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INTRODUCTION

Experimental determination of the fiber orientation is a
subject of great importance for sheet materials such as paper
sheets, nonwoven fabrics, and biomembranes, since it is
indispensable in understanding the relationship between the
sheet structure and the properties of the sheet materials. It
is well known that the orientation of fibers plays an
important role in characteristic properties of the sheeis such
as the mechanical breaking strength and the dimensional
stahility concerning thermal deformation and humidity
expansion.? »!! The molecular or fiber orientation has been
investigated by several methods such as X-ray diffraction,'®
41, 48,408 yltrasonic velocity,4? mechanical breaking strength,?*s
11, 89 Young's modulus,®» 48 polarized fluorescence,?? laser
light,2, 12, 43 npuclear magnetic resonance,?®, 49 spft X-ray
radiogram,®3,%% and optical or electron microscope.?s!0s 20, 4¢
These conventional methods, however, have some disadvantages
to determine the orientation of fibers: for example, X-ray
diffraction method has the shortcoming that the measurement
must be restricted to a very limitted region of the crystal in
the sheet. The ultrasonic method is difficult to obtain
accurate data because of ambiguity arising from contact
between the piezoelectric element and the surface of sheet.
Because of data scattering in mechanical and Young's modulus
methods, the measurements must be repéated many times. The
polarized fluorescence method needs a long time for sample
preparation.

Furthermore, the measurements of the complex dielectric

constant at microwave frequencies are also useful for studying



the relaxation due to the local motion of polymers in sheet
materials. Only a few reports!f:44 have been presented on
dielectric properties of polymers at microwave freguencies,
although there have been many'4, 1'%, 23, 27,20 at audio
frequencies. These reports have been restricted to polymer
films with no voids. Actually, it has been very difficult to
determine the fiber orientation of sheet materials and the
anisotropy of complex dielectric constant at microwave
frequencies because of the paucity of instruments available
for microwave dielectric measurements. Thus, it has long
been desired to find a method and an instrument for accurately
determining the <fiber orientation from the dielectric
anisotropy at microwave freqguencies.

For this purpose, the author has found a new method and
developed an instrument, which utilizes polarized microwaves
and is free from any contact and destruction cof sample sheets.
The new type of instrument consists of a pair of rectangular
waveguides with a narrow gap in which the sample is set. This
method allows him to determine the fiber orientaticn of sheet
materials such as paper, nonwoven fabrics, and cow leather and
their complex dielectric constant at microwave frequencies.

Chapter 1 of the text describes in detail the principle of
determining the fiber orientation by the new method using
microwaves, the evaluation of orientation pattern and complex
dielectric constant at microwave frequencies, and also the
construction of instrument and the method for measurements
employed for the present study.

Chapter 2 is <concerned with determination of fiber
orientation for paper sheets without contact in as short a

time as 3¢ s by the new microwave method. The orientation



patterns determined from the microwave method are compared
with the results obtained by the other conventicnal methods
such as mechanical breaking strength and polarized infrared
absorption. The present microwave method is made clear to be a
very convenient one for determination of fiber orientatiocn.

Chapter 3 is devoted to fiber orientation determined from
the anisotropy of complex dielectric constant for paper sheets
by using microwaves. The dielectric anisoiropy at 4.0 GHz for
paper sheets is compared with the result obtained by the
mechanical breaking strength. The degree of orientation in the
cross machine direction (CD) perpendicular to the machine
direction (MD) is studied for paper sheets. Furthermore, the
dependence of complex dielectric constant on the density of
paper sheets is also described for studying the effects of
voids in paper.

Chapter 4 shows the fiber orientation determined from the
dielectric anisotropy of nonwoven fabrics and cow leather
sheets at microwave frequencies. A variation in basis weight
is also determined from +that in +the resonance frequency
obtained for the nonwoven fabrics. The present microwave
method gives an important infermation for determining
orientation of polymer fibers in the nonwoven fabrics and
collagen fibers in the cow leather, respectively.

Finally, conclusions from the present investigation are

summarized.



CHAPTER 1
Principle and Instrumentation for Determination
of Dielectric Anisotropy of Sheet Materials

by Use of Microwaves

1.1 Introduction

It has been long required to find a new method for
accurately determining the fiber orientation and dielectric
anisotropy of sheet materials, since the conventional methods
need a long time to determine the fiber orientation and have
some disadvantages. For such a requirement, the author has
found a new method and developed an instrument for the
accurate determination by use o©f microwaves. This chapter
describes the principle of determining fiber orientation based
on the new methed wusing microwaves and the metheod for
evaluating the orientation pattern and the complex dielectric
constant at microwave frequencies. The construction of the
instrument and the methed for the measurements are also
described. The microwave method allows the orientation of

fibers to be determined in a short time.

1.2 Principle

For high polymers, there have been observed, in general, a
few or more kinds of dielectric relaxation designated «,f.,7,
and so on from the high temperature range.!4% ,» &! The
relaxations ¢« and f (1) were assigned, respectively, to the
micro-Brownian motion of 1long flexible dipoles and to local
motions such as twist or rotation of short dipeoles attached to

the polymer chains.'*, 24 The § or 7 relaxation for polymers



are usually observed at low temperatures below roocm
temperature.

Only a few fundamental studies!®>+! have been reported on
dielectric relaxations at microwave frequencies because of a
technical problem, though many studies have been made at
frequencies below 10 MHz with an aim of investigating the
relationship between the motions of molecular chains and their
structure in polymer films.!4,16, 19,23, 24,27-29, &1

The microwave region (300 MHz -30GHz) corresponds to that of
the frequencies at which the dielectric relaxations
ascribable mainly to the local motion should be observed at
room temperature.!d, 18, 23, 24 It is well Known that at low
temperatures and at audio frequencies the dielectric
anisotropy due +to local motions reflects the molecular
orientation of polymer chains.!®,'? Such an anisotropy, which
depends on the orientation of meolecular or fiber chains in
sheet material, may be determined from the angular dependence
of interaction between polarized microwaves and the material.
The interaction, which can be detected as change in the
intensity of the +transmitted microwave, depends on the
rotation angle o0f +the anisotropic sheet material. The
dielectric anisotropy may also allow the author to be

determined at microwave frequencies without contact.

1.3 Resonance Curve and Orientation Pattern

The dielectric properties (dielectric constant :' and
dielectric 1loss (") of +the sheet materials at microwave
frequencies are determined from a resonance curve in the
cavity resonator system. If the frequency of the polarized

microwaves irradiated to the sample in the resonator system is



swept, the resonance curve is obtained.
The resonance curve in the cavity resonator system before
and after insertion of a sample is expressed in terms of the

frequency dependence of the transmitted microwave intensity as
I(0) = Lio (8)/(2+Qs2 (0 (£50 (82/8 - £E/E£10 (8))2) (1.7)

Here, I, I,o, and Q; (i=1,2) are the transmitted microwave
intensity at a given frequency f, its value at the reschance
frequency £, defined by one at a maximun of the transmitted
microwave intensity in the resonance curve, and the ratio of
the resonance frequency to the half width Af in the resonance
curve, respectively, all at a rotation angle of . The
subscripts 1 and 2 indicate the values before and after the
insertion of sample.

Actually, it can be seen in Fig.1.l that the insertion of
the sample shifts the resconance frequency fs to the lower side
and also diminishes I at fo. The resonance frequency shifts
depending on the capacity part of dielectrics, while the

change in intensity at the resonance peak depends on that in

dielectric less. Therefore, the anisotropy in the ¢' and ¢
of the sheet materials gives the different resonance curves at
different directions in the sheet plane. Figure 1.2 shows
the dependence of I in a range from 3982.600 to 3984.050 MHz
for the biaxially stretched polyethylene terephthalate (PET)
film with a 100 pm thickness in different directions or at
different rotation angles §.27 A curving mountain chain is
observed within 360°. Thé mountain chain is cut at the

selected frequency and the orientation pattern is obtained

from the angular dependence of I at this frequency. It may be



appropriate to adopt an orientation pattern, i.e., the angular
dependence of transmitted microwave intensity obtained by
cutting the three-dimensional pattern at a fixed freguency.
The fixed frequency should be selected above the resonance
frequency, where the transmitted microwave intensity is one-
halif that at the resonance frequency in the resonance curve
which is located at the lowest frequency side. This frequency
is most appropriate,®’ in that anisotropic data such as the
ratio Issx/Imis oOf the maximum-to-minimum intensity (MOR) are
most sensitive around it. The orientation angle independent

of sample thickness coincides with the direction of main

blank
biax-PET (100 fsm) f, =3989.108 MHz
100
I fo =3983,789 MHz
- B insertion of sample
50 - €

3982 3984 3986 3988
f/MHz

1 1

3990 3992

Fig.1.1 Frequency dependence of transmitted microwave
intensity I observed at a fixed angle in the
resonator system before and after insertion of
a biaxially stretched PET film with a thickness
of 100 um. The resonance frequencies f, before
and after the insertion of the PET film are
3989.108 and 3983.789 MHz, respectively.

_'7._



orientation pattern gives

chains of <fibers. Since the
information on the MOR and the orientation angle, it is very
orientation of molecules or
also

estimating the
pattern

and nondestructively. This

for
The desired pattern can

convenient

fibers accurately
reflects the distribution of fibers.
be alsc obtained by cutting the three-dimensional pattern at

the fixed frequency.

BIAX-PET(100 um)

LA =)

N
/’/ N

b NN
: SN
% NN e
s Y 30 0°
N
L2 A ~' ’ / N
7 iy ) ~. 56° |~
‘k\?\\ N P\§ > ""f""""/ 270ﬂ \\ !'Jf
’_- \\\\\;\\\;\\‘ ',' lf \\\ A
' \\\«\ : ’ A
=NNNANLNY 90° v < 270°
DN 180 ~
\q§§§§ : / .
J\\\‘\'k‘. ) i L \\
roN | .
- 48 - S T
! ; ; / f= 3984,050 MHz
) » 0°
3982, 600 1 3984,600
£/vHz 3984. 050 MHz
Fig.1.2 Three-dimensional pattern and orientation
pattern for the biaxially stretched PET film of
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100-pm thickness.
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orientation pattern was obtained

angular dependence of transmitted microwave
frequency of 3984.050 MHz.
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intensity at the
The orientation angle was determined to
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resonance curve

in

at which the
the lowest side.



1.4 Complex Dielectric Constant

A perturbation theory is applicable for the determination
of the complex dielectric constant when the sample volume must
be very small compared with the cavity itself so that a
frequency shift which is small compared with the resonance
frequency of the empty cavity is produced by the insertion of
the sample. The cavity perturbation method can be used when
¢" is very small.!

The complex dielectric constant ¢*(= ¢'- 3je"} for a

dielectric sheet is expressed by
t* = 1 ~((og-0q1) /o) (2fve |Fy [2AV /Iy |[Fy [ IF [AV])  (1.2)

where v is the complex angular freguency, F the electric field
in the cavity, V. the total volume cof the cavity, V., the
volume of the sample, and the subscripts 1 and 2 refer to the
values before and after insertion of the sample, respectively.
Here, the field F, in the cavity is presumed to be known and
only the perturbed field F; in the sample volume V. remains as
an unknown. The field F, is found only in context with a
knowledge of sample geometry and of F,. The exXpression
relating complex angular frequency to real fregquency £ and Q-

value is derived as
(wg-0y) oz = (fz0-%,0)/%10 +(3/2) (1/Q2-1/0Q4) (1.3)
When the sample is a sheet material and its size is larger

than that of the opening of each waveguide, the dielectric

constant ¢' and the dielectric loss ¢" are given by



! 1 +A(C/t) (f1o—fzo)/fzo (1-4)

-
1

" = (Be/2t) (1/Q: - 1/Qy) (1.5)
or
e " = (Bc/Zt)(l/Q,)(Jllo/Izo 71) (1.86)
Here, ¢ 1is a parameter related to the depth of the

rectangular waveguides, t is a thickness of sheet sample, and
A and B are constants associated with a narrow gap bhetween a
pair of rectangular waveguides in the instrument. Equations
{1.4) and (1.5) or (1.6} indicate that ¢' can be determined
from the relative shift in the resonance frequency and ¢" from
a decrease in the Q value reflecting the sharpness of +the
resonance curve or a reduction in transmitted microwave
intensity at the resonance frequency. Thus a dielectric
anisotropic sheet 1is expected to give different resonance
curves in different directions of rotation angles in the sheet

plane.

1.5 Construction of Instrument

The microwave cavity resonator system consists of & pair of
rectangular waveguides with a narrow free space in which the
sheet sample is set. The cavity resconator is shown in Fig.l1l.3,
which details the x, y and z directions, as well as the
interior cavity dimensions a, b and c. The w&veguides have an
oscillator in a side and a detector in the other side, as
shown in Fig.1.4. Polarized microwaves irradiated to the
sheet are oscillated from the oscillator while the transmitted
microwave intensity +through the sheet is detected by the

detector. The oscillator consisted of cavity type and its



stability in power output and frequency was very good. The
detector consisting of a GaAs semiconductor was used. The
narrcw gap of 5 mm length between a pair of waveguides was
made so that the @Q-value should not be reduced in comparison
with that in the ideal cavity with no gap. It was very
important to set the cross sections of both waveguides in
parallel and to rotate the sample sheet whose plane is in
parallel to the <cross sections. The dimensions of +the
rectangular waveguides denoted by Japanese Standard WRJ-4 were
58 mm for a , 29 mm for b, and 110 mm for c¢. Here, the
dimension of c corresponds to a distance between two irises
which correspond to vacant circles with a 9 mm diameter. Each
iris was connected with an oscillator and a detector,
respectively. The position of the narrow gap in the waveguides
was determined to be in the center of the cavity between two
irises so that the magnitude of the electric field excited by
the oscillator should have a maximum at the sample position.
» The resonance frequency and Q-value were mainly 4.0 GHz and

6000 in the empty cavity, respectively. The mode of the

e

A

Fig.1.3 .Cavity resonator system with interior
dimensions a, b and ¢ in the x, vy and z
directions, respectively.



electromagnetic field was a transverse electric wave(TE) of a
type TEyo.,'>? with L being odd number.

The block diagram of the instrument -is shown in Fig.1.5.
A sample sheet in the sample holder is placed in the narrow
gap in the cavity resonator system. The polarized microwaves
were irradiated vertically to the sample sheet, which was
rotated for 6.0 s around the central axis normal to the sheet
plane. The rotation of the sheet was regulated by a

contreller. The transmitted microwave intensities were

CONTROL L ER

D E T OSsS C
" "
] J r
] 4 ’
/! ! ’ !Ji
by g Fooaom mman’q oo f
o 0,' a2 ol
o‘ : l‘ o" : ,l
) . 4 ’ ’
,' LI a- ,
¢ :/ / ’

Fig.1.4 Cavity resonator system consisting of a pair of
rectangular waveguides with a narrow gap of §.
The sample sheet is inserted into the gap, and
the <cavity resonator is connected with an
oscillator and a detector by two irises.



detected by a detector and are digitalized for each rotating
angle. The angular dependence of transmitted microwave
intensity corresponds to an orientation pattern. _

The controller part regulated the rotating angle. A batch
of 360 data points were fed into Central Processing Unit (CPU)
of a computer. All the results were displaced on a Cathode
Ray Tube (CRT) and recorded by the printer, including *the
orientation pattern, a measuring fredquency, an orientation
angle between the main axis of molecular or fiber chains and a

fixed standard direction, the observed maximum I... and

minimum I.:. intensities, and the ratio MOR of the
Oscillator Frequency
counter

Cavity resonator
{sample)

Detector ‘

Controller

CPU

r_l

CRT Printer

Fig.1.5 Block diagram of the analyzer.



maximum to minimum intensities. The attenuation in microwave
intensity can be obtained from the change in intensity of the
incident transmitted microwaves. Since the ratio MOR depends
on the sample thickness, a comparison between the ratios at a
constant thickness is of meaning for samples with different
thicknesses. This ratio should be a measure of the
orientation distribution of molecular or fiber chains for the
sample with almost the same thickness. Further, the ratio
CD/MD of intensities in the CD to the MD or the stretching
direction calculated were also displayed on the CRT and
recorded on a chart. The data processing time was about 2 s,

According to the specification and functions described
above, the instrument for the experiments in the present study
was developed in 1983 by the author (see Photo.1), and denoted
by a microwave molecular orientation analyzer model No. MOA-

20014,

1.6 Method for Measurements

The experimental procedure is as follows: The test sample,
cut to a fixed size, is set at a standard direction in the
cavity resonator system, the freguency is adjusted above the
resonance frequency by a dial as described Section 1.3 , and
the measurement is made by putting the computer key board.
After rotation of sample for 6.0 s, the orientation pattern is
obtained(see Fig.1.2).

The resonance freguency and the - half-width in the
resonance curve were searched by sweeping frequency with a
tuner rotated, and the ¢' and :" were determined as described
in Section 1.4. Then, the sample was rotated to different

angles around the central axis normal to the sheet plane, and



measured successively to determine :' and ", It took about 3
min to obtain the complete angular dependence of :' and ¢" at
every 30°. The measuring frequencies were mainly 3.2 to 4.0
GHz.

All measurements were made at 20 T and 65% RH. The paper
sheets used in the present study usually contained about 6 %

water.

1.7 Conclusion

A new method and a new type of instrument was developed for
accurately determining the fiber orientation from the
dielectric anisotropy by use of microwaves. The instrument
consists of a pair of rectangular waveguides with a narrow gap
in which the sample sheet is set. The polarized microwaves
are irradiated vertically to the sheet, which is rotated for
6.0 s around the central axis normal to the sheet plane. The
instrument makes him determine the fiber orientation from the
orientation pattern and the dielectric anisotropy -by use of

microwaves.



CHAPTER 2

Fiber Orientation Pattern of Paper Sheets

2.1 Introduction

The fiber orientation in paper sheets has been studied by
mechanical breaking strength,!!, 3? elastic modulus,® laser
light,42> 4% ultrasonic velocity!® and X-ray diffraction.,?*!
However, these methods require a long time to determine the
orientation and have some shortage of accuracy for
measurements. The mechanical breaking strength and elastic
modulus measurements do not always give reproducible data
because of the destruction of sample. It is also uncertain
whether these mechanical methods accurately reflect the
orientaion in a small portion of the sample sheet, because of
the necessity of cutting a number of specimens in different
directions. The X-ray diffraction method has the shortcoming
that the measurement must be restricted to a small portion of
the sheet. The ultrasonic method, which .is "useful for
measuring elastic modulus, suffers from the problem that the
data obtained depend on the degree of contact between the
piezoelectric element and the sheet. Since the Poisson ratio
cannot be determined exactly, it is also difficult to
determine the elastic modulus along the machine direction by
this method.

Conventional methods are notr useful for quality control of
products with respect to orientation. Thus, the author has
devised such an analyzer, capable of determining the fiber
orientation in as short a time as 30 s by utilizing polarized

microwaves (see Chapter 1}.



For an anisotropic sheet, the resonance curve changes with
the direction, in that the transmitted microwave intensity
measured at a fixed fregquency above the resonance freqguency
changes at different directions when the sheet is rotated.
The dielectric anisotropy caused by local motions reflects the
molecular orientation of polymer chains!® in +the amorphous
and/or crystalline region. To determine such a molecular or
fiber orientation at room temperature, it is necessary to use
polarized microwaves, The molecular or fiber orientation in
an anisotropic sheet can be determined from the angular
dependence of the transmitted microwave intensity, which
reflects the dielectric anisotropy at microwave frequencies.
Thus, the fiber orientation in an anisotropic paper sheet can

be determined by the microwave method.¥1»3%13

2.2 Experimental

The experimental procedure for determination of fiber
‘orientation pattern is described in Chapter 1. The samples
used in this study were machine-made paper, condenser paper
and'handsheets with a size of 100 x 100 mm. The polarized
FT-IR (Fourier transformation infrared rays) measurements were
carried out by means of an analyzer manufactured by Japan
Spectroscopic Co., Lid. The mechanical breaking strength was
measured for a machine-made paper and a handsheet with a
sample sgize of 15 mm X 100 mm at a rate of extension of 10

mm/min.

2.3 Fiber Orientation by Conventional Methods

Mechanical Breaking Strength

Figure 2.1A shows the angular dependence of mechanical



breaking strength for a machine-made paper with a basis weight
of 38 g/m?. MHere, the data points show the average values of
the breaking strengths measured three times in the same
directicn. The breaking strength is larger in the MD than in
the CD.

Figure 2.1B shows similar results (average of 4
measurements) for a handsheet with a basis weight of 62 g/m? .
The data show considerable scatter. The angular dependence of
breaking strength is seen to Dbe relatively weak, which

suggests a nearly random orientation of molecules.

B
2709 — b 90°
cp 24 1 5 kgf

Fig.2.1 Angular dependence of breaking strength in kgf
for (A) a machine-made paper with a basis
weight of 38 g/m? and (B) a handsheet with
a basis weight of 62 g/m?. The data are
expressed in terms of the polar cocordinates.



Orientation by FT-IR Spectra

Polarized FT-IR measurements were carried out for a
condenser paper with a thickness of 22 um,. It was necessary
to use such a thin and transparent paper so that the
irradiated infrared rays should be transmitted through the
paper. The polarization of the spectra indicated an
anisotropy in the orientation. The angular dependence of

absorption at c¢rystalline bands of 1420 cm™! (CH? scissoring

MD
o° A B

1420 cm’
1372 cm’ \ MD

\\ 1

900 cm’ ~ 1 \
0 “% : 90° . N _,—"/;/ 2.é 90°
.,J'

180¢

Fig.2.2 A: angular dependence of infrared absorption
at crystalline bands of 1420 cm~!, 1372 cm™!,
and an amorphous band of 900 cm~!. B: angular
dependence of transmitted microwave intensity
for the condenser paper ( frequency = 3,457
GHz, max = 1.241, min = 1.01, incline = -3°,
max/min = 1.229, CD/MD = 1.22). The data are
expressed in terms of the polar coordinates.



motion) and 1372 c¢m”' (CH bending mode), and an amorphous band
of 900 cm™! for cellulose?! jis shown in Fig.2.2A. The sample
sheet was placed in a fixed directien by rotation around the
normal to the sheet plane, and the polarizer was fixed to the
vertical direction.

The results support the idea that the molecular chains in
the crystalline and amorphous regions align in the MD, For
comparison, the angular dependence of transmitted microwave
intensity for the condenser paper is alsc shown in Fig.2.2B.
This pattern shows that +the fibers orient in the MD,
reflecting the dielectric anisotropy caused by local motions
of cellulose chains in the amorphous or c¢rystalline region.
Consequently, the orientation values obtained by the microwave
method are confirmed by the molecular orientation values
obtained by the IR method.

The dichreism of the IR absorption at the band of 1650
cm™! (H, 0 deformation vibration) was examined. No appreciable
anisotropy of the absorption was observed, suggesting that the
water molecules do not align. Hence, the anisotropy shown by
the microwave method reflects the fiber orientation, which
leads to the orientation of molecular chains_of cellulose in

the paper sheet.

2.4 OQOrientation Pattern by Use of Microwaves

Fiber Orientation Pattern

Figure 2.,3A shows the angular dependence of microwave
attenuation for a machine-made paper with a basis weight of 38
g/m?. The microwave attenuation is larger in the MD than in
the CD.

As mentioned, it was difficult +to decide from the



mechanical breaking strength test of handsheets whether the
fiber orientation is truly random or not, because of the data
scatter (Fig.2.1B). To measure angular dependence of microwave
intensity, a 240 x 190 mm handsheet with a basis weight of 62
g/m? was prepared with a square sheet machine and cut into two
samples. The results are shown in Figs.2.3B and 2.3C.
Although +the dependence is weak in comparison with that for

machine-made paper, it is not negligible, i.e., anisotropy 1is

0.
MO A
A
I
|
|-
270° ' [ s0°
cD \ ‘
I ‘
i \
|
i
180°

Fig.2.3 A: angular dependence of attenuation in
microwaves for a machine-made paper with
a basis weight of 38 g/m?, B: angular
dependence of transmitted microwave intensity
at one position for a handsheet with a basis
weight of 62 g/m?® ( frequency = 3.454 GHz,
max = 1,344, min = 1.031, incline = 2°,
max/min = 1.304, CD/MD = 1.283). C: angular
dependence of transmitted microwave intensity
at the other position for a handsheet with a
basis weight of 62 g/m? ( frequency = 3.454
GHz, max = 1.083, min = 0,922, incline = 54°,
max/min = 1.175, CD/MD = (0.947). The data are
expressed in terms of the polar coordinates.



observed even for a handsheet.

Fiber Orientation Angle

The orientation angles determined from the microwave method

did not change with water content for a machine-made paper and

showed a nearly constant value, indicating that the

orientation angle is essentially independent of water

content {see Fig.2.4). However, it was very difficult to

accurately determine the orientation angle for the paper

sheets with water content above 15 % which gave an almost

¢ircular pattern.

15p
. 2 o
] [« 1
e > o
< 10p
4
>
=
=
H
7 )
0 2 1
0 5 10 15

WATER CONTENT/¥

Fig.2.4 Dependence of water content upon orientation
angle for a machine-made paper with a basis
weight of 71 g/m? . The orientation angle
was determined by the microwave method.



The chemical <composition of the water affects the
orientation patterns. For example, the chemical composition
with high values of dielectric constant and loss at microwave
frequencies reduced the transmitted microwave intensity but
did not change the orientation angle.

It is useful to compare the orientation angle determined
from the microwave attenuation with that determined from the
angular dependence of the mechanical breaking strength 1in
order to examine whether the orientation angle by the
microwave method is reliable. The relationship between the
orientation angles determined - from mechanical breaking
strength and from the microwave attenuation was studied for a
machine-made paper with a basis weight of 3B g/m? which gives
different orientation angles at different positions of the
CD{angle # to MD). The mechanical orientation angle #.. and
the microwave orientation angle #f#.,. determined at the same

position of the CD were found to be related by the exﬁression
fme = 0.87 fnw (2.1)

The correlation coefficient between these two orientation
angles was 0.92, gobd correlation. Thus, the microwave methed
was found to give a reliable orientation angle. However,
since the principles of the two methods are different, fn. and

fwe does not necessarily agree with each other,

Ratio of Transmitted Microwave Intensity, MD to CD

The relationship between +the ratios Y of maximum to
minimum of breaking strength and those of X of maximum to

minimum of transmitted microwave intensity was examined for a



machine-made paper. The ratio Y increased with increasing ¥:
Y « CX (2.2)

The coefficient C depends only on sample thickness.

Therefore, ratic X determined from the microwave method is

substantially as a measure of anisotropy determined from the

mechanical method.

2.5 Change in Fiber Orientation in Cross Direction

Figure 2.5 shows the orientation angles determined from the
angular dependence of microwave attenuation for a machine-made

paper with a basis weight of 66 g/m? at a frequency of
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Fig.2.5 Orientation angles for a machine-made paper
with a basis weight of 66 g/m? at a
frequency of 3491.71%1 MHz. The samples are
numbered' from 1 to 16 front to back side
along the CD.



3491.110 MH=z.

Samples in 16 different portions were prepared

by «cutting a 2200 width sheet. The representative
orientation patterns shown Fig.2.6. Among three
@ifferent areas(front, center, and back) in the CD of the
machine-made paper, the orientation angle is large in the
MD MD MD
24° -ge -30°
!
(] ST
P .
CcD pd A
K4
/ "
FRONT MIDDLE BACK
Fig.2.6 Representative orientation patterns in the

CD for the machine-made paper.

front and back but small in the center. This £finding

suggests that the axis of the molecular or fiber chains
deviates from the MD for the edges, while the meclecular or

fiber chains are almost parallel to the MD for the center.

2.6 Conclusions

A new analyzer allows an accurate determination of the
fiber orientation for sheet materials such as paper. Better
for examining the anisotropy of a paper than the mechanical

strength method, the analyzer is useful for both research and

_25._



quality <control as a method for measuring -orientation
nondestructively. This microwave method is based on the
anisotropy resulting £from the 1local motion of «cellulose
molecular chains with dipole moments. The method was

substantiated by IR and mechanical breaking strength methods.



CHAPTER 3

Relationship between Fiber Orientation and

Dielectric Anisotropy in Paper Sheets

3.1 Introduction

Few studies!®., 28 on dielectric anisotropy at audic
frequencies have been reported, because the preparation of
different samples such as randomly oriented and uniaxially
oriented films reguires a long time. Because the fine
structure of molecular or fiber chains differs from sample to
sample, it is essential to measure the dielectric anisotropy
with the same sample. The dielectric measurements with
contact at audic frequencies suffer from difficulties arising
from incomplete deposition of metal onlrcugh surfaces of paper
sheet consisting of pulp fibers and voids. For such paper
sheets the dielectric measurements at microwave frequencies,
which eliminates the needs for contact between sample and
electrodes, would give useful information on the £fine
structure of fibers in paper sheets.

It is important to study the effect of density on dielectric
properties of paper sheet since the paper sheet consists of
pulp fibers and voids.!7? 25,28 In Chapter 2, the author
described the determination of fiber orientation for paper
sheets by means of microwaves. Furthermore, it is useful to
study the fiber orientation from the comﬁlex dielectric
constant at microwave frequencies and the density dependence
of complex dielectric constant for discussing the physical
properties of paper sheets quantitatively.

Present chapter describes an attempt to determine the fiber



orientation from the dielectric anisotropy®? and then to study
the density dependence of dielectric properties of paper

sheets by using microwave method.®®

3.2 Experimentsl

The samples used were tetrafluoroethylene-
hexafluorcethylene copclymer films, handsheets, machine-made
paper, uniaxially oriented paper, and condenser paper. The
tetrafluoroethylene-hexafluorcethylene copolymer films were
previously found to be random in molecuiar orientation by the
microwave method. The handsheets were prepared from hardwood
pulps beaten in a Niagara beater. Canadian standard
freeness (CSF)4® for the hardwood pulps ranged from 100 ml to
700 ml. The pulps was fracticnated by a classifier of Clark
type according to fiber length, and handsheets were prepared
from each fraction. The Screen meshes of classifier were 14,
24, 42 and B0 wires per inch. The density of handsheet was
higher for smaller mesh and lower freeness. Handsheets with
different densities were eals¢ prepared by changing the
pressure of wet pressing for a pulp with a freeness of 580 ml
C.S.F. The handsheets prepared from softwood pulps were also
used. A uniaxially oriented paper with a basis weight of 41
g/m? and a density of 0.48 g/cm® was prepared by using an
oriented sheet former manufactured by Kumagai Riki Co. The
machine-made paper with a basis weight of 60 g/m?, a density
of 0.81 g/cm®, and a 2800 mm width was also prepared at a
machine speed of 650 m/min. The condenser paper with a basis
weight of 28 g/m? &nd a CSF of 200 ml had a high density of
1.43 g/cmd,

The mechanical breaking strength was measured for



uniaxially oriented sheet with a basis weigt of 41 g/m? and a
size of 15 mm(width) x 100 mm(length) prepared at a stretching
rate of 10 mm/min by wuse of an Instron. The electron
microphotographs were obtained using a scanning microscocpe JSM
T300 (Japan Electron Optics Laboratory Co.).

The density of each paper was determined by measuring its

weight and +thickness. The thickness was measured with a
micrometer. In the study of density dependence, the average
values of ¢' and :¢” at angles of 0° and 90° were used for

eliminating the effect of anisotropy of handsheets.

t

Figure 3.1 shows ¢ at 4.0 GHz for tetrafluoroethylene-

hexafluordethylene copolymer film with different thicknesses.
It can be seen that (' is about 2.04, independent of
thickness. A change in :¢' was less than 1 % even when the
electromagnetic mode was changed. For such a film, the value

of 2.05 had been reported at 1.0 GHz,*’ in good agreement with

2.5

N‘ -
20 000000 ©
1.5 ; . - : :
0 100 300 500

THICKNESS /«am

Fig.3.1 Thickness dependence of dielectric constant

¢' at 4.0 GHz for tetrafluoroethylene-
hexafluoroethylene copolymer.
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our value obtained by the, K analyzer. This agreement may be
taken as showing the reliability of our method for determining
the dielectric constant at a frequency of 4.0 GHz,

The refractive index n for the sheet materials can be
derived from the Maxwell egquation®. When " of dielectric
material is very small and the magnetic permeability is

assumed to be unity the following equation is obtained:

no= (¢')/2 (3.1)

3.3, Anisotropy of Complex Dielectric Constant

Figure 3.2 shows ¢ and ¢" at 3.4 GHz for a uniaxially

oriented paper with a basis ‘weight of 41 g/m? and a density of

£90°),
2 CD 02

Fig.3.2 Angular depeﬁ@ence of dielectric constant ¢
and dielectric loss :" at 3.4 GHz for a
uniaxially oriented paper with a basis
weight of 41 g/m* and a density of 0.48
g/cmd ., The data are expressed in terms of
the polar coordinates.



0.48 g/cm?®. Both ' and ¢" in the MD are larger than those in
the CD which is perpendicular to the MD. The ¢' value cf ca.
2.0 suggests that the paper sample should contain many veids
in comparison with a condenser paper. In other words, this
dielectric constant is an apparent value for the bulk paper
constituting pulp fibers and voids. In fact, the density was
very low.

The electron microphotograph taken fér the surface of the
uniaxially oriented paper is shown in Photo.2. It suggests
that the pulp fibers orient in a preferable direction on an
average. The electron microphotographs for the cross section
in the MD and the CD also given in Photo.2 show that most pulp
fibers in the MD within the plane of the paper, and support
the above suggestion that the paper contains many voids.

Figure 3.3 shows the angular dependence of " at 3.4 GHz
for a condenser paper with a low CSF of about 200 ml and a
high density of 1.43 g/cm?. The density is nearly equal to
those of pulp fibers.? The direction of the maximum "
corresponds to that of the maximum in peolarized infrared
absorbance (see Fig.2.2),%" suggesting that the main chains of
cellulose molecules orient predominantly in the direction of
maximum ¢". The dielectric constant for the condenser
4.2~4.5(at 3.4 GHz), which indicates that this paper has a
condensed texture of pulp fibers.

For comparison, the angular dependence of mechanical
breaking strength for the uniaxially oriented paper with a
density of 0.48 g/em® is shown in Fig.3.4. The breaking
strength in the MD is larger than that in the CD, indicating
that the pulp fibers orient mainly in the MD, as found above

from electron microphotographs.



The relation between the dielectric constant ' and the
mechanical breaking strength § for a uniaxially oriented paper
was found to be expressed, in a first approximation, by the

following empirical equation:

S = -24.1 + 13,6 ¢° (3.2)

with a correlation coéfficient bwtween 8 and ¢' of 0.93 and a

standard deviation of 0.37. In more strict treatment, S may
be expressed in terms of a quadratic equation of :', it was
found that

cD(90°)

o8f

Fig.3.3 Angular dependence of (" at.3.4 GHz for a
condenser paper with a basis weight of 28
g/m? and a density of 1.43 g/cm® . The data
are expressed in terms of the polar
coordinates.



S = 2B82.1 ~ 30.4 ¢' + B24.0 ¢'2 (3.3)
with a standard deviation of 0.31(see Fig.3.5}.
The relationship between S and the dielectric loss " for

the uniaxially oriented paper could be expressed by

S = -3.6 + 32.2 ¢" (3.4)

2—) CcD(90°)

MECHANICAL BREAKING
STRENGTH/kgf

Fig.3.4 Angular dependence of mechan;cal breaking
strength for the uniaxially oriented paper
with a thickness of 85 um, a sample width
of 10 mm, a basis weight of 41 g/m?, and
stretching rate ¢f 5 mm/min. The data are
expressed in terms of the polar coordinates.



with a correlation coefficient of 0.92 and a standard

deviation of 0.40 or by

S = 15.3 - 189.4 " + H36.5H ¢"2 (3.5)
with a standard deviation of 0.222(see Fig.3.5). Thus, we may
conclude that good correlation exist between ;' and S and
between ;" and S.

As discuséed above, the dielectric data reflect +tihe
anisotropy of the cellulose molecules rather than the
macroscopic pulp fibers, while the mechanical anisotropy is
considered to originate from the arrangement o¢f the pulp

fibers. It is well established by ¥-ray diffraction'®s 4% that
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Fig.3.5 Relationships between +the mechanical
breaking strength S and the dielectric
constant :' and between S and the
dielectric loss ¢t" at 3.4 GHz for a
uniaxially oriented paper with a basis

weight of 41 g/m?.

_34._



cellulose molecules orient on an average along axis of pulp
fibers even though the molecules are aligned in a slightly
deviated direction from the main axis of the fibers and that
the actual fibers are anisotropic in molecular orientation.
The parallel relationship between +the dielectric and
mechanical anisotropies may be understood reasonably from such
a structural character of the paper sheet. The complex
dielectric constant for handsheet was essentially independent
of the direction, and consistent with the results for the
sheet from the mechanical breaking strength which showed no
anisotropic behavior.
Figure 3.6 shows the angular dependence of n at 3.4 GHz for
MD (0°)
F
2,0}

CD(90°)

Fig.3.6 Angular dependence of refractive index n at
3.4 GHz for a uniaxially oriented paper with
a basis weight of 41 g/m? and a density of
0.48 g/cm®. The data are expressed in terms
of the polar coordinates.



the same uniaxially oriented paper as in Fig.3.2. Such
an anisotropy can be observed, as 1s the case for the
dielectric constant; from this figure, the birefringence,
which can be defined by the difference in n between the MD and
the CD, 1is determined to be 0.075. 'Since n in different
directicns c¢can be obtained, birefringences in different
directions can also be determined. In this way, the present
microwave method allows the refractive index and birefringence

even of the opaque materials to be determined.

3.4 Change in Anisotropy in Cross Direction

Figure 3,7 shows the angular dependence of (" at three

different positions(front, center, and back) in the CD for the

(front) (middle) (back)

Fig.3.7 Angular dependence of " at 4.0 GHz at three
different positions(front, center, and back)
in the cross machine direction CD for machine-
made paper with 2800 mm, a basis weight of 60
g/m?*, and a density of 0.81 g/cm’.



machine-made paper with a basis weight of 60 g/m?, a density
of 0.81 g/cm®, and a 2800 mm width; samples were prepared by
cutting a 2800 mm wide sheet to 28 different portiocns. The
patterns differ at different positions. The orientation
angles defined as the direction of maximum :" relative to the
MD are plotted against the different positions in the CD in

Fig.3.8. However, the orientation angle did not change for

20

machine made paper
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Fig.3.8 Orientation angles determined from the
angular dependence of ¢" at 4.0 GHz for the
samples prepared at 28 different positiens
in the CD of machine-made paper with a
width of 2800 mm, a basis weight of 60 g/m?,
and a density of 0.81 g/cm®. The samples
are numbered from 1 to 28 from left to
right side along the CD.



different positions in the MD. Thus, angular dependence of
complex dielectric constant reflects the distribution of pulp
fibers within the paper plane.

The orientation angle was larger in the front and the back,
but smaller in the center. This finding suggests that the
axis of molecular chains in the center is oriented mainly in
the MD.

In Fig.3.9, the maximum to minimum ratio of ¢" is plotted

against different positions in the CD for the machine-made

paper with a basis weight of 60 g/m? and a density of

de r
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Fig.3.9 Maximum to0 minimum ratio of :" at 4.0 GHz

at many different positions in the CD of
machine-made paper with a width of 2800 mm,
a basis weight of 60 g/m?, and a density of
0.81 g/cm®. The samples are numbered from 1
to 28 from left to right side along the CD.



0.81 g/cm®. The ratio ¢"aux/t"nin, which gives a measure for
the degree of orientation of pulp fibers, depends on the
position in the CD. The ratio decreased with changing
position from the center toc the back, indicting that the
anisotropy is not uniform in the CD.

Figure. 3.10 shows a relationship between the ratios of

.10

machine made paper
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Fig.3.10 Relationship between ratios of {¢t'~ 1)
at 4.0 GHz and of mechanical breaking
strength in the MD +to CD for machine-
made paper with various basis weights.



(¢t' =-1) and of breaking strength in the MD to CD. The
dielectric ratio increases almost linearly with increasing
mechanical ratio which is a measure of anisctropy. This
suggets that the microwave method is useful for estimating the
anisotropy without destruction, instead of mechanical breaking

strength.

3.5 Density Dependence of Complex Dielectric Constant

Figure 3.11 shows the relationships between ¢' and p and

between ¢" and  at 4.0 GHz, respectively, for wvarious

handsheets consisting of hardwood pulps.  Both ¢ and "

increased linearly with increasing p. The indicated straight

lines represent

¢’ = 0.531 + 3.07 (3.6)
t" = -0.098B + 0.619 (3.7)
in the range of p studied. The correlation coefficient

between ¢' and p, and between :" and p were 0.994 and 0.984,

respectively.
The relationship between ' and :" for the handsheets is
shown in Fig.3.12. The linear relation can be expressed by

t" = -0.2144 + 0,205 ¢ (3.8)

Effect of Freeness

The density of handsheet increased gradually with a

decrease in' freehess. This increase in density was large
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Fig.3.11 Density dependence of ¢' and ¢" at 4.0 GHz

for handsheets consisting of hardwood
pulps. Handsheets were prepared by three

three different methods : (, beating:;
® ., fractionation; (O , pressure of wet
pressing.



especially a8t freeness below 200 ml. A lower fIreeness
obtained by beating pulp fibers may be ascribed to more
pronounced packing induced by cutting and fibrillation of pulp
fibers. The value of ¢' for handsheets increased especially
below a freeness of 200 ml.

Figure 3.11 includes data for handsheets consisting of
hardwood pulps with different freenesses of 100 ml to 700 ml.

Figure 3.13 shows :' at 4.0 GHz for mixtures of two kinds
of pulps with freenesses of 100 ml and 600 ml C.S.F. It can

be seen that ¢' decreases almost linearly with increasing the

handsheet(hard wood pulp)
0.5
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Fig.3.12 t" at 4.0 GHz plotted against ¢' for
handsheets with different densities.
Handsheets were prepared by three different
methods: () , beating; @, fractionation;
O, pressure of wet pressing.




content of the pulp of freeness of 600 ml. The decrease in '
may be caused by the decrease in density due to an decrease in

the content of pulp with lower freeness.

Effect of Fiber Length

The density of handsheets increased with increasing mesh
number (wire per inch). The length of pulp fibers decreased
with increasing mesh number. Thus, an increase in mesh number
should result in the increase in packing of pulp fibers,

leading to an increase in density and have the increase in ¢'.

35r handsheet (L)

3.0}

2 | Y i % .1 | S|

2
0 20 40 60 80 |00(%)

£600mi)
100 BO 60 40 20 O (%)

<100 mi)

Fig.3.13 <{Composition dependence of :' for mixtures
of two kinds of pulps with freeness of
100 ml and 600 ml C.S.F.




Figure 3.14 shows the density dependence of ¢' at 4.0 GHz
for the handsheets prepared by fractionated pulp fibers with
screens of 14, 24, 42, and 80 mesh. As expected, ¢' increased
with increasing mesh number; note that density dependence of
t' for the handsheets fractionated with different meshes has

been shown in Fig.3.11.

Effect of Pressure under Wet Press

Figure 3.11 also includes data for the handsheets prepared
by wet pressing with different pressures. The density of the

handsheets increased with increasing pressure. This is

3.5
handsheet
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Fig.3.14 Density dependence of ' at 4.0 GHz for
handsheets ’¢onsisting_ of hardwood pulps
(L). The figures of 14, 24, 42 and BO
are the mesh numbers. The handsheets
consisting of softwood pulps(N) are used
only for comparison with hardwood pulps(L).



related to the increase in ¢' and t" with increasing density

observed in the figure.

1.6 Discussion

Dielectric Anisotropy

In this study, it was found that only apparent values of ¢'

and ¢" were obtained for the machine-made paper sheet
centaining many voids. These wvalues should approach the
values intrinsic to pulp fibers when the content of voids is
increased. An increase in voids increases with paper
thickness t. <Thus, according to egs.(1.4) and (1.5}, :¢' and

£ increases as the density of paper increases. This 1is

because the number of dipoles per unit volume increases. The
anisotropy of ¢' or (" depends not only on the degree of the
average orientation of pulp fibers but also on the density.
If ¢' changes by wet pressing, the change should be due
entirely to that of t. However, if the fiber orientation does
not appreciably change within the plane of the sheet on wet
pressing, i.e., wWith an increase in density, the molecular
anisotropy should be invariant. Our point is that although ('
and " increase on wet pressing, the ratios of ¢"aax/t"n:1 - and
(t'mux-1)/{t'sin~-1) are not significantly affected by the
content of voids and are a measure of +the dielectric
anisotropy of the paper sheet. The effects of vdids and
thickness are eliminated in these ratios, as described in
eqs. (A-5) and (A-6) of APPENDIX.

We obtained ¢"w.yx/t"win =1.0 for a randomly oriented paper
and t"a.x/t"nin =1.49 for a uniaxially oriented paper. The
difference between these ratios may be used for estimating the

degree of molecular or fiber orientation. Because of the good



correlations are obtained among the complex dielectric
constant, mechanical anisotropy, and electron microscepic
observations, we expect that the average orientation of
molecular or fiber chains can be inferred from our anisotropic
dielectric data.

The remarkable anisotropy of ¢' and ¢” in the polyethylene
terephthalate £film®? containing no voids suggests that the
dielectric anisotropy is ascribed not to the voids but to the
orientation of macromolecular chains. The angular dependence
of ¢" for the condenser paper in Fig.3.3 shows the same thing.

Since the angular dependence of polarized infrared
absorbance and mechanical breaking strength also shows a
maximum in the MD, the cellulose molecules must be oriented on
an average in the MD where the long axis of pulp fibers
orients mainly. Hence, the dielectric anisotrepy may be
explained as the result of local motions which leads to a
change in dipole moment in the direction of main axis of
cellulose molecules.

An effect of water on dielectric behavior was observed.

For example, :' and ¢" increased with increasing the content
cf water. However, for the paper containing 5~7% water, :¢'
did not increase appreciably. Therefeore, water contributes to
the increase in ¢' and ¢", but does not significantly change
the anisotropy of pulp fibers. However, the orientation of
water adsorbed on cellulose molecules could not be observed by
FT-IR measurements.?? Therefore, the changes in ¢' and "
because of the presence of water should contribute to a
circular pattern in the angular dependence of ¢' and (". In

"

short, although the observed ¢' and are the superposition

of contributions from water and +the pulp fibers, the



anisotropy of ¢' and ¢ comes not from the water but from the

pulp fibers.

The accumulation of data for ¢', ¢", n, corientation angle,
and the maximum to minimum ratio of (' -1} and :" will
provide an important data base for manufacturing paper
corresponding to needs. Acually these dielectric data are
important for studying effects of additives, water content,
compactness of pulp fibers, species of pulp in paper, etc.,
and algso for producing the high quality‘paper with respect to
the dimensional stability, such as thermal shrinkage described
in Chapter 2.

Drying conditions for paper sheets are undoubtly important
factors affecting fiber orientation. In this work, however,
we did not go into this problem; we Jjust focused on
developing a quick determination of the complex dielectric
constant and the anisotropy of ©paper sheets by our

instrument.

Density Dependence of ¢' and ("

The density dependence of ¢' and that of " for our
handsheets are expressed by empirical formulae (3.6) and
(3.7) ., The dependence can be interpreted by eqs.(A-8) and
(A-9) in APPENDIX for the relationship between the density and
the number of dipoles per unit volume. We note that formulae
(3.6}, (3.7) and {(3.8) hold for p between 0.5 and 1.0 g/cm®
but not for lower densities. The increase in ¢' caused by
increase in density must result from an increase in the number
of dipoles per unit volume.’ In this work, the density was.
increased by decreasing freeness, increasing mesh number, and

increasing pressure. The difference in the coefficients



between ¢' and p, and between :" and p suggests a possibility
that the peak éf the dielectric f-relaxation is much deviated
from the frequency of 4 GHz. At the present stage, however,
it is difficult to interpret the difference strictly because

of the complexity in the effect of voids and water_upon t' and
¢" for paper sheets. | -

At a given p, ¢' is higher for handsheets with softwood
pulps than for those with hardwood pulps, as 1is shown in
Fig.3.14. This fact may be ascribed to difference in the
magnitude of the effective dipole moment or the number of
dipoles per unit volume between these pulps.

It is known that :' and (" at 4.0 GHz for handsheets may be
ascribed to the local motion of celluolse molecules including
adsorbed water molecules in the amorphous region. In order to
uniformalize the effect of water upon ¢' and " for handsheets
and to focus on the influence of sheet density, we
preconditioned the handsheets at 25 ¢ and 65% RH for 10 days.

If the ¢" comes from polarization due to reorientation of
molecules in the amerphous region, the crystallinity will
affect the value of (". It is unnecessary to consider the
effect of crystallinity upon ¢' and :¢" for the handsheets
prepared by wet pressing with different pressure, because the
handsheets consist ¢f hardwood pulps with the same freeness of
580 ml C.S.F. On the other hand, it may be necessary to
consider the effect of crystallinity upon ¢' and :" for the
handsheets prepared from the pulps with different freenesses
and different mesh numbers because of difference in the
crystallinity due to beating of pulps. Actually, however, all

data obtained from the samples with different freenesses and

different -mesh numbers approximately followed the same



empifical formula to that for the samples prepared by wet
pressing with different pressures. From this fact, the effect
of crystallinity may be negligible for the samples used in the
present study. In the future, it is expected to obtain the
generalized formulae in a wide range of density by strictly
examining the effect of factors such as crystallinity, water
content and species of pulp fibers upon :¢' and :" for the
handsheets.

The characteristics of a paper sheet can be evaluated from
the formulae (3.6) and (3.7) if § is measured. From the
complex dielectric constant estimated from 5, we can obtain
information on the species o¢f pulp fibers, additives and
impurities in the unknown paper sheets and then compare them
with the standard sample. Such data will also reveal the

difference in papermaking method.

3.7 Ceonclusion

The new type of methed using miocrowaves determines the
dielectric anisotropy and refractive index for optically
opaque paper sheets. The angular dependence of ¢' and - ¢"
gives +the degree of molecular or fiber orientation, the
distribution of cellulose molecules in paper sheets. The
density dependence of :¢' and :" also gives an important
information on the packing of pulp fibers in paper sheet,
difference in species of pulps, and the structure and

physicochemica; properties. The accumulation of data for :¢'

I

"

t" and n at microwave frequencies gives an important chart for

manufacturing the functional paper corresponding to needs.



CHAPTER 4

Fiber Orientation of Nonwoven Fabrics

and Cow Leather

4.1 Introduction,

The present chapter deals with fiber orientation of the
sheet materials such as nonwoven fabrics and cow leather which
differ from the paper sheets in the fiber structure such as
the bonding between fibers.

Nonwoven fabrics consisting of polymer £fibers have been
used for various purposes such as nappy and breakwater, and
the range of their industrial use is expanding rapidly. Thus,
the mechanical properties of nonwoven fabric sheets are
important from a practical point of view. For example, the
mechanical nonuniformity in the plane of the fabric sheets
gives such troubles as low tear strength in some directions.
Low tear strength is related to the orientetional distribution
of fibers in the sheets, and the experimental determination of
the fiber distribution in the plane of fabric sheet is
therefore of basic importance.

Generally, it is time consuming to measure the anisotropy
of a nonwoveéen fabric sheet by the mechanical breaking strength
method, which also destroys the sheet. Since any sheet
contains a number of voids, the repreducibility of data for
the mechanical breaking strength is not good, but there has
been no alternative method.

On the other hand, determination of the orientation of
fibrous components in a biolegical tissue is basic to the

study of the relaticnship between the fiber structure and



physical properties of the tissue.'?» 12, 20 The mechanical
breaking strength, X-ray diffraction and electron microscope
methods?? have been used for investigating the orientation of
fibers. The first methed needs a number of specimens prepared
from a wide portion of the test sample, while the others have
the shortcoming that the measurements must be restricted to a
small portion of the tissue. All of them are not always
convenient for practical use because a long time is necessary
for determining the fiber orientation.

In Chapters 2 and 3, the author showed that a microwave
method is useful for accurately determining the fibef
orientation of paper sheets. In this work, it was applied %o

determine the fiber orientation from the dielectric anisotropy

of nonwoven fabrics®® and cow leather.3®

4.2 Experimental

The samples were nonwoven fabrics consisting of rayon
fibers with a basis weight of 43 g/m? and those consisting of
pelyester fibers with a basis weight of 100 g/m?, all prepared
by the dry process methed. Binders were used for bonding
these fabrics. The cow leather sheets were also used with a
basis weight of ca. 850 g/m? and a thickness of ca., 1.15 mm.
Eighteen specimens with a size of 100 x 100 mm as shown _in
Fig.4.1 were prepared from a cow leather sheet with a size of
300 x 600 mm and subjected to measurements.

Mechanical breaking strength was measured for a nonwoven
fabric with a size of 15 mm({width) x 50 mm(length) at a
stretching rate of 50 mm/min and for a cow leather with a size
of 5 mm(width) x 50 mm(length) at a stretching rate of 10

mm/min by use of a testing machine manufactured by INTESCO.



Co., Ltd., Japan. Young's modulus was obtained from the slope
of a stress-strain curve at low strains. The sample thickness

was measured with a micrometer.

Evaluation of Basis Weight

A perturbation theory is also applicable to determination
of the complex dielectric constant of nonwoven fabrics. For a
sample inserted into a cavity resonator, the resonance

frequency f, is given by
f2 = £, {1 -[(¢'-1)/cAt]} (4.1)

where ¢ is a parameter related to the depth of the cavity, t
is a thickness of the sample, A is a constant associated with
the instrument, and {r' - 1) is the dielectric increment at

the resonance frequency.

COW LEATHER
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3 600 mm >

Fig.4.1 Eighteen specimens prepared from cow
leather with a size of 300 x 600 mm for
the microwave measurements.



When the dielectric relaxation belengs to the Debye type

the dielectric increment (¢'{w) - ¢'.) at an angular freguency

of ¢« is expressed by ¢

£ () ~e'a= (4 NP2 /3F) 1/ (14 (w1)2)) (F, /F) {4.2)

where N is the number of dipoles per unit volume, § is the
dipole moment, | is the restoring force, : is the relaxation
time, F:. 1is the local electric field, F is the applied
electric field, :'(v) is the dielectric constant at angular
frequency of w», and ¢' 1is the dielectric constant at high
frequencies. Since the density of the sample sheet is defined
by the weight per unit volume, it is proporticnal to N,
Putting the dielectric increment in eq.{(4.1) equal tec that in

eq. (4.2), at the angular frequency considered, we have
f, = £, (1-Bpt) (4.3)

where B is a constant, p is a density.

Equation 4.3 is rewritten as
fz = f] (l-BW) (4.4)

where W is basis weight, or weight per unit area.
Thus, we find that f, is proportional to W after the sample

is inserted.

4.3 Fiber Orientation in Nonwoven Fabrics

Figure 4.2 shows the angular dependence of transmitted

microwave intensity at a fixed frequency of 4.0 GHz for



nonwoven fabrics consisting of rayon fibers with a basis
weight of 43 g/m?. The transmitted microwave intensity is the
smallest in the MD. This means that the interaction between
the electric field and the fibers in the fabrics 1is the
strongest in the MD.

The orientation pattern is similar +to that observed
previously for uniaxially oriented paper sheets consisting
of pulp fibers, The MOR value of 1.764 determined from the
microwave method indicates an anisotropic orientation of
fibers in the nonwoven fabrics. The CD/MD value is 1.763.
Since the orientration angle is set equal to zero in this
case, the orientation pattern suggests that the fibers in the
nonwoven fabrics are oriented mainly in the MD. When the

fibers are oriented mainly randomly, the transmitted microwave

1.0_
MD -+ (0°)

1.0-
(180°)

Fig.4.2 Angular dependence of transmitted microwave
intensity at a fixed frequency {frequency
= 3.98160 MHz, orientation angle = 0°, MOR
= 1.764, CD/MD = 1.763, basis weight = 43
g/m?) for nonwoven fabrics consisting of
rayon fibers.



intensities must be almost equal in all directions.

Figure 4.3 shows the angular dependence of :' and :" at 4.0
GHz for the same nonwoven fabrics as that in Fig.4.2. Both ¢
and :" are larger in the MD than in the CD. The angular
dependence of ¢' and " is similar to that observed for
uniaxially oriented paper consisting of pulp fibers. The
unsymmetrical pattern for :" implies a remarkable anisotropy
of the fibers, suggesting that the fibers are oriented mainly
in the MD. We found that the angular dependence of ;' and ;"
gave almost circular patterns for a sample with randomly
oriented fibers.

The angular dependence of mechanical breaking strength and

that of elastic modulus E for the nonwoven fabric are shown in

mp(0°)

mp (0°)

Fig.4.3 Angular dependence of :' and ¢" at 4.0 GHz
for nonwoven fabrics with a basis weight of
43 g/m? ., The data are expressed in terms
of the polar coordinates.



Fig.4.4. (The sample size was of 15 mm wide X 50 mm long, and
the stretching speed was 50 mm/min). Both mechanical breaking
strength and the elastic modulus are largest in the MD and
smallest in +the CD, being consistent with the angular
dependence of transmitted microwave intensity and that of ¢".

The electron microphotograph for the surface of the

nonwoven fabrics, Photo.3, confirms the suggestion that the

MD (0°)

BREAKING
STRENGTH/kgf

20F

"Fig.4.4 Angular dependence of mechanical breaking
strength and elastic modulus E for nonwoven
fabrics with a basis weight of 43 g/m?.
The data are expressed in terms of the
polar coordinates.



rayon fibers in the nonwoven fabrics are oriented
predominantly in the MD. As in Fig.4.4, the direction in
the maximum for :' in the MD coincides with that for the
maximum 1in mechanical breaking strength and with that in which
the main axes of the rayon fibers are oriented. Such
coincidence was also found fer wuniaxially oriented paper
sheets consisting of pulp fibers and voids. Therefore, the
author concludes that the fibers of the nonwoven fabrics are

oriented mainly in the direction of the maximum in ¢”.

Basis Weight

Figure 4.5 shows the dependence o¢f resonance frequency
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Fig.4.5 Dependence of resonance frequency measurements
on basis weight for the nonwoven fabrics with

a basis weight of 43 g/mt.



measurements on basis weight for the same nonwoven fabrics.
Here, the sheets with different basis weights were prepared
by piling the fabrics cut successively in the MD. The
resonance frequency measured in the MD decreases with
increasing basis weight. This decrease can be experimentally

eXxpressed as

I = 4046.882 - 0.0391 W {4.5)

The correlation coefficient between f and W was -0.998.
Here, the numerical constant and coefficient in eq. (4.4)
depend on the <cavity resonator sytstem and the species of
sample, respectively. Since the accuracy in frequency is at
most 0.005 MHz, a change of 0.1 g/m? in W should be detected.
Thus, f may be used for estimating W. In other words, a
variation in basis weight in the CD of sheets may be examined

by measuring the resonance frequency.

4.4 Change in Fiber Orientation in Cross Direction

Figure 4.6 shows molecular orientation ratio MOR and
orientation angles observed at different positions in the CD
for a nonwoven fabrics consisting of polyester fibers with a
basis weight of 100 ¢g/m* and a width of 1000 mm. The
positions are numbered from one end to the other along the CD
of the fabrics. Both molecular orientation ratio and the
orientation angle ¢ change with various positions. The
molecular orientation ratio has a maximum near the center in

the CD, while ¢# has a maximum at one end. Figure 4.7 shows



the values of f obtained for the same nonwoven fabrics in the
CD. The wvariation in f reflects the variation in basis
weight, which implies that W of the nonwoven fabrics changes

with changing position in the CD. The results reveal that the

distribution of fibers in the polyester fabrics is not uniform

in the CD.
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Fig.4.6 Molecular orientation ratio MOR and crienta-
tion angle observed at different positions
in the CD for a nonwoven fabrics consisting
of polyester fibers with a basis weight of
100 g/m* and a width of 1000 mm. Molecular
orientation ratio is a measure of anisotropy,
and orientation angle reflects the main
chain direction of fibers (100 g/m?). The
samples are numbered from 1 to 10 from left
to right side along the CD.
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Fig.4.7 Resonance frequency reflects a variation in
the basis weight of the nonwoven fabrics
(100 g/m?). The samples are numbered from 1
to 10 from left +to right side aleng the CD.

4.5 Fiber Orientation in Cow Leather

Figure 4.8 shows the angular dependence of transmitted
microwave intensity for a cow leather with 1.77 mm thickness
and a basis weight of 860 é/m‘. The angular depenednce gives
an orientation pattern 1like an egg cocoon, reflecting a
preferable orientation of fibers in the sheet plane.52 The
direction of the minimum transmitted microwaves, which

corresponds to the direction of the maximum attenuation in



microwaves, deviates by B1 degrees from the standard direction
SD. The orientation angle and th MOR are determined to be 81
degrees and 2.524, respectively.

Photograph 4 shows an electron micrograph of a cross
section of the cow leather sheet, In this photograph, many
bundles of fibers with ca. 10 pm or smaller diameters are
observed. The fibers are oriented mainly in the direction
perpendicular to the surfaces of the sheet plane. The
direction of the maximum attenuation in microwaves may
correspond to that of the main chains of collagen f{ibers

constituting the cow leather.

DATA

NAME =3-3-5
F/GHz=3.942697
ANGLE =-871°
MOR =2.524
CD/SD =0.415

Fig.4.8 Angular dependence of transmitted microwave
intensity at 3.9 GHz for a cow leather with
a sample size of 100 mm(length) x 100 mm
(width) x 1.17 mm (thickness) and a basis
weight of 860 g/m?. The data are expressed
in terms of the polar coordinates.



Figure 4.9 shows the angular dependence of ¢' and ¢" at 3.9
GHz for the same sample wused in Fig.4.8. The angular

dependence also shows a pronounced anisotropy. The directions

of the maximum ¢' and (" deviate by about 83 degrees from the
SD. The direction of the maximum ¢" corresponds to that of
SD o°

Fig.4.9 Angular dependence of ¢' and ¢" at 3.9 GHz

for the cow leather used in Fig.4.8. The
ddata are expressed in terms of the polar
coordinates.



minimum transmitted microwave intensity. The angular
dependence of " suggests that the change in dipole moment due
to the reorientation of molecules is the largest in the
direction of B3 degrees. The orientation pattern and the
angular dependence of ¢' and 1" observed for the cow leather
are similar to those obtained for anisotropic paper sheets.
The angular dependence of mechanical breaking strength for
the cow leather with a thickness of 1.17 mm and a basis weight
of B60 g/m? is shown in Fig.4.10. The direction of maximum
mechanical breaking strength deviates by about 80 degrees from
the SD and approximately coincides with that of the minimum
transmitted microwaves. Thus, the collagen fibers should be

mainly oriebted in the direction of the maximum mechanical

SD o°

90°

MECHANICAL
BREAKING STRENGTH/kgf

Fig.4.10 Angular dependence of mechanical breaking
strength for the cow leather with 1.17 mm
thickness and a basis weight of 860 g/m?.
The data are expressed in terms of +the
polar coordinates.



breaking strength or in the direction of the minimum
transmitted microwaves.

Figure 4.11 shows the orientation patterns at different
positions for the cow leather with a thickness of 1.15 mm and
a basis weight of ca. B850 g/m?. The specimens used here have
been shown in Fig.4.1. The orientation patterns for the cow
leather sheet varied remarkably with changing position,

indicating that the orientation of fibers in the cow leather

is not uniform at any positions. Actually, the orientation
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Fig.4.11 Orientation patterns for the 18 specimens
prepared at different positions of the cow
leather with a size of 300 x 600 mm. The
sample size and the basis weight were 100

mm X 100mm x 1.15 mm and ca. B50 g/m?,
respectively.



angle ¢ and MOR also changed with, changing position(see Figure
4.12). These findings imply that the main chain direction of
the collagen fibers and the degree of orientation vary with
changing position.

Figure 4.13 shows the angular dependence of " at two
different positions for the cow leather used in Fig.4.11. The
directions of maximum ¢" are similar to what we have seen in
the orientation patterns of Fig.4.11. The results in

Figs.4.11 to 4.13 suggest that the orientation of the collagen

fibers should be different at different positions. Such a
cow leather
20l f=406H |
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Fig.4.12 Orientation angles ¢ and MOR values
determined at 18 different positions of
the cow leather with a size of 300 x
600 mm. The sample size and the basis
weight were 100 mm x 100 mm x 1.15 mm
and ca. 850 g/m?, respectively.
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difference in both orientation pattern and dielectric loss may

be ascribed to varying textures of the cow leather.

SD SD
0° cow leather o°

3-3 f =4.0GHz 36

Fig.4.13 Angular dependence of (" at 4.0 GHz for
the cow leather sheets cut at two different
positions. The data are eXpressed in
terms of the polar coordinates.

4.6 Discussion

Nonwoven Fabrics

The orientation pattern and the angular dependence of ¢'

~and "

give information on physical prcperties of nonwoven
fabrics in the CD. For ocur nonwoven fabrics consisting of
rayon fibers, we may write the angle ¢ between the main axis

of fibers and the MD as??



< cost § » = Jo t"($)cos®¢dd /o e"(4)ap (4.6}

which becomes equal to 1 for a perfectly oriented film in the
MD and becomes equal to 1/2 for a randomly oriented sample.
Here, cos?¢ was used instead of sin?p because :" was the
largest in the direction of the main chains for fibers. The
values of :"(§) may also be determined from the angular
dependence of ¢" at a fixed frequency. In the case of two-
dimensional distribution of fibers on the plane of fabrics,

the orientation function may conveniently be used:
H={2 <cos?¢> -1}/2 (4.7)

where H is a fiber orientation function in the nonwoven
fabric.

This function should be 1/2 for a perfectly oriented
fabrics in the MD, while it is zero for a randomly oriented
fabrics.

We determined the value of H to be 0.043 from the angular
dependence of ¢" in Fig.4.2. This H wvalue is relatively
small, indicating that the fibers are oriented in a fixed
direction, on the average. The quality control for the
mechanical uniformity of fabrics can be determined by
examining dielectric values and then changing machine
conditions for the preparation of sheets. Thus, the use of
the microwave method will improve the nonuniformity in quality
along the CD.

It is not feasible to measure the thickness of nonwoven

fabrics accurately by contact methods, because the fabrics

consisting of fibers and voids are flexible and easily



compressed. The quality of nonwoven fabrics may be checked by
measuring W of such fabrics- instead of measuring thickness
with a micrometer. However, since it takes a long time using
the weight and volume of fabrics and to determine W, it is not
so convenient.

Dielectric measurements at audio frequencies'4, 1%, 24 are
not always effective for studying the physical properties of
nonwoven fabrics, owing to the difficulty in making electrodes
by evaporating metal. The evaporated metal penetrates into
the fiber sheets with many voids. Using the microwave methed,
the fiber orientation can bhe determined accurately without
contact, avoiding the problem inherent in dielectric

measurements at audio frequencies.

Cow Leather

It follows from the equation ¢f dielectric relaxation that
¢" 1is parallel to the number of dipoles of segment per unit
volume.’ The angular dependence of " reflects the
distribution of protein molecules consisting of collagen
fibers. Therefore, the fairly strong anisotropy in :" and the
angular dependence of transmitted microwave intensity clearly
shows that the collagen fibers constituting the cow leather
should be oriented mainly a preferable direction. Since the
change in dipole moment due to the reorientation of protein
molecules is the largest in the direction of ca. B3 degrees,
the protein molecules in collagen fibers may also be oriented
in the preferable direction. The anisotropy found by our
microwave method for the cow leather coincided with that in
the mechanical breaking strength. The observed change in

anisotropy with varying position may have something to do with



the function of the skin. For example, the expansion and the
contraqt;qgcorresponding to the movement of the cow body may
require the preferable orientation of collagen fibers in a
fixed direction,

The density of the cow leather used in the present study
was determined to be about 0.735 g/cm®. This small value
means that the cow leather contains many voids, as shown in
Photeo.4, and explains the small ¢' and (" values obtained feor
the cow leather. The dielectric values may also be affected

by the chemical compeosition and the content of water.

4.7 Conclusion

The angular dependences of transmitted microwave intensity,
t' and ¢" allows the fiber orientation to be accurately
determined for nonwoven fabrics and cow leather sheets. The
fiber orientation changed with <changing positions of <the
sheets. This microwave method 1is quite promising for
evaluating the physical properties of sheet materials with

voids.



CONCLUSIONS

This thesis has dealt with the following subject: findings
of a new method and a new type of instrument for accurately
determining the fiber orientation of sheet materials such as
paper, nonwoven fabrics and cow leather by use of polarized
microvaves. Emphasis was put on the determination of an
orientation pattern reflecting the orientational distribution
of fibers in sheets. The principal results are as follows:

(1) & new method and a new type of instrument was developed
for accurately determining the fiber orientation from the
dielectric anisotropy by use of microwaves. The instrument
consists of a pair of rectangular waveguides with a narrow gap
in which the sample sheet is set. The polarized microwaves
are irradiated vertically to the sheet, which is rotated for
6.0 s around the central axis normal to the sheet plane. The
angular dependence of the transmitted microwaves and complex
dielectric constant leads to the determination of the fiber
orientation. Thus, the new method allows the orientation
angle, the ratio MOR of maximum to minimum intensity of the
transmitted microwaves, the ratio of CD to MD transmitted
microwave intensity, the measuring frequency, and the complex
dielectric constant at microwave frequencies to be determined
in as short a time as 30 s.

(2) The new method using microwaves makes it possible to
determine the fiber orientation of paper nondestructively.
Based on results obtained by the mechanical breaking strength
and infrared absorption measurements, the direction of the
melecular orientation of cellulose chains is reflected in the

orientation angle determined by the microwave method. A



correlation coefficient of 0.92 was obtained between the
orientation angles determined from the angular dependences of
the mechanical breaking strength and of microwave attenuation.
The analyzer is useful for a quick determination of
orientation in various papers,

(3)  The new type of method using microwaves determines the
dielectric anisotropy and refractive index for optically
opaque paper sheets. The dielectric anisotropy ascribable to
the local motions of cellulose molecules 1is supported by
electron microscopic observations and mechanical anisotropy.
The angular dependence of the complex dielectric constant
gives the degree of molecular or fiber orientation and the
distribution of cellulose molecules in paper sheets. The -
direction of the average orientation of molecular chains can
be inferred irom the anisotropic data. 1In order to study the
effect of density of paper sheets with voids, the ¢' and ¢" at
microwave frequencies are determined for handsheeis of various
densities prepared by <changing freeness, mesh size for
fractionation and pressure for wet pressing. The accumulation
of data for complex dielectric constant and refractive index
at microwave frequencies gives an important chart for
manufacturing the functional paper corresponding to needs.

(4) The new method uses polarized microwaves to determine the
fiber orientation of nonwoven fabric and cow leather sheets
without contact and destruction. The angular dependence of
transmitted microwave intensity at 4.0 GHz allows the fiber
orientation to be determined in only 30 s. The molecular
orientation ratio and the orientation angle changed with
changing position of nonwoven fabric and cow leather sheets.

An orientation function was estimated from +the angular



dependence of " as a measure of the distribution of fibers in
the nonwoven fabric. The resonance frequency can be used to
estimate the variation in basis weight in the cross machine
direction. The direction of the minimum transmitted microwave
intensity and the maximum dielectric loss coincides with that
of the maximum mechanical breaking strength, suggesting that
the polyester fibers in the nonwoven fabrics and the collagen
fibers in the cow leather should be oriented mainly in a
preferred direction of the maximum transmitted microwaves and
the maximum dielectric loss. The present microwave method was
found to be convenient for determinming the orientation of
fibers in nonwoven fabric and cow leather sheets accurately,
nondestructively and without contact.

Finally, the new type of microwave method developed by the
author made clear the fiber orientation of the sheet materials
such as paper, nonwoven fabrics and cow leather and then will
occupy an indispensable position for studying the physical
properties such as the fiber orientation and the dielectric
anisotropy at microwave frequencies. The present microwave
gives a new tool for quickly determining the molecular or
fiber orientation of sheet materials without contact instead
of the conventional methods such as X-ray diffraction,
infrared absorption, ultrasonic velocity, mechanical breaking

strength, etc.
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APPENDIX

A.17 Dielectric Anisotropic Index

According to egs.(1.4) and {1.5), ¢' and :" decrease with
increase in t, which is an increasing function of the content
of voids in the sheet if the basis weight stays unchanged.

If the fiber arrangement and the basis weight are the same
for two sheets with different thicknesses t{1) and t(2), the
resonance frequency and @ value observed for them do not

differ. For these sheets eqgs.{1.4) and (1.5) give
[e' ()-11/[e"{2)-1] = t(2)/t(1) (A-1)
e" (N /e (2) = t(2) /2 (1) (A-2)
which indicate that the ratios of [¢'(1)-11/[t'(2)-1] and
¢" (1) /¢"(2) depend only t(2)/t(1). Here, ¢' (1), ¢"{(1} and
t'{2), ¢"(2) are the values in a fixed direction for the
samples with thicknesses of t(1) and t(2), respectively.
The direction of maximum ¢' or :" may not differ for the
two samples. Thus, eqs.(A-1) and (A-2) yield
[E|mn:(1) "1}/[5‘mln(1) "1] = [E'mll(z) '1]/[5|mln(2) "1]
(A-3)

E"mll(1)/£"m|n(1) = Eumxl(z)/!"m!n(z) (A"‘I)

which imply that both t"man/t "m0 and (E‘mll "1)/([|mln -1)

are invariant for samples with different thicknesses but the



same basis weight. In other words, these ratios should give
an anisotropic index essentially free from the effect of
voids.

More generally, the following relatiocns can be derived for

a given sample:
(¢ "max =1)/(e'nsn =10 5 (fir -f2r ey )/ (E1r —E2r (mim)
(A-5)
t"aax/t"min = (1/02 (maxy =1/00) /(1/Q2 tminy ~1/0y) (é-sy
These ratios of (¢'asx =1)/{e'win -1) and ¢"wux/¢"a:» may
be considered ‘to be anisotropic indices substantially free

from the effects of voids.

A,2 Dielectric Relaxation

For the dielectric relaxation {f-relaxation) due to local
motion of macromélecules, the dielectric strength ¢"., -¢'.

can be written as®?

t'e -t'a = (41/3) (Nu2/§ ) (F./F) (A-T7)

where ', is the dielectric constant at low frequencies, ¢'.
is the dielectric —constant at high frequencies, N is the
number of dipoles per unit volume, u is the dipole moment, £
is the restoring force, F. is the local electric field, and F
is the épplied electric field. From (A-7) we express the

dielectric constant ¢'{(s) and dielectric loss ¢"{s}) for the

dielectric f-relaxation as



£ (o) =¢"a

1

(4r/3) (Nu2/8 )1 (gle )/ X+ {01 ,}?)}(F:/F) = N =

(A-8)
g " (ﬂJ)

(41 /3) (Nu2 /€ )2{g(rs)ots/ (I+(ers)2)) (F:/F) « N« p
(A-9)

which indicate that :'(¢) - ¢'- and ¢"(s) at an angular
frequency of % are linearly related to N. Here, g is the
relaxation.sbectrum and 1 is the relaxation time. Since N is
proportional to the,density'p, both ¢e'(s) .- ¢'s and " (o) at a
fixed microwave frequency +should var& in proportion te the

density p ef a paper sheet.
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Photo.1 Microwave molecular orientation analyzer.



Photo. 2

=
10 km

Electron microphotographs of the surface
and the cross sections 1in the MD and CD
for a uniaxially oriented paper with a
thickness of 85 g m and a basis weight of
41 g/m?



Photo.3 Electron microphotograph for the surface
of the nonwoven fabric (43 g/m?).

Photo.4. Electron microphotograph of a cross
section of the cow leather.



