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ABSTRACT A new method uses polarized micvowaves to determine the fiber
orientation of nonwoven fabrics 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 molectdar orientation
ratio and the orientation angle changed with changing position in the cross
direction of nonwoven fabric sheets. The anisotropy in the dielectric constant
and dielectric loss at 4.0 GHz was shoun 1o reflect directly the anisotropy of
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Jibers in the nonwoven fabric. 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 direction.

Nonwoven fabrics consisting of poly-
mer fibers have been used for various
purposes, 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.

The mechanical nonuniformity of a
sheet in the cross direction (CD) gives
such troubles as low tear strength in
some directions. Low tear strength is
related to the orientational distribu-

tion of fibers in the sheets, and the -

experimental determination of the
fiber distribution in the plane of the
fabric sheet is therefore of basic
importance.

Generally, it is time consuming to
measure the anisotropy of a nonwoven
fabric sheet by the mechanical break-
ing strength method, which also
destroys the sheet. Since any sheet
contains a nurnber of voids, the repro-
ducibility of data for the mechanical
breaking strength is not good, but

there has been no alternative method.

In recent work (1-6), we showed
that a microwave method is useful for
determining the fiber and molecular
orientation quickly and nondestrue-
tively. We have applied this method
to polymer films and blood vessels, but
the method also allows us to measure
the density dependence of a complex
dielectrie anistropy constant for pap-
er sheets (7).

This work led us to study the di-
electric anisotropy of nonwoven fab-
rics and fiber distribution at micro-
wave frequencies by our microwave
method. Here, we deseribe such an
experimental study, comparing the
results with those from the mechan-
ical breaking strength method.

Experimental

The samples were nonwoven fabries
consisting of rayon fibers with a basic
weight of 43 g/m?2 and those consisting

of polyester fibers with a basis weight
of 100 g/m2, all prepared by the dry
proeess method. Binders were used
for bonding these fabrics.

Dielectric measurements at micro-
wave frequencies were made on a
microwave molecular orientation
analyzer, MOA-2001A (1-7). Polar-
ized microwaves were irradiated
perpendicularly to the plane of 2 test
sample, which was inserted in a cavity
resonator system. The sample, 10 em
x 10 em, was rotated around its
central axis normal to the sheet plane.
The measuring frequencies ranged
from 3.8 GHz to 4.2 GHz.

The orientation pattern, the orien-
tation angle, and the molecular orien-
tation ratio were obtained within 30
s. Here, the orientation pattern eorres-
ponds to the angular dependence of
transmitted microwave intensity at a
fixed frequency (5). The molecular
orientation ratio, which is related to
the ratio of maximum to minimum
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1. Angular dependence of transmitted micro-
wave intensity at a fixed frequency (frequency
= 3.98160 GHz, orientation angle = 0°, MOR =
1.764, CD/MD = 1.763, 43 g/m2)

2. Angufar dependence of ¢ and €" at 4.0 GHz

3. Angular dependence of mechanical breaking strength and elastic modulus (43 g/m?2)

“Breaking 1]
::strength, kg, 0.

- E_,g.

0.8

172 May 1989 Tappi Journal

4. Electron microphotograph for the surface of

transmitted mierowaves, can be used
as a measure of anisotropy (2). The
ratio of transmitted microwave inten-
sities in the cross-machine direction
(CD) to the machine direction (M) is
designated as “CD/MD.”

At each rotating angle, the complex
dieleetric constant (dieleetric constant
¢ and dielectric loss €) was also
determined within 80 s by measuring
a resonance frequency and a @ value
in the resonator system. Here, the
resonance frequency is defined as one
at a maximum of the transmitted
microwave Intensity in the resonance
curve. The @ value is defined as the
ratic of the resonance frequency to
half the width of the resonance curve.

Mechanical breaking strength was
measured for a nonwoven fabric
consisting of rayon fibers with a basis
weight of 43 g/m? and a size of 15 mm
wide by 50 mm long at an extension
rate of 50 mm/min using 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
temperature and the humidity were
20°C and 65% RH, respectively. The
sample thickness was measured with
2 micrometer.

Evaluation of basis weight

A perturbation theory is applicable
for the complex dielectric constant
when the dielectric loss is small and
the frequeney shift is much smaller
than the resonance frequency, For a
sample inserted into a cavity resona-
tor, the resonance frequency f2 is given
by Eq. 1 (4, 5}

f=f{l-(¢ - DcAs} 1

where
¢ = parameter related to the depth

of the cavity

t = thickness of the sample

A = constant associated with the
MOA-2001A instrument

dielectric constant of the sample

’ -

5 =
(¢ - 1)= dielectrie increment at the re-

sonance frequency.

When the dielectric reiaxation
belongs to the Debye type the dielec-
tric increment (¢'(w) - €5) at an angu-
lar frequency of w is expressed by Eq.
2(7, 8):

€'(w) - €0 = (AN3/3y) {1/[1 + (w 7))
(E

| ¥ @)
where
N = number of dipoles per unit
volume
m = dipole moment
¥ = restoring force
T = relaxation time
E. = local electric field
E = applied electrie field

dielectrie constant at the
angular frequency of &

€ {w) =

dielectrie constant at high
frequencies.

[
1

Since the density of the sample
sheet is defined by the weight per unit
volume, it is proportional to N. Put-
ting the dielectric inerement in Eq. 1
equal to that in Eq. 2, at the angular
frequency considered, we have

k=fH(1-B,t) (3)

where
B = constant
p = density.

Equation 3 is rewritten as

h=hH(1~BW) %)
where
W = basis weight, or weight per unit
area.

Thus, we find that /i is proportional
to W after the sample is inserted.

Results
Anisotropy

Figure 1 shows the angular depen-
dence of transmitted microwave in-
tensity at a fixed frequency of 4.0 GHz
for nonwoven fabric consisting of
rayon fibers with a basis weight of 43
g/m2. The transmitted microwave
intensity is the smallest in the ma-
chine direction. This means that the
interaction between the electric field
and the fibers in the fabric is the
strongest in the machine direction.

The orientation pattern is similar to
that observed previously (2, 4) for
uniaxially oriented paper sheets con-
sisting of pulp fibers. The value of
1764 for the wmolecular orientation
ratio (MOR) indicates an anisotropic
orientation of fibers in the nonwoven
fabric. The CD/MD value is 1.763.
Since the orientation angle is set equal
to zero in this case, the orientation
pattern suggests that the fibers in the
nonwoven fabric are oriented mainly
in the machine direction. When the
fibers are oriented randomly, the
transmitted mierowave intensities
must be almost equal in all directions.
Figure 2 shows the angular depen-
dence of ¢ and €’ at 4.0 GHz for the
same nonwoven fabric as that in Fig,
1. Both ¢ and ¢ are larger in the
machine direction than in the cross
direction. The angular dependence of
¢ and € is similar to that observed
for uniaxially oriented paper consist-
ing of pulp fibers (2, 4). The unsym-
metrical pattern for ¢’ implies a
remarkable anisotropy of the fibers,
suggesting that the fibers are oriented
mainly in the machine direction. We
found that the angular dependence of
¢ and ¢” gave almost cireular patterns
for a sample with randomly oriented
fibers.

The angular dependence of me-
chanical breaking strength and that
of elastic modulus (F) for the nonwov-
en fabric are shown in Fig. 3. (The
sample size was of 16 mm wide x 50
mm long, and the extension speed was
50 mm/min.) Both mechanieal break-
ing strength and the elastic modulus
are largest in the machine direction
and smallest in the eross direction,
being consistent with the angular
dependence of transmitted micro-
wave intensity and that of ¢,

The electron microphotograph for
the surface of the nonwoven fabrie,
Fig. 4, confirms the suggestion that
the rayon fibers in the nonwoven
fabric are oriented predominantly in
the machine direction. Asin Fig. 3, the
direction for the maximum for e—
the machine direction—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 (2, 4). Therefore, we con-
clude that the fibers of the nonwoven
fabric are oriented mainly in the
direction of the maximum in ¢”.

Basis weight

Figure 5 shows the dependence of
resonance frequency measurements
on basis weight for the same nonwov-
en fabric. Here, the sheets with
different basis weights were prepared
by piling the fabrics eut successively
in the MD direction. The resonance
frequeney measured in the machine
direction decreases with inereasing
basis weight. This decrease can be
expressed as

f=4046.882 - 0.0391 W &)

The correlation coefficient between
Sand Wwas -0.998, Here, the numer-
ical constant and coefficient in Eq. 5
depend on the cavity resonator system
and the species of sample, respective-
ly. 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 cross direction of fabric
sheets may be examined by measur-
ing the resonance frequency.

Applications
Figure 6 shows molecular orientation
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5. Dependence of resonance frequency mea-

6. The molecular crientation ratio is a measure of anisotropy, and the orientation angle reflects

the main chain direction of fibers (100 g/m?)

surements on basis weight (43 g/mé)

7. The resonance frequency reflects a variation
in the basis weight of the nonwoven fabric (100

g/m?

ratio and orientation angles observed
at different positions in the cross
direction for a nonwoven fabric con-
sisting of polyester fibers with a basis
weight of 100 g/m?2and a width of 1000
mm. The positions are numbered
from one end to the other along the
cross direction of the fabric. Both
molecular orientation ratio and the
orientation angles § change with
various positions. The molecular
orientation ratio has a maximum near
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the center in the cross direction, while
¢ has a maximum at one end. Figure
7 shows the values of f obtained for
the same nonwoven fabric in the cross
direction. The variation in f reflects
the variation in basis weight, which
implies that W of the nonwoven fabric
changes with changing position in the
cross direction, The results reveal that
the distribution of fibers in the polyes-
ter fabric is now uniform in the cross
direction.

Discussion

The orientation pattern and the angu-
lar dependence of ¢ and €’ give
information on physical properties of
ponwoven fabrics in the cross direc-
tion. For our nonwoven fabries con-
sisting of rayon fibers, we may write
the angle ¢ between the main axis of
fibers and the machine direction as

T on 9
< codg= f: £'(d) cos?p de ®)
o €"(d) do
which becomes equal to 1 for a per-
fectly oriented film in the machine
direction and becomes equal to 1/2 for
a randomly oriented sample. Here,
costd was used instead of sin¢ be-
cause € was the largest in the direc-
tion of the main chains for fibers (5).
The values of ¢’(¢) may also be
determined from the angular depend-
ence 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:

F=(2<cost¢> -1)/2 (7
where

F = fiber orientation function in the
nonwoven fabric.

This funetion should be 1/2 for a
perfectly oriented fabric in the ma-
chine direction, while it is zero for a
randomly oriented fabric.

We determined this fiber orienta-
tion value F' to be 0.043 from the
angular dependence of ¢’ in Fig. 2.
This F value is relatively small,
indicating that the fibers are oriented
in a fixed direction, on the average.
The quality control for the mechanical
uniformity of fabric can be deter-
mined by examining dielectric values
and then changing machine condi-
tions for the preparation of sheets.
Thus, the use of the microwave me-
thod will improve the nonuniformity
in quality along the cross direction.

It is not feasible to measure the
thickness of nonwoven fabrics accu-
rately by contact methods, because the
fabrics consisting of fibers and voids
are flexible and easily eompressed,
The quality of nonwoven fabrics may
be checked by measuring W of such
fabrics instead of measuring thick-
ness with a micrometer. However,
since it takes a long time using the
conventional method to measure the
weight and volume of fabries and to



determine W, it is not so convenient, Why Fib er gr at e FRP ®

Dielectric measurements at audio

! © ¢
G v Grating Costs Less

properties of nonwoven fabries, owing

by evaporating metal. The evaporated
metal penetrates into the fiber sheets
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to the difficulty in making electrodes I n Th e Lon g Ru“ —
7 i

with many voids. Using the micro-
wave method, the fiber orientation
can be determined quickly without
contact, avoiding the problem inher-
ent in dielectric measurements at
audio frequencies.

In conclusion, the microwave meth-
od is quite promising for evaluating
the physical properties of nonwoven
fabrics consisting of polymer fibers
and voids.[J
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