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Introduction

The dielectric behaviors of wbod depend markedly on the chemical and fine
structures as well as on the macroscopic structure of wood. The investigation
on the dielectric properties of wood, therefore, provides an important approach to
an understanding of the correlation between the properties and the structure of

wood. The purpose of this article is to make clear the mechanism of the dielectric

* Division of Wood Physics.
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relaxation processes occurred in wood and wood constituents in the dry state, and
moreover to evaluate quantitatively the magnitude of the dielectric constants of

wood in the three principal directions.

1. Dielectric relaxations of wood and wood constituents

1.1 Phenomenological theory
Dielectric constant and loss factor

The electric field inside a dielectric is described by the two field quantities,
i.e., the electric field strength E and the electric displacement D. If P is the
polarization of a dielectric, the correlation among E, D and P is given by D=E+-
4zP, and the static dielectric constant ¢ is defined by the ratio D/E. In the case
of an altering field, P generally lags behind E by some phase angle 6. If E and D
are expressed in a complex form, ie., E=Ejexp (iwt) and D=Dexp (iwt—id),
where Eq and Dy are the field and displacement amplitudes respectively and o is the
angular frequency, then the complex dielectric constant (e* =¢/—ie’’) is defined by
the ratio D*/E*, where ¢ and ¢’ are called the dielectric constant and loss factor
respectively and they usually depend on both frequency and temperature. The
quantities ¢ and €’ are not independent of each other and the relation between

the two quantities is given by?

¢ () —ew=%g‘:w(x) X__dx, (1.1

Xt
¢’ (w) =‘72;S: [e’(x) —em}ﬁdx, (1.2

where ¢, is the dielectric constant at frequencies in infra-red region and x is an
integration variable. The integrals in these equations are principal values respec-
tively. The heat W produced per unit second and unit volume in a dielectric in

an altering field is given by?

o (1 (#paD 4 B
W_27r<4-1zso Eat dt)_ 8r (1.3)

Thus, the quantities ¢ and ¢/ represent measures of polarization and energy

dissipation in a dielectric respectively. )

The phenomenon in which ¢ decreases with increase of freauency is called the
anomalous dispersion. In the dispersion region the ¢’ curve, i.e., the absorption
curve, reaches a maximum. Figs. (1.1) and (1.2) show the plots of ¢ and ¢’ for
dry HOONOKI (Magnolia obovata TruNB.) in the longitudinal direction against
logarithmic frequency log f and temperature T respectively. The two quantities
depend markedly on both frequency and temperature. Furthermore, they depend
on specific gravity as can be seen in Table (1.1) and Fig. (1.3). The value of ¢
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Fig. 1.1. Frequency dependence of ¢ and ¢’ Fig. 1.2. Temperature dependence of ¢ and
at several temperatures for dry €’’at several frequencies for dry
HOONOKI in L direction. (m.c.= HOONOKI in I. direction. (m.c.=
ca. 0.3%. r=0.55, a: 53°C b: 36°C . 0.3%, r=0.55, a: 1IMHz b: 300kHz
c: 15°C d: —0.5°C e: —10°C f: c: 100kHz d: 30kHz e: 10kHz f:
—20°C g: —30°C h: —-40.5°C). 3kHz g: 1kHz h: 330Hz).

of wood decreases generally in the order, L (longitudinal direction)>>R (radial
direction)=>T (tangential direction).

Thus, the dielectric properties are generally described by ¢ and ¢’; in other
words by P. The polarization P is associated with displacements of charges induced
inside a dielectric by an external field, in which there are two types, i.e., one is the
elastic displacement and the other is the displacement to another equilibrium
position. ~ The polarization associated with the elastic displacement of charges is
termed the deformation polarization Pp, which consists of the optical polarization
due to the displacement of electrons and the infra-red polarization due to the

displacement of atoms or groups of atoms. On the other hand, another polarization
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Specific gravity dependence of ¢ at 1 MHz for absolutely dried woods
in L direction. (open circles and triangles: untreated samples, closed
circles : samples treated with the mixture of alcohol and benzene, a:
31°C b: —51°C, 1: BALSA (Ochroma spp.) 2: KIRI 3: SUGI (Cryptomeria
Japonica D. Don) 4: KUSUNOKI (Cinnamomum camphora Sies.) 5: HOONOKI
6: HINOKI 7: AKAMATSU 8: MAKANBA 9: KEYAKI (Zelkowa
seerrata MakiNo) 10: KASHI). a: €/=0.2847-—-0.015 (solid line) r=0.967,
€/7=0.268y —0.009 (dotted line) r=0.947. b: ¢’=0.1417—0.0017 (solid line)
r=0.974.

Table 1.1. Values of dielectric constant at 20°C and 1 MHz for absolutely dried
woods.
Specifi i ¢
Species pecific gravity
T L R T
0.25 1.75
KIRI (Paulownia tomentosa STEUD.) 0.29 1.60
0.26 1.51
0.3 2.19
0.37 1.77
HINOKI (Chamaceyparis obtusa ENDL.) 0.40 1.75
0.53 2.48 1.94
0.54 1.88
AKAMATSU (Pinus densiflora SIEB. et ZUCC.) 0.46 2.22 1.79 1.77
HOONOKI (Magnolia obovata THUNB.) 0.48 2.49 1.91 1.77
MAKANBA (Betula maximowicziana REOGEL) 0.61 2.71 2.03 2.01
KASHI (Quercus spp.) 0.81 3.08 2.31 2.40
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is termed the orientation polarization P;,. When a constant field is suddenly
applied to a dielectric substance, the polarization occurs. This polarization process
involves instantaneously occurring polarization P, and gradually occurring polari-
zation Po.  When the applied field is removed after a sufficiently long period of
time, P shows first an instantaneous reduction corresponding to Pp followed by an
exponential decay Poexp(—t/r) with time t. When t has such a value that t=rz, P
must have decayed to Poexp(—1). Here, r is a quantity called the relaxation time.
In the case of an altering field the complex dielectric constant of the substance

having a single relaxation time is written as

gy = 0 (1.4)

1 +Hior”
Eq. (1.4), however, can not describe strictly the dielectric behavior of substances

like wood. Therefore, Eq. (1.4) must be generalized as follows.

14 \s/e's 18 20
e/

0.1
§w ( R =w

/’O_I_N”\
0 Pttt Q . 6, 17 18
1 16\ o7 18 20 €
el

Fig. 1.4. Core-CoLE plot for absolutely dried Fig. 1.5. Core-CoLE plot for absolutely

HOONOKI in LR plane. (6: grain dried western hemlock in L,
angle, 71=0.50, T=—-40°C). R and T directions. (7r=0.48,
T=—58C).
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. _(*y@dr :
o* ewgo I Fior (1.5)

€Q— € = S:y (r)dr,

where the function y(r) is called the distribution of relaxation times.

Dustribution of relaxation times

Separating Eq.(1.4) into real and imaginary parts,

_ - €)—€x
¢ =€t s I Lt | (.7
€0 —€x ) WT
o = (oo taar +w2)72 (1.8)
Combining Eqs. (1.7) and (1.8) to eliminate wr, yiels
(-t Yy or (e, (1.9)

Eq. (1.9) predicts that the plot of ¢/ against ¢ in a complex plane, i.e., the
CoLe-CoLE plot, gives a semicircle of radius (ep—e.)/2. However, CoLE and coworker
have found that these plots for a number of dielectric substances give depressed

semicircles. Then, they have modified Eq. (1.4) by replacing the term (1+iwr) by
1 4+ (iwro) ==,

* €0— €
Hence € =T Garg = (1.10)
where 79 and a(0<a<(1) are the generalized relaxation time and the parameter
relating to the distribution of relaxation times respectively. The distribution function

O(s) for Eq. (1.10) is given by?

sin ar

0@ = 271- cosh (1—a)s—cosar’ (1.11)
s=lnL, @(s)_:_r—y@)—.
To G()—‘Eoo

In Figs. (1.4) and (1.5) the Core-CoLE plots for HOONOKI in LR plane®
and for western hemlock (Thuja heterophylla SARGENT) in the three principal direc-
tions® are shown. The loci in a complex plane show depressed semicircles, so that
the relaxation process of wood can be represented by Eq. (1.10). Furthermore, in
Table (1.2) the values of (ep—e¢.) and (7/2)a determined from the CoLe-CoLE plots
for four wood species at various temperatures are listed. The value of a increases
with decrease of T, indicating that the width of the distribution of relaxation times
becomes wider with decreasing T but it appears to be independent of both species
and grain directions. On the other hand, the (¢p—e.) value which represents the
magnitude of relaxation is the highest in L direction and decreases with increase of
grain angle if a comparison is made at the same temperature and specific gravity.
In Fig. (1.6) (1 —ea) are plotted against T.
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Table 1.2. Values of (¢—¢w) and %a for absolutely dried woods.
| ]
Species r D* | T (°C) | ep—coo %a(")
3 0.63 52
0.48 L. —19 0.61 55
—49 0.63 62
— | —
L. 0.64 61
HOONOKI 0 =30°** 0.56 63
0.50 45 —40 0.45 62
70 0.33 63
R L 0.28 | 62
0.55 I 20 0.79 53
: ’ 0 0.76 | 58
L 0.66 64
western hemlock 0.48 R 0.26 61
T I‘ 0.27 61
KEYAKI 0.6 L. —58 0.84 63
S 0.33 | 66
L 0.83 64
KASHI 0.81 R 0.37 65
T 0.32 64
* Direction of measurement
** Grain angle
20}
®
® -
X
I
3
T
% o €10+
° 2
° O
5"
1 i I ! 0
-50 0 50 100
T(°0 log f (f inHz)
Plot of (1—a) against T for abso- Fig. 1.7 Cosh 'H(0)/H(x) versus log f curves

lutely dried woods.
see Table 1.2, closed circles After

NaNNACY®).

(open circles :

I. direction.

for absolutely dried HOONOKI in

(a: r=0.55 T=-20°C,

b: 7=0.48 T=-49°C).
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Fuoss and Kirkwoop® have reported that @(s) can be calculated strictly from

20 () =H<s+i7”>+H(s—i—2”-), (1.12)
__ 1 y@oer
H(w) = p—— So {1 w2 dr.

If H(x) can be represented by H(0O)sech(a’x), where x=In (wo/w), then @(s) is
given by

om@) (%l)cos h(@’s)

/. ’
cos? (%) -+sin h2(a’s)

D (s) (1.13)
where @’ is a parameter relating to the distribution of relaxation times and H(0) is

the maximum value of H(x). Here H(0) and (ey—e.) can be calculated from

2€/Im

a/,

H(0) =“7', oo — (1.14)

where ¢/, is the maximum value of ¢//. The plot of cosht H(0)/H(x) against log f
for absolutely dried HOONOKLI is linear as shown in Fig. (1.7)47. In Table (1.3)
the values of (¢g—¢€.) and o’ for absolutely dried HOONOKI are listed34?. The
(e0—¢w) values calculated from the sech law are slightly higher than those from the
CoLE-CoLE law. ,

Fig. (1.8) shows @(Inr) calculated from Egs. (1.11) and (1.13), and by the

following approximate methods®.

0 2 E”
o(ne) == <, (1.15)
¢ —€xn
0,(ne) = —d(£=) /dIna,
€) — €00
m E// d (:/,
2(n) =B_S—(1-Idlog(-=—) /dlogal), (1.16)
Table 1.3. Values of (é—¢w) and o’ for 008 - ) 3
absolutely dried HOONOKI. . P
~ ¢
r | D [T o |- £ 004l ®
=
0.48 | L | —49 | 0.22 | 0.72
0.55 L 0.22 0.75 0 L L L : )
0—30° 0.20 | 0.67 7 -8 1_5 ("f ‘)3 -2
’ 0g T (Tinsec
. 4 —4 .21 )
0.50 72 0 0 21 0 ZZ Fig. 1.8. Distribution function of relaxation
0.2 0. times at —49°G for absolutely dried
R 0.23 | 0.31 . HOONOKI in L direction. (7=0.48,
0.55 L —920 0.29 0.64 solid line: Eq.' (1.15) open circles:
Eq. (1.16) triangles: Eq. (1.11)

crosses : Eq. (1.13)).
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dlog @,(In <)
m=——25————/
dlogr
where the sabscripts 0 and 2 indicate the order of approximation. As can be seen
from Fig. (1.8) a good agreement is obtained among the values calculated from
these equations.
Rate process of dielectric relaxationt9~12
According to the theory of absolute reaction rate the average time required

for a single rotation of dipole, i.e., the average relaxation time 7o, is written as

log fn (fm inH2)
(9]

1 ! i
38 40 42 44 46 48 50xd®
TCK)
Fig. 1.9. Plots of log fn against T-! for absolutely dried woods. (open and closed
circles : HOONOKI (1.), open triangles: KEYAKI (L), crosses: SUGI
(L), closed triangles : KEYAKI (T), squares : HINOKI (T)).

Table 1.4. Values of 4E, 4H, AF and 4S for absolutely dried woods.

AE | 4H | AF 4
i D |T(C
Species | G (kcal/mole) (cal/mole-deg.)
HINOKI T [T9 ) 98| 93 71~7.2 9~10
64
SUGI L % o 96
53
L B g 102
L 8.5
9=30° 8.1
HOONOKI 45 |—50~20 8.0
70 7.7
R 7.7
L |—40~53 8.7
r |78 5 85
KEYAKI =
L |~ 9.6
. AT
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ro=p exp (o s (1.17)

4F = A4H — 48T,
where h the Pranck onstant, k the BoLzMAaNN constant, R the gas constant, T the
absolute temperature, 4F the free energy of activation, 4H the heat of activation
and 4S the entropy of activation respectively. If m is the slope of logze™ versus
T-1 curve, 4dH is given by (2.303Rm —RT), in which the first term 2.303Rm is
termed the apparent energy of activation 4E. Then, 4S can be calculated from!®

1 kT m)_R'

45= 2.303R(log70- ~log -+ (1.18)

Fig. (1.9) shows the plot of log fm, in which f; is the frequency corresponding to
¢’’m, against the resiplocal of absolute temperature T-! for absolutely dried woods.
The values of 4E, 4H, 4F and 4S calculated by Eqgs. (1.17) and (1.18) are listed
in Table (1.4).

1.2 Relaxation mechanism

As shown in the preceding section, a dielectric relaxation process occurs in ab-
solutely dried wood. In this section, in order to make clear the mechanism of this
relaxation process the dielectric properties of wood constituents including cellulose,
mannan, xylan and lignin will be discussed.
Dielectric absorption of cellulose and hemicelluloses

The existence of a relaxation prdcess in dry cellulose has been shown by many
workers. These workers include KrONERI®, TraPP!®, Muus!®’, CARKINS!??, ISHIDA!®
and MikHAmLOV!?. For instance TraPp and coworker!® have reported that
a dielectric relaxation process occurs in dry cellulose in the frequency range of 107
to 108 Hz at room temperature. Muus!® has measured the dielectric properties of
cellophane and scoured cotton and detected two absorptions without maximum in
the frequency range from 0.1 to 100 kHz. He ascribes these absorptions to the
orientation polarization of hydroxyl group in the crystalline and noncrystalline
regions of cellulose respectively. Ismipa and coworkers!® have investigated the
dielectric properties of three cellulose fibers and suggested that the dipoles in the
noncrystalline region and on the surface of the crystalite provide the chief contribution
to the relaxation process since the order of the magnitude of (¢ —e¢.)for the samples
parallels that of their water vapor accessibilities. MikHAILOV and coworkers!9
ascribe this relaxation to a movement of methylol group in the noncrystalline region.
Fukapa?® has determined the temperature dependence of piezoelectric, viscoelastic
and dielectric properties for dry wood. According to this author the relaxation
process occurred at about —100°C and 50 Hz results from the tortional vibrations

of cellulose molecules.
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Fig. 1.10. Temperature dependence of ¢€’;; Fig. 1.11. Temperature depencence of ¢’/;;

at various frequencies for dry at various frequencies for dry
Whatman cellulose. (m.c.=0.3 %, Whatman cellulose. (m.c.=0.3 %3,
r=13, a: 1MHz b: 300kHz c: r=1.3, a: 1MHz b: 300kHz c:
100kHz d: 30kHz e: 10kHz f: 100kHz d: 30kHz e: 10kHz f:
3kHz g: 1kHz h: 300 Hz). 3kHz g: 1kHz h: 300 Hz).
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Fig. 1.12. A mode of molecular motion for methylol group
in a glucose residue.

In Figs. (1.10) and (1.11) the €¢4.5 and ¢’y.3 curves for cellulose as a function of
temperature at each frequency are shown. Asis observed in these figures, a relaxa-
tion process occurs in the dry state. When log fi is plotted against T, a linear
relationship is obtained as shown in Fig.(1.26). The 4E values calculated are about
102 and 11.7 kcal/mole3™.

Fig. (1.12) illustrates a mode of molecular motion for methylol group in a
glucose residue. ZHBANKOV2P has reported that the Og atom in methylol group
has three stable positions, i.e., at 80, 177 and 300 degrees clockwise from the
cis-position of the Og and C; atoms, and the heights of the energy barrier between
these positions are about 3 to 10 kcal/mole. These values compare fairly well with
those obtained experimentally.

On the other hand, it has been reported that two dispersions occur in the dielec-

tric measurement for solution of isobutyl alcohol in viscous oil. HAFELIN attributes
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Fig. 1.13. Temperature dependence of €’ Fig. 1.14. Temperature dependence of €’

at various frequencies for dry at various frequencies for dry

mannan. (a: 1MHz b: 300kHz beech mannan. (a: 1 MHz b: 300

c: 100kHz d: 30kHz e: 10kHz kHz c: 100kHz d: 30kHz e: 10

f: 3kHz g: 1 kHz h: 300 Hz). kHz f:3kHz g: 1kHz h: 300
Hz).

the dispersion in the higher frequency range to the rotation of methylol group??®.
This fact suggests that methylol group can be an orienting unit.

In Figs.(1.13) and (1.14) the ¢/ versus T curves for mannan and xylan are shown.
The locations of loss peak maxima for mannan in which methylol group is present
compare fairly well those for cellulose. The 4E value calculated is 9.2 kcal/mole.
This relaxation process, however, can not be detected in xylan in which methylol
group is absent. These facts suggest that the relaxation process occurred in both

cellulose and mannan may be associated with methylol group.

Recently SawaTar! and coworkers?® have megsured the dielectric properties
of triphenylmethylcellulose and cellulose acetate with various degrees of substitu-
tion. They suggest that the relaxation mechanism occurred in cellulose is related
to a motion of methylol group since the absorption intensity decreases with increas-
ing degree of substitution. On the other hand, it has been reported that a sim-
ilar relaxation process occurs in the mechanical measurements for cellulose?4,25,
For instance KiMmura and others have studied the mechanical properties of cell-
ulose as well as hemicelluloses by means of the tortional vibration. ~ They suggest
that the relaxation process occurred at—100°C. and in 0.2 to 2Hz for cellulose is
due to a motion of methylol group by comparing with the results for triphynylme-
thylcellulose.

Thus, from these results and the result on the relationship between dielectric
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properties and crystallinity of cellulose on which will be discussed in the next
paragragh, it may be concluded that the dielectric relaxation process occurred in
dry cellulose is associated with the orientation polarization of methylol dipole in the

noncrystalline region.

Dielectric properties and crystallimity of cellulose

If the relaxation process occurred in dry cellulose is associated with a motion
of methylol group in the noncrystalline region, then it may be expected that the
extent of the dielectric dispersion is directly related to the quantity of noncrystalline
fraction.

Numerous workers have studied the correlation between the dielectric prop-
erties and the noncrystalline content for celluloses. These workers include CARKINS!?,
VERSEPUT??, KANE?®, IsHIDA!®), PANDE??® and VENKATESWARAN3®. For instance
CaLrkins'” has measured the dielectric constant as a function of moisture regain for
regenerated celluloses and found a linear relationship between them. VERsepUT??
- has measured the dielectric constant at 1x103Hz and 30°C for several cellulose
fibers to examine the relationship between the dielectric properties and the crystal-
linity, and showed that, although the amount of the polarization is not necessarily
entirely dependent upon the quantity of noncrystalline region, a certain amount of
the polarization seems to be due to the rotational vibration of cellulose chains in
the noncrystalline region since the dielectric constant of cellulose is profoundly in-
fluenced by the crystallinity. KANE?® has studied the relationship between the
intrinsic dielectric constant and the water vapor accessibility of six celluloses and
obtained the following linear equation.

€c=8.600,+3.880c, at 10kHz and 30°C, (1.19)
where ¢ is the intrinsic dielectric constant of cellulose, and d¢ and d, are the inaccess-
ible and accessible fractions, respectively. According to this equation, the dielectric
constants of the accessible and inaccessible celluloses are 8.60 and 3.88, respectively.
Ismipa and coworkers'® have measured the dielectric constant and loss factor for
three cellulose fibers in the dry condition over the frequency range from 5x102
to 3x 10°Hz and the temperature range from —60 to 20°C.  They show that the
value of (¢ — ¢w)determined from the CorLe-CoLE plots, which are proportional to the
concentration of dipoles contributing to the orientation polarization, increase with
increasing accessibility of the samples. VENKATESWARAN3® has investigated the
relationship between the intrinsic dielectric constant and the crystallinity index cal-
culated from the X-ray measurements for cotton linters, bleached sulphite pulp and
ramie treated with various concentrations of ethylamine, and found that there is
an excellent linear correlation between them at any frequency. Thus, the dielec-

tric constant of cellulose can be thought as that of a two component system, i.e., one
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component the crystalline cellulose and the other the noncrystalline cellulose.
According to the phenomenological theory of dielectrics, the dispersion mag-

nitude (¢ —e.) can be written as
w—co=2{ ¢ ()dlna, (1.20)

where ¢ and e. are the static dielectric constant and the dielectric constant at very
high frequencies at which the orientation of any dipole is impossible respectively,
and ¢/(w) is the dielectric loss factor as a function of angular frequency w. SiLLARS3D

has derived the following relation by generalizing the DEBYE formula.

[~ ¢rdmo=({" {Cgﬁ)ﬁ»G(r)dt}dlnw=—c-2£n, (1.21)
where C:—i?:r" (60_;2)2' 3£’2T 3

n the number of polar molecules per c.c., # the dipole moment, k the Bolzmann
constant, T the absolute temperature, r the relaxation time, G(r)dr=dn, respectively.
This equation shows that if ¢/() is plotted against Inw the total area under the
curve is propotional to the total concentration of dipoles. Employing this method,
NakajiMa and SarTo3? has found a linear relationship between the area under the
¢/’ versus log (w/2r) curve and the amount of noncrystalline region estimated from
density for the low temperature dispersion of polymonochlorotrifluoroethylene.
Furthermore, they have discussed the correlation between (¢ —é€.) determined from
the CoLE-CoLE plots and the crystallinity for the a and 8 absorptions of polyethylene
terephlalate3®.
From Egs. (1.20) and (1.21), the following relation is derived.
€0 — €0 = CH. (1.22)
Here, if it is assumed that . is constant regardless of degree of crystallinity, then ¢
is propotional to the concentration of the dipole contributing to the orientation
polarization, i.e., the quantity of noncrystalline fraction, since it is considered that
¢ is nearly equal to ¢ in low frequency range and that the dipoles in the noncrys-
talline region make a substantial contribution to the orientation polarization.
On the other hand, PANDE2® has derived theoretically the following linear
relationship between ¢ and the volume fraction of crystallinity dc for cellulose from
the MAXweLL relation and the GLADSTONE-DALEs law.
¢ ~Cyoc+Co, ’ (1.23)

Ci=2(pc—p4) n;l <1+ n;l ’PA>,

Cz=<1+ n; 1 ‘PA>2>

where n the average refractive index, pc and p, the densities of the crystalline and

noncrystalline regions, p the average density of the substance, respectively.

— 119 —



WOOD RESEARCH No. 59/60 (1976)

oz2f -
9
5
7
4
? 2
)
o1tk -
O L 1 1 1 1 1 ! |
2 3 4 5 6 2 3 4 5 [
log f (f inHz) log f (finHz)

Fig. 1.15. Frequency dependence of ¢/, ;at —32°C for absolutely dried celluloses.
(r=1.2, 1: cotton 2: Whatman cellulose 3: Whatman cellulose ground
in a ball mill for 15 mins. 4: Whatman cellulose ground for 30 mins.
5: Avicel 6: Merck cellulose 7: Whatman cellulose ground for 1 hr.)

In Fig. (1.15) the loss factor ¢/;.; for cellulose powders shown in Table (1.5)
at —32°C computed to the standard density 1.2 as a function of logf is illustrated.
The data show that the loss factor of cellulose I goes through a maximum at 1 X
10°Hz. The same trend is also observed in cellulose II. The ¢, value for
Whatman celluloses increases in magnitude with increasing prolonged grinding in a
ball mill, i.e., with decreasing degree of crystallinity.

In Fig. (1.16) the dielectric constant ¢;., as a function of crystallinity index CI

for cellulose I is shown. Here, CI is calculated from3®

CI:_(,IO_O?:;_LQ_ % 100,

I002
36
o 3AF
O
32F
30r
I I I 1
75 80 85 20

Cl (%)
Fig. 1.16. ¢’1.2 versus crystallinity index curve for absolutely dried
celluloses (see Table 1.5).
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where I is the maximum intensity of the (002) lattice diffraction and I, is the
intensity of diffraction in the same units at 20 =18 degree. The equation determined
by a statistical analysis of the experimental results is shown as
¢1.2=—3.75x1072C1+4-6.33, at 1kHz and —32°C, [r|=0.973.

According to this equation, the values of the intrinsic dielectric constants for the non-
crystalline and crystalline celluloses are 8.06 and 3.10 at 1kHz and — 32°C respectively.
In Fig. (1.17) ¢1.2 as a function of sorption ratio SR for cellulose I is shown. Here,
SR is defined as the ratio of sorption of a cellulose to that of cotton under the same
conditions and is determined at 63.5%R.H. and 20°C since it has been reported

that humidity of 60 to 859, would be suitable for the determination of crystallinity.

Table 1.5. Values of CI, SR, (€¢/1.;) 1kHz and CW for cellulose samples.

No. Samples CI(%)| SR |(¢1.2)1kHz| o’ CW (A)*
1 | Cotton treated with 3 9% HCI1 88.4 1.000 3.04 0.304 69
2 | Whatman cellulose 85.7 1.025 3.11 0.300 66
3 | Whatman cellulose ground for 15 mins. 84.6 1.027 3.19 0.289 66
4 | Whatman cellulose ground for 30 mins. 81.7 1.119 3.30 0.279 64
5| Avicel 76.5 1.252 3.55 0.302 46
6 | Merck cellulose 75.6 1.225 3.50 0.299 44
7 | Whatman cellulose ground for 1 hr. 73.8 1.326 3.49 0.274 60

Whatman cellulose treated with 17.5% .
8 NaOH (cellulose IT) ‘ — 1.871 3.67 0.289
Cotton treated with 3 9% HCI and then
I 17.5% NaOH (cellulose 1I) — | L83 3.68 0.280 | —

* Crystalline width CW is calculated from the (002) diffraction by using the Scherrer

equation.
38
36
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SR S
Fig. 1.17. ¢€’y; versus sorption ratio curve Fig. 1.18. Distribution function of relaxation

for absolutely dried celluloses (see
Table (1.5)).

times at —32°C for absolutely dried
Whatman cellulose. (y=1.2, 2:
control 3: ground in a ball mill
for 15 mins. 7: ground for 1 hr.).
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Furthermore, SR is independent of temperature and relative humidity over a wide
range of the conditions®® and is related with the quantity of noncrystalline frac-
tion for cellulose by F,=5SR/2.60%,

Table (1.5) shows the values of Cl, SR, ¢.,, @ and the crystalline width D for
the cellulose samples used. In Fig. (1.18) the distribution function of relaxation
times &(s) calculated from Eq. (1.13) for Whatman celluloses is shown. As can be
seen from this figure, the distribution of relaxation times seems to become somewhat
wider by prolonged grinding in a ball mill. Furthermore, it is considered that the
distribution of relaxation times for cellulose II is generally wider compared with

that for cellulose I, since the value of a’ for cellulose II is less than that for cellulose
L.

Dielectric properties of cellulose irradiated with gammav rays’?

It has been reported that high energy irradiation of cellulose results in the ran-
dom chain cleavage at nearly the same rate in the crystalline and noncrystalline
regions3®, the formation of carbonyl and carboxyl groups as a result of oxidization3?»
40 and the reduction in crystallinity*?. In this paragraph, the effects of gamma
radiation from ©°Co (dose rate: 3.20 Mrad/hr, dosage: O to 321 Mrad) on the dielec-
tric properties of cellulose will be discussed.

Fig. (1.11) shows the relationship between ¢”,.5 (the subscript 1.3 implies specific
gravity) at various frequencies and temperature for untreated cellulose.  The
occurrence of a single relaxation process is evident within the experimental tem-
perature range at each frequency. As the frequency decreases, the locations of the loss
peaks move to lower temperature region with decrease of peak height. Fig. (1.19)
shows the contour diagram of ¢”;.; as a function of temperature and logarithmic
frequency for untreated cellulose. As has already been discussed, this relaxation
process is associated with a motion of methylol group in the noncrystalline region.
In Fig. (1.20) the frequency dependence of 1.3 and ¢/;.3 at —24°C for cellulose
irradiated with gamma rays is shown. The values of ¢,.3 and ¢/;.3 start to increase
at the irradiation levells in excess of 29 Mrad and reach a maximum at around 97
Mrad, and then decrease rapidly with increase of irradiation dosage. At the dosage
of 321 Mrad the €¢’,.; versus logf curve is very broad. The CoLE-CoLE plot of the
results in Fig. (1.20) is shown in Fig. (1.21). As is evident from this figure, the
Core-CoLE law can be satisfactorily applied to the data obtained in the whole range
of dosage tested. The parameters (¢ —e€») and (1 —a) determined from Fig. (1.21)
are plotted against logarithmic irradiation dosage log D in Fig. (1.22). The value
of the increment (¢ —¢€») remains unchanged up to 1x107 rad and reaches a
maximum at 1 X 108 rad and then starts to decrease rapidly with increase of D. On

the other hand, the value of (1 —a) decreases slowly with dosage up to 1x108 rad
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Fig. 1.19. Contour diagram of dielectric loss Fig. 1.20. Frequency dependence of dielectric
factor €//;,3 as a function of tem- constant (A) and loss factor (B)
perature and frequency for dry at —24°C for absolutely dried
Whatman cellulose. (m.c.=ca. 0.3 Whatman cellulose irradiated with
%s 1=1.3). gamma rays. a: control b: dosage

3.2 Mrad c: 9.6 Mrad d: 29 Mrad
e : 97 Mrad f: 321Mrad).

and then decreases rapidly. This result indicates that the distribution of relaxation
times becomes wider with irradiation dosage.

In Figs.(1.23)and(1.24)the temperature dependence of ¢/;.5 at various frequencies
for cellulose irradiated at dosage of 97 and 321 Mrad is illustrated. The solid and
dotted lines in Fig.(1.23) represent the results of the samples containing about 0.39%,
moisture and after drying, respectively. Comparing these results with that in Fig.
(1.11), it can be seen that the adsorbed moisture gives rise to an additional relaxa-
tion process in the irradiated samples. This relaxation process, however, eliminates
completely by drying as shown by the dotted lines in the figure. Therefore, it may
be supposed that the relaxation process is closely associated with the adsorbed

water. On the other hand, the loss peak due to a motion of methylol group increases
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Fig. 1.21. Core-CoLE plots for absolutely dried Whatman cellulose irradiated with
gamma rays. (a: control b: dosage 3.2 Mrad c: 9.6 Mrad d: 29 Mrad

e: 97 Mrad f: 321 Mrad).
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Fig. 1.22. (eo—€w), l—a; CI and CW of Fig. 1.23.

Whatman cellulose as a function
of logarithmic irradiation dosage.

— 124 —

20 0 20 40 60 80
TCC)

Temperature dependence of di-
electric loss factor at wvarious
frequencies for Whatman cellulose
irradiated with gamma rays at a
dosage of 97 Mrad. (solid lines:
m.c.=ca. 0.3%, dotted lines: m.c.=
0%, a: 1 MHz b: 300kHz c: 100
kHz d: 30kHz e: 10kHz {: 3kHz
g: 1kHz h: 300 Hz).



Normoro : Dielectric Properties of Wood

0.2
A

w011
0 J

0.1 |
0 1 1 ] 1 1 ] J
-40 -20 0 20 40 60 80

T(C)

Fig. 1.24. Temperature dependence of dielectric loss factor at various frequeccies
for Whatman cellulose irradiated with gamma rays at a dosage of 321
" Mrad. (A: m.c.=ca. 0.3%, B: m.c.=0%, a: 1 MHz b: 300kHz c:

100kHz d: 30kHz e: 10kHz g: 1 kHz h: 300Hz).

in height and the location of the peak moves slightly to higher temperature range
compared with that in Fig. (1.11). At the dosage of 321 Mrad, the loss peak due
to a motion of methylol group decreases rapidly compared with those in Figs. (1.11)
and (1.23), while the peak due to the adsorbed water increases in height but it is
almost elminated by drying as shown in Fig. (1.24B).

Thus, the relaxation process due to the adsorbed water is brought about by
the irradiation. The influence of water on the loss factor for cellulose irradiated
with gamma rays is very similar to that on the g relaxation for polyamides and
polyurethanes*® which is suggested by ILLERs*® to be due to a motion of water-
carbonyl group complex. BroulN and coworker’” have shown that gamma
irradiation of cellulose results in the formation of carbonyl and carboxyl group and
the difference in the infra-red spectral curves of the irradiated samples from the
control curve is the appearance of an absorption band at 5.75 ¢ which is assigned to
the C=0O streching band. As shown in Fig. (1.25) which illustrates the infra-red
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Fig. 1.25. Infra-red spectra of Whatman Fig. 1.26. Frequency-temperature location of
cellulose irradiated with gamma dielectric loss factor maxima for
rays. (a: control b: 3.2 Mrad c: Whatman cellulose irradiated with
9.6 Mrad d: 29 Mrad e: 97 Mrad gamma rays. (fm is determined
f: 321 Mrad). from €, ; versus T curves in (a)

and (c), and from €’y 3 versus T
curves in (b), circles: control
squares: 97 Mrad closed triangles:
the relaxation due to the orientation
of water molecules adsorved to
carbonyl group).
spectra for cellulose irradiated with gamma rays, the absorption intencity at 5.8 y
increases with irradiation dosage. This tendency parallels that of the dielectric
absorption associated with water.  As the dissociation energy for hydrogen bond
between water molecule and carbonyl group is greater than that between water
molecule and alcoholic hydroxyl group, it may be supposed that the relaxation time
for the reorientation of water molecules adsorbed to carbonyl group is longer than
that to alcoholic hydroxyl group. Thus, the relaxation process associated with a
motion of water-carbonyl complex may occur in lower frequency range compared
with that of water-alcoholic hydroxyl group complex. In this connection, it has
been reported that the relaxation process associated with the water adsorbed to
alcoholic hydroxyl group occurs at 1kHz and about —80°C4%, while that of free water
at around 15 GHz*®.

In Fig. (1.26) logf, for the untreated and irradiated samples is plotted against
T-1. The values of 4E calculated from the curves (a), which are the apparent
energy of activation for a motion of methylol group, are 11.7 kcal/mole. =~ The 4E
value for the relaxation due to the orientation of water adsorbed to carbonyl group,
which is calculated from the curve (c), is about 13 kcal/mole. This value compares

well with those of 14.5 and 13 kcal/mole for the 8 relaxation process in polyamides
42,43
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In Fig. (1.22) the crystalline index CI and the crystalline width CW are plotted
against log D. The CI value remains almost unchanged up to 3 x 107 rad and starts
to decrease rapidly at about 1x 108 rad, and then falls to 99, at 321 Mrad. Similar
tendency can also be detected in the infra-red spectra shown in Fig. (1.25) in which
a broadening of the so called crystalline bands in the 7.0 through 9.5¢ region occurs
at 97 Mrad. On the other hand, the CW value decreases slowly with irradiation
dosage.

From these results the effects of gamma radiation on the dielectric properties
of cellulose are summarized as follows: Up to a dosage of 1x 107 rad, no significant
change in the dielectric properties take place. Irradiation to a dosage of 3 X 107 rad
produces a slight increase in the value of (¢ —e€.) but little change in the degree of
crystallinity. This may suggest that the number of methylol group contributing to
the orientation increases mainly in the noncrystalline region. At irradiation levels
in excess of 3107 rad a definite reduction in the degree of crystallinity is observed.
And the value of (¢ —e¢.) reaches a maximum at around 1x 108 rad, and this may
suggest that the number of methylol group contributing to the orientation increases
both in the noncrystalline and crystalline regions. Irradiation above 13X 108 rad
induces a rapid decrease in the value of 1 —a, (¢y—€.) and the degree of crystallinity.
This may suggest that the number of methylol group decreases as a result of
oxidization. On the other hand, by irradiation another dielectric relaxation process

occurs in low frequency range at room temperature, and it is estimated that this

0.06 |
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Fig. 1.27. Temperature dependence of €/ 23 at various frequencies for MWL.

(r=1.23, number average molecular weight Mn=2320, A: m.c.=
0.2% B: m.c.=0.8%).
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Dielectic absorptions of lignint? ,

Very little work has been reported in the literature on the dielectric properties
of lignin. Lignin has many kinds of polar group contributing to the dielectric
absorption.

In Figs. (1.27A) and (1.27B) the ¢/;.53 (the subscript 1.23 implies specific gravity)
process is probably due to the orientation of the water adsorbed to carbonyl group.
versus T curves at various frequencies for HINOKI MWL (milled wood lignin)
containing 0.29, and 0.89, water are illustrated. Furthermore, in Fig. (1.28) the
contour diagrams of €’;.p; for the same samples are illustrated. As can be seen from
these figures, two absorptions occur within the experimental temperature range at
each frequency, i.e., one occurs in high frequency range below room temperature
and the other in low frequency range at room temperature. The absorption in

high frequency range is not affected by the addition of water, while that in low freq-
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Fig. 1.28. Contour diagram of €1, as a Fig. 1.29. Frequency dependence of €’y 23 for
function of temperature and frequ- MWLI.. (a: m.c.=0.2%, b: m.c.=
ency for MWL. (A: m.c.=0.2%, 08%, A: T=0C B: T=-40C
B: m.c.=08%). C: T=-70°C).
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uency range is affected remarkably by it. Fig. (1.29) shows the ¢’;.53 versus log f
curves at 0°,—40° and —70°C in which two relaxation processes occur at 0°C in the
sample containing 0.8% water, i.e., one in low frequency range and the other in the
frequency range higher than 1 MHz, but that in low frequency range scarecely be
detected in the sample containing 0.29%, water. These absorptions move to lower
frequency range with decreasing temperature. At —70°C the peak of the absorp-
tion occurring in the frequency range higher than 1 MHz at 0°C can be detected
within the experimental frequency range. Here, the plots of log fn against T—! for
these absorptions are linear as shown in Fig. (1.30).

On the other hand, the ¢’.; versus T curves at 300kHz and 1MHz for acetylated
MWL together with untreated one are illustrated in Fig.(1.31). As can be seen from
this figure, the absorption observed in untreated MWL in high frequency range
below room temperature is almost eliminated by acetylation.  Therefore, it may
be supposed that this absorption is closely associated with hydroxyl groups, i.e.,
alcoholic and phenolic hydroxyl groups. In this connection, no significant change
in the absorption takes place by reducting carbonyl group of MWL by sodium boro-
hydride. Now, in order to make clear the mechanism of this absorption, let us

consider the dielectric properties of three kinds of DHP (dehydrogenation polymer)
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Fig. 1.30. Plots of log fm against T-! for Fig. 1.31. Temperature dependence of ¢’ at
the relaxation processes in high 1MHz (a) and 300kHz (b) for
frequency range (a and b) and in MWL (A) and acetylated MWL
low frequency fange (¢) of MWL. (B). (B: r=1.21 m.c.=0.1 % Mn=
fm is determined from ¢ versus 3090).

log f curves in (a) and from €’
versus T curves in (b) and (¢),
respectively.

— 129 —



CH,0H COOH CH,
CH CH CH
CH CH CH
OCH,
OH OH OH
(@) (b) (©)

Fig. 1.32. (a) : p-coumaryl alcohol, (b) : p-coumaric acid,
(c¢) : isoeugenol.
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Fig. 1.33. Temperature dependence of €, at various frequencies for DHP from
p-coumaryl alcohol. (y=1.22, Mn=607, A: m.c.=0% B: m.c.=1%, a:
I1MHz b: 300kHz c: 100kHz d: 30kHz e: 10kHz f: 3kHz g: 1 kHz
h: 300Hz).

prepared from p-coumaryl alcohol, p-coumaric acid and isoeugenol, of which struc-
tures are shown in Fig. (1.32). Figs. (1.33A) and (1.33B) show the ¢”/;.5, versus T
curves at various frequencies for DHPs from p-coumaryl alcohol containing 1 9,
and 09, water. Furthermore, Fig. (1.34) shows the ¢;.,; versus log f curves at 0°,
—40° and —70°C for the same samples. The dielectric properties of DHP from
p-coumaryl alcohol are very similar to those of MWL. In Fig. (1.35) the polt of
log fn against T-! for the relaxation process in high temperature range below room
temperature in DHP from p-coumaryl alcohol is shown. The value of 4E deter-
mined for the absolutely dried sample is 8.7 kcal/mole, which compares fairely well
with 9.9 kcal/mole for MWL. On the other hand, Fig.(1.36) shows the ¢’ versus

temperature curves at 100 kHz for DKPs from p-coumaryl alcohol, p-coumaric acid
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Fig. 1.34. Frequency dependence of Fig. 1.35. Plots of log fm against T-! for the
€102 at 0°C (A), —40°C (B) relaxation process in high frequency
and —70°C (C) for DHP range of DHP from p-coumaryl
from p-coumaryl alcohol. (a: alcohol.fy, is determined from €/
m.c.=0%, b: m.c=0.29%, c: versus log f curves. (a: m.c.=0%.,
m.c.=1%). _ b: mc.=02%, c: m.c.=19%).

and isoeugenol. The relaxation process occurred in DHP from p-coumaryl alcohol
in which methylol group is present does not occur in DHPs from p-coumaric acid
and isoeugenol in which methylol group is absent. Concequently from these results
it may be concluded that the relaxation process in high frequency range occurred
in MWL is associated with the reorientation of methylol group.

Next, let us consider the relaxation process in low frequency range at room tem-
perature which is brought about by the addition of water. Fig. (1.37) shows the
frequency and temperature dependences of ¢/ for DHP from p-coumaryl alcohol
due to the adsorbed water only, which is obtained by subtracting the ¢’ value for
the absolutely dried sample from that for the sample containing 1 9, water, and the
plot of log f against T-! for them is illustrated. The value of 4E is 13.9 kcal/mole,
which compares well with 13 kcal/mole for the relaxation process associated with

the adsorbed water for cellulose irradiated with gamma rays3”. As the relaxation
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Temperature dependence of ¢/ at
100 kHz for DHPs from p-coumaryl
alcohol (a: m.c.=09%), p-coumaric
acid (b: 7=1.01, m.c.=09%, Mn=
1040) and isoeugenol (c: r=1.10,
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Fig. 1.37. A: Temperature dependence of ¢/

for the adsorbed water of DHP
Dashed
lines represent the results of ice
(After SmitH & Hircuccoks®). B:
Frequency dependence of ¢/ for
the adsorbed water of DHP from
p-coumaryl alcohol. C: Plot of
log fm against T-1.

from p-coumaryl alcohol.

process associated with the water adsorbed to alcoholic hydroxyl group occurs at 1

kHz and about—80°C#, so it may be considered that the relaxation process in low

frequency range for MWL is associated with the water adsorbed to phenolic hydroxyl

group since the force of hydrogen bond between water molecule and phenolic

hydroxyl group is greater than that between water molecule and alcoholic hydroxyl

group.

Intrinsic dielectric constants of cellulose and lignin

The dielectric constant of a substance itself is termed the intrinsic dielectric
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constant'®.  The intrinsic dielectric constant of cellulose has been reported by
Kane?®, TrapPP!'®, IsHIDA!® and VENKATESWARANSO, For instance KANE2® has
measured the intrinsic dielectric constant of six celluloses using the liquid mixture
technique and found a linear correlation between the intrinsic dielectric constant
and the water vapor accessibility. The result is shown in Table (1.6). On the
other hand, Trapp and coworker!® have measured the dielectric constant of a
mixed system consisting of cellulose, air and paraffin, and calculated the intrinsic
dielectric constant by using the LicHTENECKER-ROTHER formula. IsHmbA and
others!® have ulso measured the dielectric constant of a mixed system, i.e., cellulose
fiber, polyethylene film and air, and calculated the intrinsic dielectric constant of

cellulose fibers parallel to the fiber axes. = The result for cotton sliver is listed in

Table 1.6. Relationship between accessibility A and intrinsic dielectric constant e,
of cellucloses (After KANE?®).

Celluloses A(%) €
Hydrocellulose 34.0 5.49
Cotton linters 42.3 5.86
Wood alpha pulp 42.4 5.86
Bleached sulfite pulp | 45.9 6.15
Cellophane 57.0 6.56
Regenerated viscose 83.9 7.86

Table 1.7. Intrinsic dielectric constant of cotton sliver (After ISHIDA ef al.1®)

T (°C) | SMHz | 1MHz SOOkHz\IOOkHz 30kHz | 10kHz | 3kHz | 1kHz | 330 Hz | €coo*
20 4.7 54 | 6.0 ‘ 6.4 | 6.7 6.9 7.1 7.2 7.3 4.1
0 44 | 48 | 52 | 56 | 60 | 63 65 67| 68 3.7

These values at 20°C are determined by the extrapolation.
* €00 is estimated from the COLE-COLE plot.

Table (1.7). VENKATESWARAN®® has measured the dielectric constant of three cellu-
losic materials and determined the intrinsic dielectric constant by correcting to the
density 1.59. HerMans and coworker4®> have computed the two principal refractive
indices for crystalline native cellulose, i.e., 1.618 and 1.543. According to the
Maxwell’s relation the square of refractive index is the dielectric constant at optical
frequencies, so that the values of the intrinsic dielectric constants in the two
principal directions for the ideal cellulose fiber at optical frequencies are 2.618
and 2.381.

On the other hand, VENKATESWARAN*® has measured the dielectric properties

of woods covering a wide range of lignin contents and found that the value of dielec-
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tric constant of wood decreases with increasing lignin content. This fact suggests
that the dielectric constant of lignin is less than in magnitude than that of cellulose.
Since it is reported that there is an excellent linear correlation between the dielectric
constant ¢’ and the specific gravity 7 of lignin4®, the intrinsic dielectric constant of

lignin ¢ can be calculated from

1-T34 &/ — 1) +1, (1.24)

where 1.34 is the specific gravity of lignin itself5?. Table (1.8) shows the calculated

€ —

values of ¢, for three wood MWLs in the absolutely dried condition. The values
of the intrinsic dielectric constants of cellulose and lignin will be employed later in

the calculation of the dielectric constant of cell wall.

Table 1.8. Intrinsic dielectric constant of MWIL..

Species }T("C)E %ZiMhZ;f&OOkHzElOOkHz RN 3kHz1kHzl330Hz110Hz 50 Hz

HINOKI 20 |13.903.97| 4.02 4,07 }4.11 4.15|4.19 | 4.22 | 4.24 | 4.26 | 4.28
BUNA 20 | 3.81|3.88| 3.94 3.97 1 4.01|4.04|4.05|4.07 | 4.09|4.12 | 4.13

20 3.97  4.04| 4.09 | 4.14 | 4.18|4.21 | 4.25 | 4.28 | 4.31 | 4.34 | 4.5
HOONOKI| "5 | 3'g7 3°04 | 4.00 | 4.06  4.094.13 | 4.17 | 4.20 | 4.93 | 4.96 | 4.28
B ! ! ‘ -

Average 20 |3.89/3.96 4.0 | 4.06 |4.10 413 416 419 421 424 4.2

2. Dielectric properties and structure of wood

If a comparison is made at the same temperature, frequency and moisture con-
tent, the order of ¢ and ¢’ values is generally L>>R>T as shown in Table (1.1),
Figs.(2.1) and (2.2). The purpose of this chapter is to make clear the correlation
between the dielectric properties of wood and the wood structure, and to discuss
the dielectric anisotropy of wood. Section 2.1 gives an account of the grain angle
dependence of the dielectric properties for wood. Sections 2.2 and 2.3 describe the
calculations of the dielectric constants of cell wall for late and early woods as well
as for ray, and those of wood in the three principal directions. These calculations
are based on the models in which the fine structures of cell wall, the proportion and
distribution of chemical constitutions, the ratio of cell wall area to cell area, the cell
arrangement, and the macroscopic structures such as volumes of late wood and ray,
and the annual ring curvature are taken into account. The results obtained will

yield valuable informations about the dielectric anisotropy of wood.

2.1 Dielectric properties and grain angle1?
Fig. (2.3) shows the plot of ¢ against grain angle ¢ or ¢ for HOONOKI in
LR, LT and TR planes. The value of ¢ decreases rapidly in LR and LT planes

with increase of grain angle, while it increases slightly in TR plane. The ¢ (@ or
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Fig. 2.1. Frequency dependence of ¢ and ¢’/ Fig. 2.2. Frequency dependence of ¢’ for
for absolutely dried western hem- absolutely dried HOONOKI in L,
lock in L, R and T directions. (y= R and T directions. (7y=0.45, T=
0,48, T=—58°C). —58°C).
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Fig. 2.3. ¢ versus grain angle curves for HOONOKI.

(r=0.51, m.c.=11.3%, {=10kHz, T=23°C,
dotted lines: Eq. (2.1)).
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¢) versus 6 or ¢ curves in the three principal planes can be expressed by the

following empirical equation.

¢ (%) =é~<]e' (0) — ¢(5)lcos (@x-+xa) +-¢(0) +e'<-g)>, @.1)

x=60 or ¢
x0=0 in LR and LT planes,
x0=0 il ¢©O)=¢(%)
in TR plane,
xo=r if ¢(0)<e(5)
where ¢(0) and ¢(x/2) are the dielectric constants at 6 or ¢=0 and # or ¢=r/2,
respectively. The dotted lines in Fig. (2.3) represent the values calculated Eq. (2.1).
As a first approximation, wood may be regarded macroscopically as a mixed
body composed of cell wall substance and air in which parallel cylindrical rodlets
or square pillars of air are embedded in a cell wall substance. =~ The average diam-
eters of lumen for a tracheid and a vessel are very small as compared with the wave
length (108 to 3.2 cm) used for the dielectric measurements, so that wood can be
regarded as an orthotropic homogeneous dielectric material.
In optical frequency region a mixed body composed of two components with
different refractive indices each other shows the structural birefringence’. The

refractive index n(f) for such a body in a given direction is given by52

1  cos?f | sin24
nz(6) n2, n?, ’ 2.2)

where n, and n, are the two principal refractive indices respectively and 6 is an

Table 2.1. Values of k calculated for HOONOKI at 20°C.

i

\\l\\;\ﬂzﬁf‘(%l 71 0
6 ) \f\(\fizz 35 10° 1105
L 00173 | 0.0194
5 0.0173 0.0189
10 0.0167 0.0176
15 0.0166 0.0175
20 0.0172 0.0183
25 0.0160 0.0164
30 0.0157 0.0168
45 0.0144 0.0138
60 0.0124 0.0101
65 0.0121 0.0122
70 0.0119 0.0100
90 0.0112 0.0073
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angle measured from the principal axis having n,. As it is considered that the
permiability for a non-magnetic material like wood is unity, so from the MAXWELL’s
equation the relation between ¢ or ¢/ and n are given by

¢(0) =n(0)2(1 —k(@)3?), 2.3)

¢ (@) =2n(0) %k (@), (2.4)
where k(o) is the absorption index. The quantities ¢ (), ¢/(0), n(w) and k(w) are
functions of frequency, so these quantities should be compared one another at the
same frequency. Thus, from Egs. (2.3) and (2.4)

1-k(@ _ (1—k,) coszé + (1—-k,) sin28
. ZONE ¢y ¢ )

If the dielectric constants in L and R directions, ¢y, and ¢r, correspond to ¢, and

251 -
_b
-C
w
4 0.15 201 -
i | /X/ﬁ -

(2.5)
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Fig. 2.4. ¢ and ¢’ at 20°C for HOONOKI Fig. 2.5. Temperature dependence of ¢ and
as a function of grain angle in LR ¢/’ at 30kHz for absolutely dried
plane. (open circles and triangles: HOONOKI. (7=0.50, a: L b: 6=
m.c.=7.1% {f=300kHz, closed cir- 30° c: 6=45°d: 6=70° e: R).

cles and triangles: m.c.=0% f=
100 kHz, dotted lines: Eq. (2.6)).
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¢/, respectively, then the dielectric constant in the direction with a grain angle 0,
¢(0), can be calculated from Eq. (2.5). At the two limiting frequencies, f; and f.,
at which dielectric absorptions disappear, ¢/ =0, then k=0.

. 1 28 in2é
Hence O cos Mz (2.6)

389 U
On the other hand, in the frequency range fp<{f<f», k=v0. Then, combining Egs.

(2.3) and (2.4) to eliminate n, the absorption index k is written as

- ~6’+1/(:,’,)2—+(6;’)—2‘ @.7)

Table (2.1) shows the values of k calculated from Eq. (2.7) for absolutely dried and
air dried HOONOKI. As can be seen from this table, the values of k are much
less than unity, i.e., k<1, and it decreases with increase of #. Thus, from Eq. (2.3)
¢ (@) =n(w)? in the low moisture content region. In Fig. (2.4) ¢ and ¢/ at 100, 300
kHz and 20°C are plotted against § for HOONOKI containing 0% and 7.1 9%,
moisture. The dotted lines in the figure show the values calculated from Eq. (2.6)
which agree well with the experimental values.

Furthermore, in Fig. (2.5) the ¢ and ¢’ versus T curves at various grain angles

in LR plane for absolutely dried HOONOKI are shown.
In this connection, putting x =1/¢(6) sin6, y=17¢(f) cos 6, and inserting these

Y X 0 X
0 1 0 1
Fig. 2.6. +/¢/(6) for woods at various grain Fig. 2.7. +/¢/(f) for absolutely dried HOO-
angles in LR plane. (a: HOONOKI NOKI at various grain angles in
open triangles: m.c.=7.1% =300 LR plane. (a: f=0Hz, b: f=1kHz,
kHz closed triangles: m.c.=0% f= c: f=oc0 Hz, T=-—40°C, solid lines :
100 kHz, b : formosan cypress m.c.= Eq. (2.8)).

air dry f=1 MHz, c: lawson cypress
m.c.=air dry =94 GHz, solid
lines: Eq. (2.8)).
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into Eq. (2.6), leads to

%2 y:
Vet Taeyr ! =

This equation represents an elliptic function. The 1/¢(f) curves at various fre-
quencies for HOONOKI, LOWSON CYPRESS and FORMOSAN CYPRESS
calculated from Eq. (2.8) are compared with the experimental values in Figs. (2.6)
and (2.7). The values of V/¢(f) at the two limiting frequencies are determined
from the CoLe-CoLE plots. As can be seen from these figures, the calculated values
agree well with the experimental values in all the cases. Table (2.2) shows the ratio
V', /V ¢ for absolutely dried HOONOKI which increases with increase of
temperature and with decrease of frequency.

Table 2.2. Values of 4/€¢’L/€’r for absolutely dried HOONIKI at various terripératures
and frequencies.

f (Hz)
\ oo 1x105 | 3x105 | 1x105 | 3x10t | 1x10¢| 3x103 | 1x10% | 3x102 0
T (G
20 1.13 1.14 1.14 1.15 1.15 1.16 1.16 1.16
10 1.12 1.13 1.14 1.14 1.15 1.15 1.15 1.16
0 1.11 1.12 1.13 1.13 1.14 1.15 1.15 1.15
—10 1.10 1.11 1.12 1.13 1.13 1.14 1.14 1.14
—20 1.09 1.10 1.11 1.12 1.13 1.13 1.14 1.14
—30 1.09 1.10 1.10 1.11 1.12 1.12 1.13 1.14
—40 1.05 1.08 1.09 1.09 1.10 1.11 1.12 1.12 1.13 1.14
—50 1.05 | .1.08 1.08 1.09 1.10 1.10 1.11 1.12 1.12 1.14

In general ¢(6,¢) at a grain angle ¢ in LR and LT planes and a grain angle
¢ in TR plane may be expressed by

1 __cos?f | sin2fesin?¢ | sin?fcos-2¢
7.9~ oy 7a + e , (2.9)
where 0°50, 0<90°.

2.2 Dielectric constant of cell wall
Cell wall model

Consider now a cell model as shown in Fig. (2.8) in which microfibrils of
square cross-section are uniformly distributed in an isotropic matrix. Each micro-
fibril is composed of crystalline and noncrystalline regions in which molecular
chains are aligned exactly in the microfibril direction(l-direction), and they make
an angle ¢ with the direction of cell axis (L direction). Furtheremore, assume that
the dielectric constants of crystalline and noncrystalline materials for a microfibril,

ec and e€,, are given by
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2

Fig. 2.8. A: Gell wall model. (101) plane lies parallel to lumen side. (6 : average
microfibril angle, GC: crystalline region, A : noncrystalline region, M:
matrix), B: Unit cell wall model. (§: volume fraction, P: length
fraction).

€c1 = €01,
€A1 e<>o1€[’1>
€02 = €1 — (N12— ny?) 5

$reci — (0,2 —ny?) }, (2.10)

€cr — (32— ny?)

€x2 = fcz{

where the subscripts 1 and 2 implies the directions parallel and perpendicular to
microfibrils respectively, the subscripts C and A implies the crystalline -and noncrys-
talline regions respectively, and ¢, and n? are the dielectric constants at frequencies
in infra-red and optical regions respectively. Then, the dielectric constants of cell

wall in the 1- and 2-directions, ecw; and ecyz, are given by

cow1 =Pe%eci+ ((Pr+Po)2 =P e+ {1 = (Pat-Po)Few,  (2.11)

cowz= 11 = (Pat-Po)} et Prex+ Pesy, (2.12)
where L—_—E_A_‘i;lzg _BM_’

x €r2 €y

€y €A2 €c2 371
Pc+Pua+Py=1,
ex is the dielectric constant of matrix substance, Pc, Po and Py are the length fractions
of crystalline region, noncrystalline region and matrix as shown in Fig. (2.8b)
respectively. Therefore, the dielectric constant of cell wall in the direction @, ey (0),
is given by
1 _ cos?@ | sin?6
ecw (@) €cwi €cwe

If @=0, where 0 is the average microfibril angle in wood, ecw(f) and ecw (90 —8) give

(2.13)
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the dielectric constants of cell wall in L. and R or T directions of wood respectively.
The intrinsic dielectric constant of cellulose parallel to fiber axis at frequencies

in infra-red region, €c.(fc), is written as

1 cos?bc n sin?fc | (2.14)

ECoo(ﬁc) N €c1 €c2
The e, value at 20°C calculated from Eq. (2.14) by putting 6c=30° and ec.(c) =
4.10 (see Table 1.7) is 4.17.
On the other hand, the dielectric constants in the 1-, 2- and #-directions for

cellulose microfibril having a crystallinity ¢, ecr1, €crz and ece(fc), are given by

ecr1 = (1 — @) ea1+Pecn (2.15)
€crz= (1 — 1/¢7) €az-+ V?fo, (2~ 16)
1 cos?f; , sin26c
ect(0c)  €cn €ce2 2.17)
1_  1-v$ . Ve
&x  Preci— (Ni2—np?) ' e — (M2 —ny?)

where €c:(0c): (see Table (1.7)), ec1=4.17 (at 20°C), ¢=0.68, n;=1.618, n;=1.543,
6c=30°. From Egs. (2.10) and (2.15) through (2.17), ¢4, i.e., the ratio of €, to eci,
can be calculated. The ¢; values calculated in this manner at various frequencies
are listed in Table (2.3).

Table 2.3. Values of ¢, at 20°C.

t (kHz) 13x1m 1%10° | 3x102 | 1x102

3x10' 1x10| 3 1 | 3.3x10!

1 | 1.4 ‘ 2.03 | 2.55 | 2.90 |(3.16)*l(3.34) {(3.47) (3.61) | (3.69)

* In the frequency range higher than 30 kHz an additional dispersion, probably due to
the interfacial polarization, may be included.

Dielectric constants of matrix and cell wall
We shall now calculate ey value for the four cases. Matrix model I (in which

spherical pentosan molecules are uniformly embedded in lignin.)

3
€6y — Seperey® 4 {(Tj_!g;) (ep—€)%+ 36?%} ey — epde, =0, (2.18)
ep=~;;[e01 +2{ecr— (2 - nd) (2.19)

Pc=1"0ch, Pr=1V0c+0m —Pc, 8,+0p+0ntdc=1,
where ep and ¢, are the dielectric constants of pentosan and lignin respectively, and
dc and ¢ are the volume fraction and the crystallinity for cellulose respectively, and
0, 0p and 0y, are the volume fractions of lignin, pentosan and mannan respectively.

Matrix model II (in which spherical mannan molecules are uniformly embedded

in lignin.)
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GLEMa - 3fm€LEM2+ {(g‘;jf*—am—> (Gm - Gl)3+36m2€L] €M — 6‘m3El = O, (2.20)

1 — (2 —ng? |
tm = corf+ 2ecs L1005 EZD) ) E (2.21)
R PA:V60+57P———PC,_ Pc:]/50¢+6p, \

where €m IS the dielectric constant of mannan. Matrix model IIT (in which

spherical-spherical mixtures of mannan and pentosan are uniformly embedded in

lignin.)
16 — emp€ren? + {(WS%‘;&;)S(EmP —€)3+ 362mpel} e — Empe, =0, (2.22)
mp = (26— €0+ (@en— 60) 2 Berem) (2.23)
€pOp €mOm €p0m €mlp

T B +0m  Opt0m’ P Op+0m | Opt+om’
P~V —Pe, Pe=1/id,
where enp is the dielectric constant of mannan-pentosan mixture (spherical-spherical
mixture’). Matrix model IV (composed of lignin.)
en=¢€, Pa= me; —=Pc, Pc= VW%
In Table (2.4) the ey values at 20°C and 1 MHz calculated using the constants

Table 2.4. Values of ey for tracheids in early and late woods as well as for ray.

Model 1| oo | I TIV

B | | ]
Early wood }3.97 488 | 4.78 | 3.9
i
|

Late wood 3.97 4.92 4.80 3.96

Ray 3.97 4.49 4.41 I 3.96
Table 2.5. Constants.
i T
n, \' ny V‘ 0] ! €c1 I €1 &

1.618 | 1.543 | 0.68 4.17 3.96 2.03

Table 2.6. Volume fractions of chemical constituents for tracheids in early and
late woods as well as for ray.

LG | am | 6 0

'0.519 | 0.115) 0.064 | 0.302
0.319 | 0.088 | 0.127 |- 0.467

|

~ |
Early wood | 0.474 | 0.123 | 0.059 | 0.334

L.ate wood

|

Ray

These values are calculated from specific
gravities (7¢=1.53, ym=1.50, 7,=1.50, 1;=
1.34) and weight fractions of chemical
constituents.
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shown in Tables (2.5) and (2.6) for tracheides in early and late woods as well as for
ray are listed. It has been reported that mannan is closely associated with cellulose
in microfibrils but xylan appears to be located within the interstices and upon the
surfaces of microfibrils since the width of the (002) X-ray diffraction peak narrows
as mannan-rich hemicelluloses are extracted and xylan removal does not produce
this effect®®. Hence, the ey value for the model I will be used hereafter.

Fig. (2.9) shows the dielectric constants of cell wall in the directions parallel and
perpendicular to microfibrils, €cw1 and €cws, versus log f curves for tracheides in early
and late woods as well as for ray. Using the average microfibril angles for a few
coniferous woods listed in Table (2.7)5 the dielectric constants of radial and tangen-
tial cell wall in L, R and T directions can be calculated from Eq.(2.13). In Table

(2.8) these values calculated are shéwn.

(o)
T

_ log f (finHz)

Fig. 2.9. Frequency dependence of the calculated dielectric constants of cell wall
in the directions parallel and perpendicular to microfibrils for tracheids
in early and late woods and for ray. (T=20°C, m.c.=0%, a: late wood
l-direction b: early wood l-direction c: ray l-direction d: late wood
2-direction e : early wood 2-direction f: ray 2-direction).

Table 2.7. Average microfibril angles for four coniferous woods.

(Degree) Early wood Late wood

Species Radial wall | Tangential wall | Radial wall Tangential wall
ICHII 23.5 22.0 12.9 19.7
HINOKI 35.6 12.5 4.2 8.5
KOOYAMAKI 32.5 28.5 7.3 10.8
KONOTEGASHIWA 28.2 26.2 14.2 —
Average 30.0 22.3 9.7 13.0

Average microfibril angle of ray: 45.0° (calculated value).
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Table 2.8. Dielectric constants of radial and tangential cell walls in L, R and
T directions.

Early wood Late wood l
— — Ray
Radial wall Tangential wall | Radial wall Tangential wall l
L 5.09 5.14 5.23 5.22 4.64 (4.46)*
R 4,84 4.73 4.77 4.76 4.64
T g 4.73 4.80 4.76 4.78 ’ 4.64 (4.64)*

* Direction of cell wall thickness.

2.3 Dielectric constant of wood

In this section, by using the ec values calculated in the preceding section and

by considering the ratio of cell wall area to cell area, i.e., the cell wall fraction, and

the cell arrangement, let us evaluate the dielectric constants for early and late

woods as well as for ray cell and those for wood in the three principal directions,

and discuss the dielectric anisotropy in wood in the transverse directions.

Daelectric constants of early and late woods5®59

The cell aggregation in cross section of coniferous wood may be represented by
a model illustrated in Fig. (2.10).

tangential diameters of cell, Lr and Ly are the radial and tangential diameters of

In this model Ry and T, are the radial and

lumen, Mgorr and Ogo.r are the thickness and the average microfibril angle in

T

T

Fig. 2.10.

of radial wall,

— R, —y
cell wall ﬁ!
My P
— —
lumen ql 1
91 d ,
Mz L 6r i

Model of coniferous wood (cross section).

(To=tangential diameter,
Ro=radical diameters Mr=thickness of tangential wall, Mg=thickness

Or : average microfibril angle in trangential wall,

03:

average microfibril angle in radial wall, p=(Ro~Mr1)/Ro, q=(To~-
Mg)/Tos d: a parameter indicating irregular arrangement of cells).
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radial or tangential wall, and p=Lzs/Ro and q=Ly/To. In this case the dielectric

constant of a cell in L direction ¢, is given by

(= W{ec,,,(ﬁn)2 teew ) | (1 _wWye, (2.24)

where W is the ratio of cell wall area to cell area in cross section, and ecw(fr) and

écw(fr) are the dielectric constants in L direction for radial and tangential cell
walls respectively, and €, (=1.00) is the dielectric constant of air. Here, the quantity
€écw(0r or 7) can be calculated from Eq. (2.13). The dielctric constant in R direction

for the model e, is given by

Gr= (1= Q)€1+ qeér, (2.24)
1 _1{ 1+p  1-p
where €r1 o 2 [GCW (90-011) + €cw2 }’
_1._::£+£.
€r2 €Cw2 €q

On the other hand, the dielectric constant in T direction for the model is given
by

when O_S_pgl,
if Ogdgp, €=(1— P —d) e +2degs + (p —d)¢s, (2.26)
if pédél, € = (1 —2p)ei1 + 2pesz, (2.27)
where S =p<1,
if 0<d<1 - P €&t= (1—- P "d> €1 -+ 2de2 + (p - d) €3, (228)
if 1-p=d<y, cww=2(1-pe+@p—Des, (2.29)
1 1 1+q 1—q
where €51 - 2 {60w<90‘“0'r) + €cw?2 ]’
1 l4+q 30—-q) , q
€2 o 4GCW (90_6T) + 4€Cw2 + 25& ’
Lz_]i+i.
€43 €cw2 €q

In the case of g=0r and d=0, €&;—ev=(p—q)f(p,q), where f(p,q) is a
function of p and q. If the value of ecw is of the order shown in Fig. (2.9), then
f(p,q)>0. Thus, if p=q, &:=¢,;- Putting x=Lgr/2Mz, y=Ro/To, z=Mz/Mzr and
y’ =y/z, then p=x/(x+1) and q=1—-y//x+1)- As W=1—pq, x is written as®

‘e l+y’—2W+1/(1+2y"lv—2W~)2+4W(1—W) 2.30)
Table (2.9) shows the calculated values of x, p and q. As p>>q in early wood, so
€:: >€. On the other hand, as p<{q in late wood, so ¢;;< ¢;;. In the case of =
Or, €rr(0p=01)=¢€rr(0r="01), while ¢;;(0r=01)<¢€;;(6r=07). According to Onaka 65>
0z in early wood and 0x<6r in late wood as shown in Table (2.7)5°. Then, €, >
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Table 2.9. Values of %, p and q.

} Early wood } Late wood
W 0.31 0.79
y* 1.24 0.58
z¥ 1.02 0.75
x 5.56 0.65
P 0.85 0.39
q 0.81 0.53

* Average value of five coniferous
woods (After SUZUKI® and SAIKIS®).

€ in early wood and €.<ey in late wood. In the same manner, the dielectric
constants in L and the transverse directions of wood for ray cell in early and late

wood portions, €rrays, €Lrays, €Lraye and € rays, can be calculated.

Drelectric amisotropy in wood
Let us consider wood as a composite material shown in Fig. (2.11) which is
composed of early and late wood tracheids and ray cells. Then, the dielectric

constants in the three principal directions for such a model, ey, er and ¢p, can be
calculated by

€L :ar {5s6_|_ rays+ (1 '_5s>6_|_ ray f} + (1 —51") {5sflls+ (1 _5S> 6Llf} s (2'31>
5 1_51'

= r 3
AP PR ¢ B 3 PISL RN ¢ i, P (2:32)
L, 0 1—as}~1 e {as 1-94)71
€ R_OT[GL rays + €Lrayf + (1 Or) €rrs + €rrf } ’
e l —
o " oS
2 e . —
. |R —
u LT ‘
€.
o8
—>€T ’ i
’ f o -

S re—

Fig. 2.11. Wood model composed of early and  Fig. 2.12. Model of wood sample used for
late wood tracheids and ray cells. the measurement of the dielectric
(f : early wood tracheids, s: late constant of wood in R direction.
wood tracheids, rf: ray cells in
early wood portion, rs: ray cells
in late wood portions).
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where 0. is the ray cells fraction, i.e., the proportional volume of ray parenchyma
cells, 0 is the late wood fraction, and the subscripts f and s implies early and late

woods respectively. Considering the curvature of annual ring (see Fig. (2.12)) the

Table 2.10. Values of dielectric constants for wood in L, R and T directions.

d=0 d=0.05 d=0.10 d=0.15

Os 7 €L
€R €1 €R €T €R l €T €R €T

0.0 0.45 2.25 1.84 1.72 1.83 1.62 1.82 1.51 1.82 1.41
0.1 0.52 2.45 1.92 1.90 1.92 1.81 1.92 1.71 1.91 1.62
0.2 0.59 2.66 2.02 2.08 2.02 2.00 2.01 1.91 2.01 1.83
0.3 0.66 2.86 2.12 2.26 2.12 2.19 2.12 2.11 2.12 2.04
0.4 0.73 3.06 2.24 2.4 2.24 2.37 2.23 2.31 2.23 2.25
0.5 0.80 3.27 2.37 2.61 2.36 2.56 2.36 2.51 2.36 2.46
0.6 0.87 3.47 2.51 2.79 2.51 2.75 2.51 2.71 2.50 2.67
0.7 0.94 3.67 2.67 2.97 2.67 2.94 2.66 2.91 2.66 2.88
0.8 1.01 3.88 2.85 3.15 2.85 3.13 2.84 3.11 2.84 3.09
0.9 1.08 4.08 3.05 3.33 3.05 3.32 3.05 3.31 3.05 3.30
1.0 1.15 4.29 3.29 3.50 3.29 3.50 3.29 3.50 3.29 3.50

ds: fraction of late wood, 7: specific gravity, d : parameter indicating irregular
arrangement of cells.

1 04
0 02 04 06 08 10

s

Fig. 2.13. Late wood fraction dependence of the calculated dielectric constants of
wood in L, R and T directions. (f=1 MHz, T=20°C).
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Fig. 2.14a. Specific gravity dependence of the calculated dielectric constants in L, R and
T directions at 1 MHz and 20°C. (d=0.10, 85s=0.1, 6;=0.05, AB: W¢=0.12
Ws=0.60 to 0.92, CD: W¢=0.44 Ws=0.60 to 0.92, AC: Wg=0.60 W:=0.12 to
0.44, BD: W5=0.92 W¢=0.12 to 0.44).
Fig. 2.14b. Specific gravity dependence of the calculated dielectric constants in L, R and
T directions at 1 MHz and 20°C. (d=0.10, §s=0.2).
Fig. 2.14c. Specific gravity dependence of the calculated dielectric constants in L, R and
T directions at 1 MHz and 20°C. (d=0.10, §5=0.3).
Fig. 2.14d. Specific gravity dependence of the calculated dielectric constants in L, R and

T directions at 1 MHz and 20°C. (d=0.10, §5s=0.4).
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2.15a. Specific gravity dependence of the calculated dielectric constants in I, R and
T directions at 1 MHz and 20°C. (d=0.15, 8s=0.1, 6,=0.05, AB: W¢=0.12
Ws=0.60 to 0.92, CD: W¢=0.44 Ws=0.60 to 0.92, AC: Ws=0.60 W¢=0.12 to
0.44, BD: Wy=0.92 Wr=0.12 to 0.44).
2.15b. Specific gravity dependence of the calculated dielectric constants in I, R and
T directions at 1 MHz and 20°C. (d=0.15, §:s=0.2).
2.15c. Specific gravity dependence of the calculated dielectric ocnstants in L, R and
T directions at 1 MHz and 20°C. (d=0.15, ds=0.3).
2.15d. Specific gravity dependence of the calculated dielectric constants in L, R and

T directions at 1 MHz and 20°C. (d=0.15, s=0.4).
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dielectric constant in R direction is given by

fy o P
r :;Ogo e(6)d(6) =7;;1/ ¢rer tan—1<\/ G;TE tan 00>, (2.33)
1  cos?@ | sin%6 . (4o
where 5(0) N E'R + er 00*Sln 1(T_>.

Table (2.10) shows the values of ¢, e and er calculated from Egs. (2.31)
through (2.33) by putting d,=0.05, d=0, 0.05, 0.10, 0.15, d;=0.0 to 1.0, and by
using the values shown in Table (2.9). Furthermore, in Fig. (2.13) the dielectric
constants in the three principal directions at each d value as a function of late wood
fraction are shown. The values of ¢, and ¢r increase linearly with ds but those of e
increase curvelinearly. The dielectric constant is almost independent of d in L
and R directions but depends very markedly on d in T direction. The intersection
point of the ez and er versus ds curves moves to higher d; value with increase of d.
In Figs. (2.14) and (2.15) the theoretical dielectric constant curves in the three

3+ 3r
2+ 2r
w 1 ! ! w 1 : i
2t 2t
l L | L N n 1 1 i 1 L |
0O 02 04 06 08 10 0O 02 04 06 08 10
3 ¥
Fig. 2.16. Specific gravity dependence of ¢/ at  Fig. 2.17. Specific gravity dependence of ¢ at
1 MHz for absolutely dried wood. 100 kHz for absolutely dried wood.
(solid lines : calculated values (solid lines: calculated values
d=0.10 65=0.2 dr=0.05, circles: d=0.10 05s=0.2 §¢=0.05, circles:
HINOKI triangles : AKAMATSU HINOKI triangles : AKAMATSU
(experimental values)). (experimental values)).
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principal directions at 1 MHz and 20°C as a function of specific gravity are shown.
In these figures the curves AB and CD represent the constant W; dielectric cons-
tant curves (AB: W;=0.12, CD: W;=0.44, W;=0.60 to 0.92), and the curves AC
and BD represent the constant W dielectric constant curves (AG:Wy=0.60, BD:
W;=0.92, W;=0.12 to 0.44). In Figs. (2.16) and (2.17) the theoretical dielectric
constant values at 1 MHz and 100 kHz and at 20°C (d=0.10, 6,=0.2, 6,=0.05) are
made a comparison with the experimental values.

From these results it is considered that the anisotropy of dielectric constant in
the transverse directions depends on the average microfibril angle, the late wood
fraction, the cell form (p and q), the curvature of annual ring, the cell wall fraction,
the cell arrangement (d) and so on, and above all it is remarkably influenced by

both the late wood fraction and the cell arrangement.
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