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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 sheets such 

as the mechanical breaking strength and the dimensional 

stability concerning thermal deformation and humidity 

expansion. 8 , I I The molecular or fiber orientation has been 

investigated by several methods such as X-ray dif fraction. J a, 

~ I, (8,49 ultrasonic velocity, 4 B mechanical breaking strength,~, 

1 1,39 Young's modulus,6, ~8 polarized fluorescence,22 laser 

light,2. 42, 43 nuclear magnetic resonance, 28. 49 soft X-ray 

radiogram,5 S ,54 and optical or electron microscope. 2, I 0, 20, 40 

These conventional methods I however I have some disadvantages 

to determine the orientation of fibers: for example, X-ray 

di f fraction method has the shortcoming that the measurem"ent 

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 piezoelectr ic element and the surface of sheet. 

Because of data scattering in mechanical and Young's modulus 

methods, the measurements must be repeated 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 

-1-



the r~laxation due to the local motion of, polymers in sheet 

materials. Only a few reports! 5.44 have been presented on 

dielectric properties of polymers at microwave frequencies, 

al though there have been manyl 4. 19. 23 • 21 , 29 at audio 

frequencies. These reports have been restricted to polymer 

films with no voids. Actually, it has been very difficult to 

determine the fiber or-ientation 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 frequencies. 

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 of 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 orientation 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 30 s by the new microwave method. The orientation 
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patterns determined from the microwave method are compared 

wi th the results obtained by the other conventional 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 orientation. 

Chapter 3 is devoted to fiber orientation determined from 

the anisotropy of complex dielectric constant for paper sheets 

by using microwaves. The dielectric anisotropy 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 information for determining 

orientation of polymet" fibers in the nonwoven fabrics and 

collagen fibers in the cow leather, respectively. 

Finally, conclusions from the present investigation are 

summarized. 
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CHAPTER 

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 of microwaves. This chapter 

describes the principle of determining fiber orientation based 

on the new method using microwaves and the method for 

evaluating the orientation pattern and the complex dielectric 

constant at microwave frequencies. The construction of the 

instrument and the method 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 a ,P,7, 

and so on from the high temperature range. 14 , 61 The 

relaxations a and P (1) were assigned, respectively, to the 

micro-Brownian motion of long flexible dipoles and to local 

motions such as twist or rotation of short dipoles attached to 

the polymer chains. 1 " 2. The p or 1 relaxation for polymers 
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are usually observed at lpw temperatures below room 

temperature. 

Only a few fundamental studies· 6, • 4 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. 14 • IB , 10.23, 24,27-29,51 

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. H , 19, 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.IB, 19 Such an anisotropy, which 

depends on the orientation of molecular or fiber chains in 

sheet material, may be determined from the angular dependence 

of interaction between po~arized microwaves and the material. 

The interaction, which can be detected as change in the 

intensity of the transmitted microwave, depends on the 

rotation angle of 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 

dielectric loss til) of the sheet materials at 

t I and 

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 
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swept, the resooance 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 

(1. 1 ) 

Here, I, I 10, and QI (i= 1 ,2) are the transmitted microwave 

intensity at a given frequency f, its value at the resonance 

frequency flo defined by one at a maximun at 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 O. The 

subscripts 1 and 2 indicate the values before and after the 

insertion of sample. 

Actually, it can be seen in Fig .1.1 that the insertion of 

the sample shifts the resonance frequency fa to the lower side 

and also diminishes I at fa. 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 loss. Therefore, the anisotropy in the f I and t" 

of the sheet materials gives the different resonance curves at 

different directions in tbe 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 !-lm thickness in different directions or at 

different rotation angles 6. 87 A curving mountain chain is 

observed within 3600
• The 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 
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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 frequency. 

The fixed frequency should be selected above the resonance 

frequency, where the transmitted microwave intens i ty is one-

half that at the resonance frequency in the resonance curve 

which is located at the lowest frequency side. This frequency 

is most appropriate, S 7 in that anisotropic data such as the 

ratio 1m I. 11m I n of the maximum-to-minimum intensity (MOR) are 

most sensitive around it. The orientation angle independent 

of sample thickness coincides with the direction of main 

100 

50 

blank 

biax-PET ([OO,.um) 

fo 1:3983.789 MHz 

fa =3989.108 MHz 

insertion of sample 
( 

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 ~m. The resonance frequencies to before 
and after the insertion of the PET film are 
3989.108 and 3983.789 MHz, respectively. 
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chains of fibers. Since ~he orientation pattern gives 

information on the MOR and the orientation angle, it is very 

convenient for estimating the orientation of molecules or 

fibers accurately and nondestructively. This pattern also 

reflects the distribution of fibers. The desired pattern can 

be also obtained by cutting the three-dimensional pattern at 

the fixed f.requency. 

BIAX-PET(lOO \1m) 

O· 

90' I r .. f. 270' 

( .V "'~''-'''''' 
10 ... ~ .............. 

f= 3984.050 MHz 

3984.050 MHz 

Fig.l.2 Three-dimensional pattern and orientation 
pattern for the biaxially stretched PET film of 
100-~m thickness. The three-dimensional pattern 
was cut at a frequency of 3984.050 MHz, and the 
orientation pattern was obtained from the 
angular dependence of transmitted microwave 
intensity at the frequency of 3984.050 MHz. 
The orientation angle was determined to be 56 D 

at which the resonance curve is located in 
the lowest side. 
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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 

E" is very small. I 

The complex dielectric constant f * (= I - jl It) for a 

dielectric sheet is expressed by 

( 1 .2) 

where ~ is the complex angular frequency, F the electric field 

in the cavity, V, the total volume of the cavity, V I 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 FI in the cavity is presumed to be known and 

only the perturbed field F2 in the sample volume VI remains as 

an unknown. The field F2 is found only in context with a 

knowledge of sample geometry and of Fl' The expression 

relating complex angular frequency to real frequency f and Q­

value is derived as 

( 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 f I and the dielectric loss c" are given by 
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(1. 4) 

[" = (Bc/2t) (1/02 - 1/01) (1 . 5) 

or 

(1. 6) 

Here, c is a par:ameter: 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 between a 

pair of r:ectangular waveguides in the instrument. Equations 

(1.4) and (1.5) or (1. 6) , indicate that f' can be determined 

from the relative shift in the resonance frequency and f" 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 is 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 a pair of 

rectangular waveguides with a narrow free space in which the 

sheet sample is set. The cavity resonator is shown in Fig.l.3, 

which details the x, y and z directions, as well as the 

interior cavity dimensions a, band c. The waveguides have an 

oscillator in a side and a detector in the other side, as 

shown in Fig.l.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 
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stabili ty in power output and frequency was very good. The 

detector consisting of a GaAs semiconductor was used. The 

narrow gap of 5 mm length between a pair of waveguides was 

made so that the Q-value should not be reduced in comparison 

wi th 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 2 9 mm for b , and 1 1 0 mm for c . Her e , 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 

y 

z 

a. 

Fig.l.3 ·Cavity resonator system with interior 
dimensions a, band c in the x, y and z 
directions, respectively. 
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electromagnetic field was a transverse electric wave(TE) of a 

type TE 10L ,l,a 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 

controller. 

• , 

. 
• • 

The transmitted microwave intensities were 

CONTROLLER 

• I 
• I 
• I 
• I :1 

c 

. , 
I , 
t , , , 

Fig.1.4 Cavity resonator system consisting of a pair of 
rectangular waveguides with a narrow gap of 6. 
The sample sheet is inserted into the gap, and 
the cavity resonator is connected with an 
osc~llator and a detector by two irises. 
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detected by a detector and are digitalized for each ~otating 

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 pr inter, including the 

orientation pattern, a .measuring frequency, an orientation 

angle between the main axis of molecular or fiber chains and a 

fixed standard direction, the observed maximum Im.. and 

minimum 1m 1 n intensities, and 

Cavlly resonator 
(sample) 

the ratio MOR of 

Fig.l.5 Block diagram of the analyzer. 
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maximum to minimum intensities. The attenuation in microwave 

intensity can be obtain~d 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 fot the 

sample with almost the same thickness. Furthet", the t"atio 

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 desct"ibed 

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-

2001A. 

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 

cavi ty resonator system, the frequency is adjusted above the 

resonance frequency by a dial as described Section 1.3 1 and 

the measurement is made by putting the computec key board. 

After rotation of sample for 6.0 s, the orientation pattern is 

obtained (see Fig. 1.2) . 

The resonance frequency and the' half-width in the 

resonance curve were searched by sweeping frequency with a 

tuner rotated, and the E I 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 
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meas~red successively to determine t I and t ". It took about 3 

min to obtain the complete angular dependence of Eland £" at 

every 30·. 

GHz. 

The measuring frequencies were mainly 3.2 to 4.0 

All measurements were made at 20 'C 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. 
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CHAPTER 2 

Fiber Orientation Pattern of Paper Sheets 

2.1 Introduction 

The fiber orientation in paper sheets has been studied by 

mechanical breaking strength,··, so elastic modulus,B laser 

light,42, ~s ultrasonic velocit y48 and X-ray diffraction.4. 

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 di f ferent 

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 ~s . useful for 

measuring elastic modulus, suf f ers 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 nob 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). 
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For an anisotropic $heet, the resonance curve changes with 

the direction, in that the transmitted microwave intensity 

measured at a fixed frequency above the resonance frequency 

changes at di f ferent directions when the sheet is rotated. 

The dielectric anisotropy caused by local motions reflects the 

molecular orientation of polymer chains I 0 in the amorphous 

and/or crystall ine region. To determine such a molecular or 

fiber orientation at room temperature, it is necessary to use 

polarized mict'owaves. The molecular or fiber orientation in 

an anisotropic sheet can be detet'mined from the angulat' 

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.sl,ss 

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 I 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., Ltd. The mechanical breaking strength was 

measured for a machine-made paper and a hanqsheet with a 

sample size of 15 mm x , 00 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 
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breaking strengt~ for a machine-made paper with a basis weight 

of 38 g/m2. Here, the data points show the average values of 

the breaking strengths measured three times in the same 

direction. The breaking strength is larger in the MD than in 

the CD. 

Figure 2.1 B shows similar results (average of 4 

measurements) for a handsheet with a basis weight of 62 g/m2. 

The data show considerable scatter. The angular dependence of 

breaking strength is seen to be relatively weak, which 

suggests a nearly random orientation of molecules. 

2700 

CD 2 

Fig.2.1 

MD 
5 

5 

Angular 
for (A) 
weight 
a basis 

A 

o 

dependence of breaking 
a machine-made paper 

of 38 g/m2 and (8) a 
weight of 62 g/m2 . 

MD 

o 

5 

strength in kgf 

with a basis 
handsheet with 

The data are 

B 

90t> 

5 kgf 

expressed in terms of the polar coordinates. 
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Orientation ,by FT-IR Spectra 

Polarized FT-IR measurements were carried out for a 

condenser paper with a thickness of 22 ~m. 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 crystalline bands of 1420 cm- 1 (CH2 scissoring 

MD 
0° 

1420 cm-I~ 
1372 Crri'~~ 

\\ 
900 Crri'8'\ LL 

O_}j I 

IJ 
b 
I 

1800 

A 

MD 

0° 

B 

2.0 

Fig.2.2 A: angular dependence of infrared absorption 

at crystalline bands of 1420 cm- 1 I 1372 cm- 1 I 

and an amorphous band of 900 cm- 1. 8: 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. 
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motion} and 1372 cm-) (CH bending mode) f and an amorphous band 

of 900 cm- I for cellulose 2 I is shown in Fig. 2. 2A. The sample 

sheet was placed in a fixed direction 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 regibns align in the MD. For 

comparison, the angular dependence of transmitted microwave 

intensity for the condenser paper is also 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 crystalline region. 

Consequently, the orientation values obtained by the microwave 

method are confirmed by the molecular orientation values 

obtained by the IR method. 

The dichroism of the IR absorption at the band of 1650 

cm- I (Hz 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 Orientation 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 

91m2. The microwave attenuation is larger in the MD than in 

the CD. 

As mentioned, it was difficult to decide from the 
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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/m2 was prepared with a square sheet machine and cut into two 

samples. The results are shown in Figs.2.3B and 2.3C. 

Al though the dependence is weak in comparison with that for 

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

oa 
MD A B 

~ .. 0° 0° 

" \ Ii .. 
I I .. 

I .. 
270° 90° 900' 

CD 
2.0 

:1 

2.0 

1800 

Fig.2.3 A: angular dependence of attenuation in 
microwaves for a machine-made paper with 
a basis weight of 38 g/m2. 8: angular 
dependence of transmitted microwave intensity 

at one position for a handsheet with a basis 
weight of 62 g/m 2 ( frequency = 3.454 GHz, 

max = 1.344, min = 1.031, incline = 2°, 
maximin = 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/m2 ( frequency = 3.454 

GHz, max = 1.083, min = 0.922, incline = 54 D
, 

maximin = 1.175 I CD/MD = 0.947). The data are 
expressed in terms of the polar coordinates. 
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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 

orientation 

nearly 

angle 

constant value, 

is essentially 

indicating that the 

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 

circular pattern. 

QJ 
QJ () 
10-1 
btl 
III 

't:I ........ 

~ 
~ 
~ 
H 5 !;l 
~ 
f:I:l 

~ 
0 

00 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 2 • The orientation angle 
was determined by the microwave method. 
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The chemical composition of the water af fects 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 in 

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 38 g/m2 which gives 

different orientation angles at different positions of the 

co (angle 0 to MOl. The mechanical orientation angle B m I and 

the microwave orientation angle 8 m., determined at the same 

position of the CD were found to be related by the expression 

8m • = 0.87 Bmw (2. 1) 

The correlation coefficient between these two orientation 

angles was 0.92, good correlation. Thus, the microwave method 

was found to give a reliable orientation angle. However, 

since the principles of the two methods are different, 8m. and 

Bmw does not necessarily agree with each other. 

Ratio of Transmitted Microwave Intensity, MO 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 
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machine-made paper. The ratio Y increased with increasipg X: 

Y oc CX (2.2) 

The coefficient C depends only on sample thickness. 

Therefore I ratio 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 2 at a frequency of 

20 

~ 10 
0) 
(1) 0 t------..... IJ--------­

"C 

~ -10 
-J 

~ ~20 
< 

-30 

(front) 

Fig.2.5 Orientation angles for a machine-made paper 
with a basis weight of 66 g/m 2 at a 
frequency of 3491,11 MHz. The samples are 
numbered from 1 to 16 front to back side 
along the CD. 
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3491.110 MHz. Sa~ples in 16 different portions were prepared 

by cutting a 2200 mm width sheet. The representative 

orientation patterns are shown 'in Fig. 2.6. Among three 

dU ferent areas (front, center, and back) in the CD of the 

machine-made paper, the orientation angle is large in the 

MD MD MD 

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 a~is of the molecular or fiber chains 

deviates from the MD for the edges, while the molecular 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 
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quality contro~ as a~ethod for me~suringor~entation 

nondest~uctivaly. This microwave method is based on the 

anisotropy resulting from the loea.l mot.ionof cellulose 

moJecular chains with dipole moments. 

s.ubstantiated by IR and mechanical breaking strength .methods. 



CHAPTER 3 

Relationship between Fiber Orientation and 

Dielectric Anisotropy in Paper Sheets 

3. 1 Introduction 

Few studies J6 • 28 on dielectric anisotropy at audio 

frequencies have been reported I because the preparation of 

different samples such as randomly oriented and uniaxially 

oriented films requires 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 audio frequencies suffer from difficulties arising 

from incomplete deposition of metal on rough surfaces of paper 

sheet consisting of pulp fibers and voj,ds. For such paper 

sheets the dielectric measurements at microwave frequencies I 

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. J 7, 2; 5, 2; 6 

described the determination of 

sheets by means of microwaves. 

study the fiber orientation 

In Chapter 2, the author 

fiber orientation for paper 

Furthermore, it is useful to 

from the complex 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 
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orientation from ~he dielectric anisot ropy S4 and then to study 

the density dependence of 'dielectric properties of paper 

sheets by using microwave method. 56 

3.2 Experimental 

The samples used were tetrafluoroethylene-

hexafluoroethylene copolymer films, handsheets, machine-made 

paper, uniaxially or iented paper, and condenser paper. The 

tetrafluoroethylene-hexafluoroethylene copolymer films were 

previously found to be random in molecular orientation by the 

microwave method. The handsheets were prepared from hardwood 

pulps beaten in a Niagara beater. Canadian standard 

freeness (CSF) 4 6 for the hardwood pulps ranged from 100 ml to 

700 mI. The pulps was fractionated 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 80 wires per inch. The density of handsheet was 

higher for smaller mesh and lower freeness. Handsheets with 

different densities were also 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 wi th a basis weight of 41 

g/m2 and a density of 0.48 g/cmS 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 2 , a density 

of 0.81 g/cms 
I 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/m2 and a CSF of 200 ml had a high density of 

1.43 g/cms • 

The mechanical breaking strength was measured for 
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uniaxially oriented sheet with a basis weigt of 41 g/m2 and a 

size of 15 mm(width) x 100 mm(length) prepared at a stretching 

rate of 10 mm/min by use of an Instron. The electron 

microphotographs were obtained using a scanning microscope JSM 

T300(Japan Electron Optics Laboratory Co.). 

The dens i ty of each paper was determined by measur ing its 

weight and thickness. The thickness was measured with a 

micrometer. In the study of density dependence, the average 

values of € I and € II at angles of 00 and 900 were used for 

eliminating the effect of anisotropy of handsheets. 

Figure 3.1 shows E I at 4.0 GHz for tetrafluoroethylene­

hexafluoroethylene copolymer film with different thicknesses. 

It can be seen that t I is about 2.04 t independent of 

thickness. A change in c I 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,41 in good agreement with 

2.5~--------------------------------~ 

- - -2.0.... - -

l­

I-

1.501:---,-'0L-O--'--3 ..... 0 .... 0-....I--50....I-O-...J 

THICKNESS/p.m 

Fig.3.1 Thickness dependence of dielectric constant 

l' at 4.0 GHz for tetrafluoroethylene­
hexafluoroethylene copolymer. 
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our value obtained by the. 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 

der i ved f rom the Maxwe 11 equation ~ . When f" of dielectric 

material is very small and the magnetic permeability is 

assumed to be unity the following equation is obtained: 

n = (£')1/2 (3.1) 

3.3, Anisotropy of Complex Dielectric Constant 

Figure 3.2 shows E' and t" at 3.4 GHz for a uniaxially 

oriented paper with a basis 'weight of 41 g/m2 and a density of 

Fig.3.2 Ang'ular depen\dence of dielectric constant E I ,-
and dielectric loss t" at 3.4 GHz for a 
uniaxially oriented paper with a basis 
weight of 41 g/m2 and a density of 0.48 
g/cmS • The data are expressed in terms of 
the polar coordinates. 
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0.48 g/cm3 • Both !' and f" in the MD are larger ,than those in 

the CD which is perpendicular to the MD. The f' value of ca. 

2.0 suggests that the paper sample should contain many voids 

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 for 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 wi thin the plane of the paper, and support 

the above suggestion that the paper contains many voids. 

Figure 3.3 shows the angular dependence of f" at 3.4 GHz 

for a condenser paper with a low CSF of about 200 ml and a 

high density of 1.43 g/cm3 • The density is nearly equal to 

those of pulp fibers. S The direction of the maximum f" 

corresponds to that of the maximum in polarized infrared 

absorbance (see Fig.2.2) ,3D suggesting that the main chains' of 

cellulose molecules orient predominantly in the direction of 

maximum rl!. 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 or iented paper with a 

density of 0.48 g/cm 3 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. 
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The relation between the die,lectric constant ! I and the 

mechanical breaking strength S for a uniaxially oriented paper 

was found to be expressed, in a first approximation, by the 

following empirical equation: 

s = -24. 1 + '13.6 ! I (3.2) 

with a correlation coefficient bwtween Sand, I 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 I I , it was 

found that 

Fig .. 3;3 

0.4 
~ 
U,) 

0.2 

Angular dependence of 
condenser paper with 
g/m 2 and a density of 
are expressdd in 
coordinates. 

I~ at,3~4 GHz for a 
a basis weight of 28 

1.43 g/cm3 • The ~ata 
terms of the polar 
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S = 282.1 - 30.4 t' + 824.0 £'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 t" (3.4 ) 

Fig.3.4 

MECHANICAL BREAKING 
STRENGTH/kgf 

Angular dependence of mechan~cal breaking 
strength for the uniaxially oriented paper 
with a thickness ofB5 Ilm, a sample width 
of 10 mm, a basis weight of 41 g/m2, and 
stretching rate of 5 mm/min. The data are 
expressed in terms of the polar coordinates. 
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with a correlation coefficient of 0.92 and a st~ndard 

deviation of 0.40 or by 

s = 15.3 - 189.4 til + 636.5 (112 (3.5) 

with a standard deviation of 0.222 (see Fig.3.5). Thus, we may 

conclude that good correlation exist between and Sand 

between I" and S. 

As discussed above, the dielectric data reflect the 

anisotropy of the cellulose molecules rather than the 

macroscopic pulp fibers, while the mechanical anisotropy is 

considered to originate from the arrangement of the pulp 

fibers. It is well established by X-ray diffraction 1B ,45 that 
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Relationships between the mechanical 
breaking strength S and the dielectric 
constant t' and between S and the 
dielectric loss t 11 at 3.4 GHz for a 
uniaxially oriented paper with a basis 
weight of 41 g/m2. 

-34-

?O 



cellulose mo~ecules orient on an average along ~xis 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 t 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 

2.0 

1.0 

I:: 

0.5 

a 
CD (90°) 1.0 0.5 0.5 n 1.0 

0.5 

1.0 

Fig.3.6 Angular dependence of refractive index n at 
3.4 GHz for a uniaxially oriented paper with 
a ba~is weight of 41 g/m2 and a density of 
0.48 g/cms • The data are expressed in terms 
of the polar coordinates. 
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the same uniaxially oriented paper as in Fig.3.2. Such 

an anisotropy can b~ observed, as is 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, is determined to be 0.075. . Since n in dif ferent 

directions 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 f II at three 

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

MD MD MD 

CD 

( front) ( middle) (back) 

Fig.3.1 Angular dependence of f" 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/m2 , and a density of 0.81 g/cms • 
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ffiqchine-made paper with a basis weigh~ of 60 g/m2, 6 density 

of 0.81 g/cm3 , and a 2800 mm width; samples were prepared by 

cutting a 2800 mm wide sheet to 28 different portions. The 

patterns differ at different positions. The orientation 

angles defined as the direction of maximum I" relative to the 

MD are plotted against the dif ferent positions in the CD in 

Fig.3.B. However, the or ientation angle did not change for 

20 
machine made paper 

III 0 
III 10 1-1 
01 
III 
'0 
'} 
.Il) 

CD 
0 

t = 80/l-m 

.1 5 10 15 20 25 30 

CROSS DIRECTION 

Fig.3.B Orientation angles determined from the 
angular dependence of f" at 4.0 GHz for the 
samples prepared at 28 different positions 
in the CD of machine-made paper with a 
width of 2BOO mm, a basis weight of 60 g/m2, 
ahd a density of 0.81g/cms • The samples 
are numbered from 1 to 2B from left to 
right side along the CD. 
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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 dif ferent positions in the CD for the machine-made 

paper with a basis weight of 60 g/m2 and a density of 

Fig.3.9 

1.20 
machine made paper 

0 
0 

c 
~ e 1.15 

~ 
a 

; e 
\I,,) 

1.10 00 

t • 80,..m 

I.O~ 
~ 10 15 20 25 30 

CROSS DIRECTION 

Maximum to minimum ratio of I ~ 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/m2 I and a density of 
0.81 g/cms • The samples are numbered from 1 
to 28 from left to right side along the CD. 
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0.81 g/c~5. The ratio E"m •• /f"min, which giv~s a measure for 

the degree of orientation of pulp fibers, depends on the 

position in the CD. The ratio decreased with changing 

pos! tion from the center to the back, indicting that the 

anisotropy is not uniform in the CD. 

Figure. 3.10 shows a relationship between the ratios of 

-
I 
c 

.. 0 
U.) 

" -
c 

.. :iE 
OJ -

1.10 r-------------------. 

1.05 

1.0 

machl ne made paper 

1.5 2.0 
BREAKING STRENGTH RATIO 

(MD/CD) 

Fig.3. , a 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. 
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(l I -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 anisotropy. 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 t" and p at 4.0 GHz, respectively, for various 

handsheets cons isting of hardwood pulps. Both t I and t II 

increased linearly with increasing p. The indicated straight 

lines represent 

t I = 0.531 + 3.07 p (3.6) 

til = -0.098 + 0.619 p (3.7) 

in the range of studied. The correlation coefficient 

between £ I and p, and between l I, and p were 0.994 and 0.984, 

respectively. 

The relationship between t I and £" for the handsheets is 

shown in Fig. 3.12. The linear relation can be expressed by 

£" =, - 0 . 2 1 44 + O. 205 t I 

Effect of Freeness 

The density of handsheet 

decrease in' freeness. This 

increased 

increase in 
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3,5 

3,0 

... 
Uj 

2.5 

0,5 

0.4 

0.3 

handsheot (hard wood pu Ip) 

0,6 

e'= 0,531 t 3,07 f 
r:O,994 

0.7 O,B 

.f/9cm3 

handsheet (hardwood pulp) 

1/ . 0-f.. ::;-0.098,0.619" 

(=0,984 

1.0 

Q5 0,6 0.7 O.B 0.9 1.0 
j>l ocm-3 

Fig.3.1' Density dependence of t' and t" at 4.0 GHz 
for handsheets consisting of hardwood 
pulps. Handsheets were prepared by three 
three differ~nt methods: ~, beating; 
., fractionation; 0, pressure of wet 
pressing. 
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especially at freeness below 2QO ml. A lower freeness 

obtained by beating pulp fibers may be ascribed to more 

pronounced packing induced by cutting and fibrillation of pulp 

fibers. The value of t' 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! I 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 t' decreases almost linearly with increasing the 

Fig.3.12 

o.~ 

0.4 

0, 

handsheeHhardwOOd pulp) 

2.& 

f,"= -0.2144 t 0.20~E.· 

(=0.993 

&' 
3.0 

E" at 4. a GHz plotted against t' for 
handsheets with different densities. 
Handsheets were prepared by three different 
methods: ~, beating; ., fractionation; 

0, pressure of wet pressing. 
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content of the pulp of freeness of 600 mI. The decrease in t I 

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 ! I • 

3,5 handsheet ( L) 

3,0 

2,5 

2,o--=--'--~-'-4~""'-~""'-~...L..-..l--I o 60 100 (-Ie) 
(600mi') 

100 eo 60 40 20 
(loa ml) 

Fig, 3,13 Composition dependence of l I for mixtures 

of two kinds of pulps with freeness of 
100 ml and 600 ml C.S.F. 
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~igure 3.14 shows the density dependence of f' a~ 4.0 GHz 

for the handsheets prepared by fractionated pulp fibers with 

screens of 14, 24, 42, and 80 mesh. As expected I " increased 

with increasing mesh numberj note that density dependence of 

f' 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 

3.0 

.. 
UJ 

2.5 

Fig.3.14 

hondsheet 

0.6 0.7 0.8 
P/gcrri3 

0,9 

Dehsity dependen~~ d1 f' at 4.0 GHz for 
handsheetsconsi~ting of hardwood pulps 

.. .J • 

(L) . The fi.gures of 14, 24 I 42 and 80 
are the mesh numbers. The handsheets 
consis.ting of softwood pulps (N) ,are used 
only for comparison with hardwood pulps(L). 
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related to the increase in t 1 and til with increasing density 

observed in the figure. 

3.6 Discussion 

Dielectric Anisotropy 

In this study / it was found that only apparent values of t 1 

and £ 11 were obtained for the machine-made paper sheet 

containing many voids. These values 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 eqs. (1.4) and (1.5), t' and 

t 11 increases as the density of paper increases. This is 

because the number of dipoles per unit volume increases. The 

anisotropy of t' or f 11 depends not only on the degree of the 

average orientation of pulp fibers but also on the density. 

If f' 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., with an increase in density, the molecular 

anisotropy should be invariant. Our point is that although- t' 

and £11 increase on wet preSSing, the ratios of C ll m,"/t l1 ml" and 

(t '0\11-1)/(£ ',,\1,,-1) are not significantly affected by the 

content of voids and are a measure of the dielectric 

anisotropy of the paper sheet. The ef fects of voids and 

thickness are eliminated in these ratios, as described in 

eqs. (A-5) and (A-6) of APPENDIX. 

We obtained t ll m.X/t ll ml" =1.0 for a randomly oriented paper 

and t
ll

m • x /f"ml. =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 

- 45-



correlations arE! ob.tained among the complex dielect,ric 

constant, mechanical anisotropy, and electron microscopic 

observations, we expect that the average orientation of 

molecular or fiber chains can be inferred from our anisotropic 

dielectric data. 

The remarkable anisotropy of E' and f" in the polyethylene 

terephthalate films 2 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 anisotropy 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, £ I and £" increased with increasing the content 

of water. However, for the paper containing 5", 7% water, e I 

did not increase appreciably. Therefore, water contributes to 

the increase in f I 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. 5 0 Therefore, the changes in t' and f 11 

bec~use of the presence of water should contribute to a 

circular pattern in the angular dependence of ! I and f". In 

short, although the observed f I and f II are the superposition 

of contr ibutions from water and the pulp fibers, the 
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anisotropy of I' a,nd !" comes not from the water but from the 

pulp fibers. 

The accumulation of data for f I, (", n, orientation angle, 

and the maximum to minimum ratio of (f I -1) and I" will 

provide an important data base for manufacturing paper 

corresponding to needs. Acually these dielectric data are 

important for studying ef fects of addi ti ves, water content, 

compactness of pulp fibers, species of pulp in paper, etc., 

and also for producing the high quality paper with respect to 

the dimensional stability, such as thermal shrinkage described 

in Chapte"r 2. 

Drying conditions for paper sheets are undoubtly important 

factors affecting fiber orientation. 

we did not go into this problem; 

In this work, however, 

we just focused on 

developing a quick 

constant and the 

instrument. 

determination of the complex dielectric 

anisotropy of paper sheets by our 

Density Dependence of t I and! II 

The density dependence of ! I and that of t" for our 

handsheets are expressed by empirical formulae (3.6) and 

(3.7) . The dependence can be interpreted by eqs. (A-B) and 

(A-g) in APPENDIX for the relationship between the density and 

the number of dipoles per unit volume. We note that formulae 

(3.6), (3.1) and (3.S) hold for p between 0.5 and 1.0 g/cm& 

but not for lower densities. The increase in £ I 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 
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bet.ween t I and p, and between [" and p ,suggests a possibility 

that the peak of the dielectric ~-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 [' and 

t" for paper sheets. 

At a given p, [' is higher for handsheets with softwood 

pulps than for those with hardwood pulps I as is 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 ! 1 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 inf luence of sheet density, we 

preconditioned the handsheets at 25 t and 65% RH for 10 days. 

If the ," comes from polarization due to reorientation of 

molecules in the amorphous region, the crystallinity will 

affect the value of t". It is unnecessary to consider the 

et fect of crystallinity upon t I and t" for the handsheets 

prepared by wet pressing with different pressure, because the 

hand sheets consist of 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 E I and E" for the 

handsheets prepared from the pulps with different freenesses 

and different mesh numbers because of difference in the 

crystallini ty due to beati:ng of pulps. Actually, however I all 

data obtained from the samples with diff_rent freenesses and 

different 'mesh numbers approximately followed the same 
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empirical formula to tl)at for the samples prepared by wet 

pressing with different p~essures. 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 t j 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 P I we can obtain 

information on the species of pulp fibers, additives and 

impurities in the unknown paper sheets and then compare them 

wi th the standard sample. Such d'ata will also reveal the 

difference in papermaking method. 

3.7 Conclusion 

The new type of method using miocrowaves determines the 

dielectric anisotropy and refractive index for optically 

opaque paper sheets. The angular dependence of t I and'!" 

gives the degree of molecular or fiber orientation, the 

distribution of cellulose molecules in paper sheets. The 

density dependence of I I and t" also gives an important 

information on the packing of pulp fibers in paper sheet, 

difference in species of pulps, and the structure and 

physicochemical. properties. The accumulation of data for ! I I 

rIO and n at microwave frequencies gives an important chart for 

manufacturing the functional paper corresponding to needs. 

- 49-



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 var ious 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 orientational 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 nonwoven fabric sheet by the mechanical breaking strength 

method, which also destroys the sheet. Since any sheet 

contains a number of voids, the reproducibility of data for 

the mechanical breaking strength is not good I but there has 

been no alternative method. 

On the other hand, determination of the or ientation of 

fibrous components in a biological tissue is basic to the 

study of the relationship between the fiber structure and 
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physical properties of the tissue. 10, 12, 20 The mechanical 

breaking strength, X-ray di f fraction and electron microscope 

methods 84 have been used for investigating the orientation of 

fibers. The first method 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 fiber 

orientation of paper sheets. In this work, it was applied to 

determine the fiber orientation from the dielectric anisotropy 

of nonwoven fabrics s5 and cow leather. s8 

4.2 Experimental 

The samples were nonwoven fabrics consisting of rayon 

fibers with a basis weight of 43 g/m2 and those consisting of 

polyester fibers with a basis weight of 100 g/m2, all prepared 

by the dry process method. Binders were used for bonding 

these fabrics. The cow leather sheets were also used with a 

basis weight of ca. 850 g/m2 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 (1 ength) at a stretching rate 0 f 10 

mm/min by use of a testing machine manufactured by INTESCO. 
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Co., Ltd., Japan. ~oung's modulus was obtained from the _lope 

of a stress-strain curve at low strains. The sample thickness 

was measured with a micrometer. 

Evaluation of Basis Weight 

A per'!::urbation 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 f2 is given by 

f2 = f t {l -[{t'-l)!cAt]} (4.1) 

where c 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 r and (t' - 1) is the dielectric increment at 

the resonance frequency. 

COW LEATHER 

l' I - I I -2 1-3 1-4 1-5 r -6 
E 
E 
0 2-1 2-2 2-3 2-4 2-5 2-6 0 
rt) 

3" r 3"2 3-3 3-4 3-5 3-6 
, II-

'" 600mm 
, 

I" -, 

Fig.4.1 Eighteen specimens prepared from cow 
leather with a size of 300 x 600 mm for 
the microwave measurements. 
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When the dielectric relaxation belon,gs to the Debye type 

the dielectric increment (t' (61) - E '.) at an angular frequency 

of 61 is expressed by 5 

(4.2) 

where N is the number of dipoles per unit volume, j.I is the 

dipole moment, E is the restoring force, I is the relaxation 

time, Fr is the local electric field, F is the applied 

electric field, !' (Ill) is the dielectric constant at angular 

frequency of 61, and t' is the dielectric constant at high 

frequencies. Since the density of the sample sheet is defined 

by the weight per unit volume, it is proportional to N. 

Putting the dielectric increment in eq. (4. 1) equal to that in 

eq. (4.2), at the angular frequency considered, we have 

(4.3 ) 

where B is a constant, p is a d~nsity. 

Equation 4.3 is rewritten as 

(4.4) 

where W is basis weight, or weight per unit area. 

Thus, we find that f2 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 
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nonwoven fabrics consi~ting of rayon fibers with a basi$ 

weight of 43 g/m2. 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 is the 

strongest in the MD. 

The orientation pattern is similar to that observed 

previously for uniaxially or iented 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 orient ration 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 

Fig.4.2 

o 

Angular dependence of transmitted microwave 
intensity at a fixed frequency (frequency 
= 3.98160 MHz, orientation angle = 0 0

, MOR 
= 1.764, CD/MD = 1.763, basis weight = 43 
g/m2) for nonwoven fabrics consisting of 
rayon fibers. 
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intensities must b~ almost equal in all directions. 

Figure 4.3 shows the angular dependence of £ I and t" at 4.0 

GHz for the same nonwoven fabrics as that in Fig.4.2. Both E I 

and c" are lar'ger in the MD than in the CD. The angular 

dependence of f I and £" is Similar' to that observed for 

uniaxially oriented paper consisting of pulp fibers. The 

unsymmetr ical pattern for t I, implies a remarkable anisotropy 

of the fibers, suggesting that the fibers are oriented mainly 

in the MD. We found that the angular dependence of E I and £" 

gave almost circular patterns for a sample with randomly 

Or'iented fibers. 

The angular dependence of mechanical breaking strength and 

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

MO(OO) 
MO (0°) £")( 102 9 

E' 

1 5 'q 

/ 
I 3 ~ 1 ? 

j ? ~ 
0 , 0 

\ 2 1 1 2/ 7 ~5 
3 1 1 3 5' 

j 6 

\ / J q 3 

\ J c;. 5 .~ , 
2 ./ " 7 

3 9 

1 d d ce of E I and £" at 4.0 GHz Fig.4.3 Angu ar epen en 
for nonwoven fabrics with a basis weight of 
43 g/m 2 • The data are expressed in terms 
of the polar coordinates. 
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Fig.4.4. (lhe 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 t". 

The electron microphotograph for the surface of the 

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

BREAKING 
STRENGTH/kgf 

7 

3 

E/OPa o CD(900) 
L3---L~~~~--~~~ O~.8~~~~~+--L~~~-O~.8-

7 

Fig.4.4 Angular dependence of mechanical breaking 
strength and elastic modulus E for nonwoven 
fabrics with a basis weight of 43 g/m 2 • 

The data are expressed in terms of the 
polar coordinates. 
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rayon fibers in tht;! nonwoven fabrics are oriente.d 

predominantly in the MD. As in Fig.4.4, the direction in 

the maximum for ! I in the MD coincides with that for the 

maximum in mechanical breaking strength and with that in which 

the main axes of the rayon fibers are oriented. Such 

coincidence was also found for uniaxially 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 rh. 

Basis Weight 

Figure 4.5 shows the dependence of resonance frequency 

4050---------------------

N 
X 

4045 

. :E 4040 
~ 
o z w 
:::> 
5J 4035 
~ 
u. 

4030 

o 100 200 300 400 500 

BASIS WEIGHT/91m2 

F ' 4 5 Dependence of resonance frequency measurements 19 .. 
on basis weight for the nonwoven fabrics with 

a basis weight of 43 g/m2
• 
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measurem!3nts on basis weight for the same I)onwoven 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 

expressed as 

f = 4046.882 - 0.0391 W (4. 5) 

The correlation coe! f i cient between f and W was -0. 99B. 

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/m2 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 2 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 e change with various positions. The 

molecular orientation ratio has a maximum near the center in 

the CD, while e has a maximum at one end. Figure 4.7 shows 
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the values of f obtained for the same nonwoven fabrics in the 

CD. The variation 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. 

a:: 
0 
::E 

140~--------------------~ 

1.8 

0 ---. 
120 w 

...J 
(!) 
z 

1.6 -t 
Z 
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~ 
~ 
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z 
UJ 

1.4 a: 
0 

80 

1.2 ................. """--....1-..... -'-......... ____ -.1.0........1.0_ 

2 4 6 8 10. 2 4 6 8 

CROSS DIRECTION CROSS DIRECTION 

Fig.4.6 Molecular orientation ratio MOR and orienta­
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 2 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/m2

) • 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/in2 ). The samples are numb'ered from 1 
to 10 from left to right side along 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 1.17 mm thickness 

and a basis weight of 860 g/m2. The angular depenednce gives 

an orientation pattern like an egg cocoon, reflecting a 

preferable orientation of fibers in the sheet plane. 62 The 

direction of the minimum transmitted microwaves, which 

corresponds to the direction of the maximum attenuation in 
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microwaves, deviates by Bl d~grees 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 \.lm 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 fibers 

constituting the cow leather. 

so 
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NAME "'3-3-5 
F/GHz =3.942697 
ANGLE =-81" 

MOR "'2.524 
COISO =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/m2. The data are expressed 
in terms of the polar coordinates. 
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figure 4,9 shows the angular dependen!;:e of I I and t" at 3.9 

GHz for the same sample used in Fig.4.B. The angular 

dependence also shows a pronounced anisotropy. The directions 

of the maximum f I and f" deviate by about 83 degrees from the 

SO. The direction of the maximum l" corresponds to that of 

so 00 

3 

so 
0.2 £" 

0.2 

Fig. 4.9 Angular dependence of f I and f" at 3.9 GHz 
for the cow leather used in Fig.4.8. The 
data are expressed in terms of the polar 
coordinates. 
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minimum transmitted ~icrowave intensity.' The 

dependence of [" suggests that the change in dipole moment due 

to the reorientation of molecules is the largest in the 

direction of 83 degrees. The orientation pattern and the 

angular dependence of [' and [" 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 860 g/m2 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 

so 0° 

5 

o 
MECHANICAL 
BREAKING STRENGTH/kgf 

Fig.4.10 Angular depen~~nce of mechanical breaking 
strength for the cow leather with 1.17 mm 
thickness and a basis weight of 860 g/m 2 • 

The data are expressed in terms of the 

polar coordinates. 
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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. 850 g/m2. 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 I the orientation 

3 -I 3-2 3-3 3-4 3-5 3-6 

ORIENTATION PATTERN (COW LEATHER) 

f -4.0 GHz 

Fig.4.11 Orientation patterns for the 18 specimens 
.prepared at dif·ferent 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/m2 , 
respectively. 
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angle 9 and MOR also changed with, changing position (see Figure 

4.121. 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 t" at two 

di f ferent positions for the cow leather used in Fig. 4.11. The 

directioRs of maximum /" are similar to what we have seen in 

the orientation patterns of Fig.4.11. The results in 

Figs.4.'1 to 4.13 suggest that the orientation of the collagen 

fibers should be dif ferent at different positions. Such a 

cow leather 
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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/m2 
I respectively. 
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difference in both orientation pattern and dielectric loss may 

be ascribed to varying textures of the cow leather. 

Fig.4.13 

SD SD 

0.1 0 

3-3 

COW leather 00 

f =4.0GHz 

0.1 0 

0.1 

3-6 

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 

90" 

The orientation pattern and the angular dependence of f I 

and ! II give information on physical properties of nonwoven 

fabrics in the CD. For our nonwoven fabrics consisting of 

rayon fibers, we may write the angle ~ between the main axis 

of fibers and the MD a.81 
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(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 2 p was used instead of sin 2 p because c" was the 

largest in the direction of the main chains for fibers. The 

values of til U) may also be determined trom the angular 

dependence of l" 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 2 ;> -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 value is relatively 

sma 11, indicating that the fibers are or iented in a fixed 

direction, on the average. The quality control for the 

mechanical uniformity of fabrics can be determined by 

examining dielectr ic values and then 

conditions for the preparation of sheets. 

changing machine 

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 

fabr ies accurately by contact methods, because the fabr ies 

consisting of fibers and voids are flexible and easily 
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compressed. The quality oj 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 l4 , 19, 21 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 method, 

the fiber orientation can be determined accurately without 

contact, avoiding the problem inherent in dielectric 

measurements at audio frequencies. 

Cow Leather 

It follows from the equation of dielectric relaxation that 

£" is parallel to the number of dipoles of segment per unit 

volume. 7 The angular dependence of t" reflects the 

distribution of protein mOlecules consisting of collagen 

fibers. Therefore, the fairly strong ~nisotropy 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. 83 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 
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the functipn of the skin. For example, the expansion and the 

contract~qncorresponding to the movement of the cow body may 

require the preferable orientation of collagen fibers in a 

fixed direction. 

The density of the cow I eather 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 

Photo. 4, and eXplains the small c I and c" values obtained for 

the cow leather. The dielectric values may also be af fected 

by the chemical composition and the content of water. 

4.7 Conclusion 

The angular depend~nces of transmitted microy~ve intensity, 

!' 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 is quite promising for 

eval uating the physical properties of sheet materia Is with 

voids. 
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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 

microwaves. 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) A new method and a new type ot 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 

molecular orientation of cellulose chains is reflected in the 

orientation angle determined by the microwave method. A 
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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 tor 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 is 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 inf erred from the anisotropic data. In order to study the 

effect of density of paper sheets with voids, the t i and t II at 

microwave frequencies are determined for handsheets 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 

wi thout 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 
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dependence of t II 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 convent~onal methods such as X-ray diffraction, 

infrared absorption, ultrasonic velocity, mechanical breaking 

strength, etc. 
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APPENDIX 

A.l Dielectric Anisotropic Index 

According to eqs.(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 dif ferent thicknesses t (1) and t (2), the 

resonance frequency and Q value observed for them do not 

differ. For these sheets eqs. (1.4) and (1.5) give 

[£' (1)-1]/[£ I (2)-1] = t(2)/t(1) (A-1) 

t /I (1) / t " (2) = t (2) /t (1 ) (A-2) 

which indicate that the ratios of It' (1) -1] / It ' (2) -1] and 

£"(1)/t ll (2) depend only t(2)/t(1}. Here, ['(1), [11(1) and 

t ' (2), ," (2) are the values in a fixed direction for the 

samples with thicknesses of t(l) and t(2), respectively. 

The direction of maximum [lor £" may not dif fer for the 

two samples. Thus, eqs. (A-1) and (A-2) yield 

(A-3 ) 

["m •• (1)/l ff mlo(1) = l"m,.(2)/,"mlo(2) (A-4 ) 

which imply that both £"man/t""'lo and (t'm •• -1}/(['mln -1) 

are invariant for samples with different thicknesses but the 
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same basis weight. In other words I these ratios should give 

an anisotropic index essentially fr~e from the effect of 

voids. 

More generally, the following relations can be derived for 

a given sample: 

(l'max -1)/(£ 
, 

m j ,n -1) 

(A-5) 

t"max/f"mln = (1/Qzlmoxl-l/Qd/(1/Q2 rm,nl-l/QIl (A-6) 

These r.atios of (t'max -1)j,(f'mln -1) and f"ma./f",;,!n may 

be considered to be anisotropic indices substantially free 

from the effects of voids. 

A.2 Dielectric Relaxation 

For the dielectric relaxation (p -relaxation.) due to local 

motion of macromolecules, 

can be writt€n a~50 

the dielectric strength t " o. -l '_ 

E '0 -E '. = (41/3) (Nv. 2 /E) (F,/F) (A-7) 

where ·f' 0 is the dielectric constant at low frequencies, fl. 

is the dielectric constant at high frequencies, N is the 

number of dipoles per unit volume, p is the dipole moment, E 

is the restoring force, F, is the local ele~tric field, and F 

i~ the applied electric field. From (A-7) 

dielectric constant £' (w) and dielectric loss 

di.~lectricp -relaxation .as . 

-78 -

we expres s the 

£ " (w) for the 



= (41/3) (N1l2/f)E(g{t,)/(1+{Cilrl)2») (F,/F) a: N oc· p 

(A-B) 

f " (Cil ) 

(A-9) 

which indi(;!ate that f' (Ii) £ i._ and t II (Ill )at an angular 

frequency of 61 are linearly related to .N. Here I g is the 

relaxation spectrum and r is the r~laxation time. Since N is 

proportional to the density p, both £' (61) . .;.. t'.. and t" (Cil) .at a 

fixed microwave frequency should vary in proportion to the 

density p of a paper sheet. 
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Photo. , Microwave molecular orientation analyzer. 
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Photo.2 Electron microphotographs of the surface 

and the cross sections in the MD pnd CD 

for a uniaxially oriented paper with a 

thickness of 85 ~ m and a basis weight of 

41 g/m 2 
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Photo.3 Electron microphotograph for the surface 

of the nonwoven fabric (43 g/m 2 ) • 

Photo.4. Electron microphotograph of a cross 

section of the cow leather. 
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