusion may occur be-
tween the vessel and cell wall. The addition
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from equivalent circuit in tangential direction.

of quasi-dc mechanism to the overall process-
es may be explained by a cluster model (Dis-
sado et al. 1987).

Below a characteristic frequency (Zaidi and
Jonscher 1987), the charge transport takes
place between the cluster, i.e., in between the
amorphous and crystalline parts of the cellu-
lose. At a frequency greater than characteristic
frequency, transport of charge takes place
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within the amorphous region because the
amorphous part of the cellulose is highly hy-
groscopic compared to the crystalline region
and lignin. The high value of p, which is de-
fined as the efficiency of the charge transport
between the clusters, suggested that major
transport of charge occurred between the
amorphous and crystalline portion of the cel-
lulose at high MC.

Below FSP, the response can be expressed
by quasi-dc in series with the parallel combi-
nations of nondispersive capacitance and re-
sistance as shown in Fig. 1(b). The experi-
mental and theoretical values are presented in
Figs. 2(b, ¢), 3(b, c), and 4(b, ¢) for longitu-
dinal, radial, and tangential directions, respec-
tively. The values of the exponent n and p are
in the ranges of 0.4-0.46 and 0.005-0.06, re-
spectively (Table 1). The lower value of n at
these MC levels compared to higher MC
means that the transport of charge takes place
within the cluster, i.e., within the amorphous
or crystalline region. At low frequency and
low MC (<7%), the presence of dc conductiv-
ity was observed, as shown in Table 1. Finally,
when MC is less than 10%, a small resistance
was used for fitting the experimental results
(Fig. 1c). This is due to the presence of elec-
trode resistance at very low MC. Millany and
Jonscher (1980) also reported the presence of
series resistance at about 1 MHz.

CONCLUSIONS

Dielectric properties of wood were affected
significantly by moisture content for all aniso-
tropic directions. Above FSP the variation of
moisture content does not affect the dielectric
constant and dielectric loss factor of wood sig-
nificantly—an indication of a single dielectric
mechanism. Below FSP the decrease of mois-
ture content increased the dielectric properties
accordingly. Three different dielectric process-
es, which are the combination of quasi-dc, dif-
fusive and nondispersive capacitance and re-
sistance, either in series or in parallel, were
identified for wood at various moisture con-
tents, namely 1) above fiber saturation point,
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2) below fiber saturation point, and 3) at very
low moisture content or for oven-dried wood.
At moisture content above FSP, equivalent cir-
cuit can be expressed by diffusive in series
with a parallel combination of quasi-dc and
nondispersive capacitance. Below fiber satu-
ration point, equivalent circuit consists of qua-
si-dc in series with a parallel combination of
nondispersive capacitance and resistance. A
series resistance was observed for oven-dried
wood or wood with low moisture contents.
The quasi-dc behavior can be explained by the
transport of charge between or within the clus-
ter of amorphous or crystalline region.
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APPENDIX
Working expression for equivalent circuit modeling
According to Fig. 1(a):

The diffusive element can be expressed by

CH* = Cyiw)™ (18)
RO(DH ST ST
= Ry—|sin— — i cos—
RG22 2
f s—1
= Rﬂ(E) lsin%-r -1 cos%;
s5—1
c. = (2mf) (19)
R,
Quasi-dc behavior can be represented by
C* = C,(iw)? ® < o, 20)
C* = C(im)~! ® > o, (21
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The parallel combination of quasi-dc and capacitance can
be expressed as
Y* = ioC* + i0C* + i0C (22)

= C/(iw)!? + Cy(iw)" + i0C

= L[Rocl(im)"" + RCy(iw)* + iwRyC]

R,
1|/e\™
= -R—O <1—> {sin pmw/2 + i cos pm/2}
1
et {5
+ | = {cos pn/2 + isin pn/2} + il —}] (23)
f, f
where
c, = @1%3 (25)
C= (2—;:(4) (26)

From Egs. (19) and (23), C* = C' — iC" can be calculated.
According to Fig. 1(b):

Y, * = iwC* + ioC,* 27
= RLO[ROCl(im)I-p + RyC,(iw)]
£\
= E;[(E) {sin pm/2 + i cos pm/2}
+ (fi)n {cos pr/2 + i sin pn/2}| (28)
>
Y,* = G, + iaC
=L+ ierC
R,
= L1+ iww) 29
R,
where
c-= %;_) (30)
YH = Y+ Y 31)

From Eq. (31), C* = C' — iC" can be determined.





