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SYNOPSIS

Nylon 66 (ICI Polyamide 66, Carded & Combed Top) fibers were annealed in the temperature
range 80-180°C for 1-10 h. Refractive indices and birefringence were measured interfer-
ometrically. Two independent techniques were used to study the optical anisotropy in these
fibers. The first technique was to study the effect of annealing on the swelling properties
of fibers from its diffraction pattern using a He— Ne laser beam. The second was the
application of multiple-beam Fizeau fringes in transmission to determine the skin and core
refractive indices and double refraction of annealing samples. The application was carried
out using multiple-beam Fizeau fringes in transmission to determine Cauchy’s constants
and the dispersive coefficient for the fiber layers. The resulting data were used to calculate
the mean polarizability per unit volume and the isotropic refractive indices. Behavior of
optical properties at different annealing conditions is discussed. The results obtained clarify
the new reorientation, and each layer change occurred due to annealing at different
conditions. Microinterferograms and curves are given for illustration. © 1996 John Wiley &

Sons, Inc.

INTRODUCTION

Assessment of the optical anisotropy of fibers is of
considerable importance, since it provides infor-
mation about the degree of orientation of a particular
molecular system, making its possible to evaluate
the effect of any mechanical, thermal, or chemical
treatment; knowledge of this kind is of great rele-
vance in the development of modern methods of
quality control in many industrial processes.!
Swelling of the fiber is another very important
tool for the investigation of the structure of the fiber
material. When a fiber is immersed in water, the
water molecules infiltrate into the fiber and find
their way in between the long-chain molecules,
hence, pushing them apart. As the fiber-chain mol-
ecules are oriented in line with the axis of the fiber
and as they are pushed apart, there will be a con-
siderable increase in the diameter of the fiber.2 Wa-
ter molecules or liquid molecules can enter the
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amorphous regions, but not the crystalline region.?
The value of the swelling factor is an indication of
the fiber material, and a higher swelling factor, the
greater the amorphous regions.?

Part of the modern trend in fiber research is to
alter fiber properties. One of the methods for prop-
erty modification involves the effect of the annealing
process at different conditions. Several studies have
been reported on the effect of annealing on the
structure of synthetic and natural fibers.*® An-
nealing may be performed with the ends of the sam-
ple free or fixed. In the former, the sample shrinks,
whereas in the latter case, it retains its length but
exerts measurable refractive forces on its fixed ends.
Both effects increase with increased annealing tem-
perature.'’

- In this work, first, samples of nylon 66 fibers hav-
ing different annealing times and different annealing
temperatures were measured interferometrically
using multiple-beam Fizeau fringes. Second, a dif-
fraction technique was used to evaluate the swelling
factors for different liquids. The relationship be-
tween the optical parameters and swelling factors
with annealing conditions are given.
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EXPERIMENTAL AND DISCUSSION

Sample Preparation
Annealing

The nylon 66 fibers were distributed in small glass
bottles which were then heated in an electric oven
whose temperature was adjusted to be constant to
within £1°C. The samples were annealed at tem-
perature ranging from 80 to 180°C or at different
annealing times ranging from 1 to 10 h. The samples
were then left to cool at room temperature of 25
+ 1°C. A remarkable limitation occurred due to an-
nealing the samples for 6 h at 180°C; after this con-
dition, the fibers turn to the brittle state for which
we cannot use our optical measurements.

Swelling

Fibers were placed in five solvents, water, sodium
carbonate solution 20 g for 1 L of water, acetic acid
90% concentration, paraffin oil, and glycerin, at
room temperature for 1 h. The examined fibers for
swelling were a group of annealed nylon 66 fibers at
120°C for an annealing time of 1-10 h with untreated
fiber.

In this work, two different techniques were used
to estimate the geometrical parameters of nylon 66
fibers. An optical microscope and the diffraction of
a He — Ne laser beam were used to measure the di-
mensional parameters and the transverse sectional
shape.1t1?

Plate 1 Optical cross section of nylon 66 fibers.
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radius (microns) for three samples.

Interferometry

The interferometric technique was utilized to study
the optical parameters of these fibers. The technique
was described in detail previously.!3!* The change
of the refractive indices and birefringence of the fiber
layers to the applied different annealing conditions
were studied using a wedge interferometer, as dis-
cussed elsewhere,’ to produce multiple-beam Fizeau
fringes in transmission. The technigues and rela-
tions used in this study are listed below.

Transverse-sectional Shape and Diameter
Measurement

Optical Cross-section Method

Plate 1 shows the optically obtained cross-sectional
shape of the nylon 66 fibers. The mean diameter
was 19 £+ 0.2 um.

Diffraction of He — Ne Laser Beam

11,12

In this method, the following formula'''“ is used:

d=+AL/x (1)

where d is the fiber thickness, A = 632.8 nm (the
wavelength of the He— Ne laser used); x is the
distance from the center of the pattern to the first
minimum, and L is the distance between the fiber
and the screen on which the diffraction pattern is
produced. Figure 1 shows the graphical plot of the
cross-sectional shape for three samples. The ob-
tained straight lines mean that the cross section
on nylon 66 is circular. The mean fiber diameter
was 19 + 0.2 ym.



Swelling of the Fiber Coefficient

For the determination of the swelling factor of the
fibers, Jindricii et al.}® used a diffraction technique
with a laser beam to estimate the diameter before
and after swelling in different solvents. The swelling
factor was given by applying eq. (1) and the following
eq. (2):

q = 100(d; — dj)/dq4 )

where q is the swelling factor, d, = swollen diameter,
and d; = dry diameter. Table I gives the experimen-
tal values of the swelling factor for untreated and
annealed samples of nylon 66 in different solvents.

INTERFEROMETRIC MEASUREMENTS
OF THE OPTICAL PARAMETERS

Multiple-beam Fizeau fringes in transmission were
used for the determination of the basic optical pa-
rameters of nylon 66 fibers.

Determination of the Refractive Indices and
Birefringence for the Fiber Layers

For the determination of the refractive index of each
layer, n,, of a cylindrical fiber having m layers of
circular cross sections, El-Nicklawy and Fouda'!
derived an expression for the size of the fringe shift
AZ at any point x along the diameter of a multiskin
fiber. In a case having only a skin-core fiber, their
expression leads to the following formula:

(N/4R)YAZ = (nl — np)(r? — x?)'/?

+(nl = a)(r2 =222 (3)
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where n! and n! are the refractive indices of the skin
and core, respectively, for plane-polarized light vi-
brating parallel to the fiber axis; n;, the refractive
index of the immersion liquid; r, and r,, the radii of
the skin and core, respectively; k, the liquid inter-
fering spacing; and A, the wavelength of monochro-
matic light used. An analogous formula for eq. (3)
is used for plane-polarized light vibrating perpen-
dicular to the fiber axis for determination of both
ntand nt.

The Mean Refractive Index n,

The mean refractive index n, of nylon 66 fibers,
having a core of thickness ¢, and refractive index n,,
surrounded by a skin layer of thickness t, and re-
fractive index n,, was calculated using the formula!®

(4)

t, t
Ng=n.—=+n,=
i 74

with t; = ¢, + t., where t;is the whole fiber thickness.

Refractive Index of Untreated Nylon 66 Fibers

The refractive indices n!, nlland n}, n? for the fiber
layers and also n!, nt, An,, An,, and An, were de-
termined interferometrically for the untreated sam-
ple. Plate 2(a,b) shows microinterferograms of
multiple-beam Fizeau fringes in transmission cross-
ing untreated nylon 66 fiber using a monochromatic
light (546.1 nm) vibrating (a) parallel and (b) per-
pendicular to the fiber axis at room temperature of
25 + 1°C. Table IIgives the experimental values of
the refractive indices of the skin, core, and mean of
nylon 66 fiber and their birefringence at room tem-
perature.

Table I Values of Swelling Factor for Untreated and Annealed Nylon 66 Fibers in Different Solvents

Sodium Carbonate
Solution 20 g

Acetic Acid 90%

State in 1 L Water Water Paraffin Oil Concentration Glycerin
Untreated 10 6.3 14.2 15.3 3.7
120°C 1 h 6.3 8.95 13.2 12.6 3.8
120°C 2 h 5.3 8.95 11.1 12.1 4.2
120°C 4 h 6.3 6.3 14.2 13.7 8
120°C 6 h 6.3 6.3 14.74 12.6 1.37
120°C 8 h 6.3 5.3 14.2 15.3 1.37
120°C 10 h 8.95 6.3 14.2 15.3 5.16
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Plate 2 Microinterferograms of multiple-beam Fizeau
fringes in transmission crossing unannealed nylon 66 fi-
bers using monochromatic light vibrating (a) parallel and

(b) perpendicular to the fiber axis at room temperature of
25 £ 1°C.

Refractive Index-Annealing Time Dependence of
Nylon 66 Fibers

The refractive indices n!, n!l, and n, n} for the
fiber layers and also their mean values are deter-
mined interferometrically at different annealing
times. Plate 3(a—f) shows microinterferograms of
multiple-beam Fizeau fringes in transmission for
nylon 66 fibers at a constant temperature of 160°C
with annealing times of 1, 2, 4, 6, 8, and 10 h, re-
spectively. A monochromatic light of wavelength
546.1 nm vibrating parallel to the fiber axis was used.

Figure 2(a-f) shows the behavior of the refractive
indices n!, nl, and n! of annealing nylon 66 fibers,

(b)

(c)

(e)

(f)

Plate 3 (a-f) Microinterferograms of multiple-beam
Fizeau fringes in transmission crossing annealed nylon 66
fibers at a constant temperature of 160°C and different
times (1, 2, 4, 6, and 10 h) using monochromatic light
vibrating parallel to the fiber axis.

Table II Measured Values of Nylon 66 Fibers at Room Temperature of 25 + 1°C

L

Temperature n! n; Ang n!

1 4
n; An, nl ng An,

25°C 1.5794 1.56237 05657

1.5852

1.528 0.0572 1.6803 1.5244 0.0559




on increasing annealing time at different constant
temperatures. It was found that annealing for 1 h
for different ranges (80-180°C) leads to increased
nl nl, and n! in all cases, but there are some trans-
formations that occurred in Figure 2(a,b) which may
be attributed to that the mobility of the molecular
chains in these directions due to isothermal energy
storage have stabilized the increase, as in Figure
2(d-f).

Plate 4(a—f) shows microinterferograms of mul-
tiple-beam Fizeau fringes in transmission for nylon
66 fibers at a constant temperature of 160°C with
annealing times of 1, 2, 4, 6, 8, and 10 h, respectively.
A monochromatic light of wavelength 546.1 nm vi-
brating perpendicular to the fiber axis was used.

Figure 3(a—f) shows the behavior of n}, n}, and
nZ on increasing the time of annealing at constant
temperatures for nylon 66 fibers. It was observed
that annealing for 1 h from 100-180°C leads to in-
crease of n}, n}, and n? in all cases, but, in general,
annealing periods from 1-4 h consider the change
in volume expansion behavior of the amorphous
chains (noncrystallizable) and also an increase of
the annealing time shows discontinuity in the vol-
ume expansion in these directions, which show re-
markable orientation to the axial axis (parallel axis).

Refractive Index-Annealing Temperature
Dependence of Nylon 66 Fibers

The multiple-beam Fizeau fringes were used to study
the thermal change of the refractive index and bi-
refringence of skin and core layers of nylon 66 fibers.
The produced fringe shift was measured after the
change in annealing temperature within the range
80-180°C with a tolerance of +1°C, at constant time.
Plates 5(a—f) and 6(a—f) are microinterferograms
showing the variation of the fringe shift across the
nylon 66 fibers at annealing temperatures of 80, 100,
120, 140, 160, and 180°C, respectively, and at a con-
stant time of 1 h. A monochromatic light of wave-
length 546.1 nm vibrating parallel plates [5(a-f)]
and perpendicular plates [6(a-f)] to the fiber axis
was used. Plate 7(a,b) shows microinterferograms
of multiple-beam Fizeau fringes in transmission
crossing annealed nylon 66 fiber using a monochro-
matic light vibrating parallel and perpendicular to
the fiber axis at an annealing temperature 180°C
and time of 6 h. After these conditions, the fiber
material turns to the brittle state, which is very dif-
ficult to examine with this technique.

Figure 4(a—f) shows the relation of the behavio
of nl, nl, and n!l on the increase of the temperature
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Plate 4 (a—f) Microinterferograms of multiple-beam
Fizeau fringes in transmission crossing annealed nylon 66
fibers at a constant temperature of 160°C and different
times (1, 2, 4, 6, and 10 h) using monochromatic light
vibrating perpendicular to the fiber axis.

of annealing at different constant times. From these
curves, we observe a certain characteristic annealing
range temperature (100-120°C); after these, the rate
increases for n!, nll, and n!l. This phenomenon may
be due to the change in specific volume behavior
and transformation from the glass transition below
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at constant annealing temperature (80, 100, 120, 140, 160, and 180°C).
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Plate 5 (a-f) Microinterferograms of multiple-beam
Fizeau fringes in transmission crossing annealed nylon 66
fibers using monochromatic light vibrating parallel to the
fiber axis at annealing temperatures of (a) 80°C, (b) 100°C,
(c) 120°C, (d) 140°C, (e) 160°C, and (f) 180°C for a con-
stant annealing time of 1 h.

T, to soft and rubbery behavior as temperature is
increased above T,.

Figure 5(a—f) shows the relation of the behavior
of nt, nt, and nl on the increase of the temperature
of annealing at different constant times. It is clear
from the obtained curves that as the temperature of
annealing increased we observe a transition state at
100-140°C for these directions (ni, nZ, and n2).
This transformation change may be due to the

change of the crystalline ratio to the amorphous ra-
tio; the obtained new reorientation of the molecules
refers to geometrical arrangements of neighboring
groups.

Figure 6(a—f) shows the changes of the birefrin-
gence An,, An, and An, due to the increased an-
nealing time at different constant annealing tem-
peratures. From these curves, it was found that with
the variation of orientation for skin, core, and mean

(b)

(f)

Plate 6 (a-f) Microinterferograms of multiple-beam
Fizeau fringes in transmission crossing annealed nylon 66
fibers using monochromatic light vibrating perpendicular
to the fiber axis at annealing temperatures of (a) 80°C,
(b) 100°C, (¢) 120°C, (d) 140°C, (e) 160°C, and (f) 180°C
for a constant annealing time of 1 h.
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Plate 7 Microinterferograms of multiple-beam Fizeau
fringes in transmission crossing annealed nylon 66 fibers
using monochromatic light vibrating (a) parallel and (b)
perpendicular to the fiber axis at annealing temperature
of 180°C and at time of 6 h.

on annealing from 1 to 4 h a remarkable change for
the skin and core orientations is noticed and these
may be due to the cohesiveness perserved in both
the crystalline and oriented amorphous regions.
Also, in Figure 6(e,f), the curves of An,, An,, and
An, show a coherency of chain orientations of the
skin and core and this may be due to that the crystal
blocks move back into the crystallographic register
to reform the lamella, especially at high temperature
and time of annealing.

Figure 7(a—-f) shows changes in the birefringence
An,, An,, and An, due to increasing annealing tem-
peratures at different constant annealing times.
From these curves, it was found that with the vari-
ations of orientation for An,, An,, and An, on an-
nealing at 100-140°C a remarkable change is noticed
for the skin, core, and mean; these changes may be
due to transformations for the oriented crystallites
and oriented amorphous regions to establish a new
crystallographic form that depends on the new an-
nealing conditions.

It must be noted also that the changes for the

OPTOTHERMAL PROPERTIES OF FIBERS. I 1255

parallel and perpendicular directions for the skin,
core, and mean lead to the results obtained in Figures
6 and 7 for all the birefringence mentioned above.

The Dispersion of Nylon 66 Fibers

The dispersion properties of the fibers under test
are studied using the well-known Cauchy’s formula:

Ny = A+ B/)\2 (5)

where A and B are Cauchy’s constants. The refrac-
tive indices n(,, of nylon 66 fibers are measured in-
terferometrically. Figures 8(a-d) and 9(a-d) show
the variation of n!, n!, nll nt, nt, and nt with 1/A2
from which Cauchy’s s constants are determined for
unannealed and annealed nylon 66 fibers at a con-
stant temperature of 140°C and different annealing
times. Table III gives values of Cauchy’s constants
for both layers of nylon 66 fibers in the two principal
directions of vibration of the light.

The Dispersive Coefficient of Nylon 66 Fibers

The dispersive coefficient (dn/d\) can be obtained
by differentiating eq. (5), L.e.:

dney/d\ = —2B/N? (6)

Table IV gives values of the dispersive coefficient
for the layer of nylon 66 fibers in the two directions
of polarization for the monochromatic light used.

The Polarizability Per Unit Volume

The experimental values of the refractive indices
were utilized to obtain the polarizability per unit
volume, using the Lorentz-Lorentz equation:

Pl'=3(n"? — 1)/47x(n? + 2) N

and with an analogous formula for the perpendicular
direction. Table V shows the calculated values of
polarizability per unit volume and isotropic refrac-
tive indices of untreated nylon 66 fiber at room tem-
perature of 25 + 1°C. Figures 10(a-f) and 11(a-f)
give the behavior of the P! and P for different con-
ditions of annealing.

Isotropic Refractive Index—Annealing
Temperature and Time Dependence
of Nylon 66 Fibers

The isotropic refractive index of a medium gives in-
formation about not only the molecular package but



1256

FOUDA ET AL.

i
n 1 Hour
1.608
—©- Skin
183 & Mean
~&~ Corg
18508 |
188}
1.608 |
l.uT
ls’s A i A s i 4 A L i
0O 20 40 0 B0 100 130 140 160 160 200
Annealing Temperature
(a)
]
1l 4 Hours
1.608
-0 aia
16} € wma
A Core
1696

1.00 -
.

L L 1 i A i 1 s 1
0 30 40 60 60 100 120 140 160 180 200
Annealing Temperature

1.870

(¢)
! 8 Hours
1.008 Il
8- sun
te} - e
~A Core
1008 }

1.588

1eaf g;———___:_::';:s:’:p 8

1678

I
o 20 40 0 80 100 120 140 160 180 200

Annealing Temperature
(e)

Figure4

Ig 2 Hours

1.608
- Skin
10 -8 Mean
& Care
1608t
150 /&///5/
___w 7
1.588 |- &= //B
5
188} 8:::::::—"(‘-‘3;
1876 — b L Ll b a4
0 20 40 B0 BO 100 120 140 180 180 200
Annealing Temperature
(b)
Ll ;
n 6 Hours
1.608

18] S uean

0 20 40 60 B0 100 120 140 180 180 200
Annealing Temperature

(d)
I
1 10 lours
1.808
-9~ Skn
16} & Mean
—£ Core
1.595 -
/ )
_~
159 [
- 2
I ra
a——""""" o pa
1.505 | e
J— S
La8f |- i Sa
1675 L . i i "l 4 ] A 1

[ 20 40 80 B0 100 120 140 160 180 200
Annealing Temperature

{0

(a-f) Relation between annealing temperature (80-180°C) and parallel refractive

indices at constant annealing time (1, 2, 4, 6, 8, and 10 h).



11

1 Hour

1.54

1.8%

183
1826
1.62 1 " N L L L R L s
0 20 40 0 80 100 120 140 180 180 200
Annealing Temperture
(a)
n 4 Hours
1.64
1.638 |-
1.83F
1.525
1.62 . ) ) L s " L L .
° 20 40 60 B0 100 120 140 160 180 200
Annealing Tepmerature
(¢)
I 8 Hours
1.64
~©- min
-8~ Mesn
1636 || & core
183}k
1528
‘u A A A e A i L 1 1
[ 20 40 60 80 100 120 140 160 180 200
Annealing Temperature
(e)

OPTOTHERMAL PROPERTIES OF FIBERS. III 1257

1

11 2 Hours
1.54
- 2dn
& Mesn /l
16961 | & Core
e
P
/A‘A/
-~
! A
1.83 ~ _e‘____é__-_/ap
a7 A/
B
1526 T
1.52 A N i " s N s 1 PO
° 20 40 60 80 100 120 140 160 180 200
Annealing Temperature
(b)
1n 6 Hours
184
1.538 |
183}
lsz.ﬂ
152 A B I— i L 1 4 1 L
0 20 40 60 80 100 120 140 180 180 200
Anncaling Temperature
)
11 10 Hours
1.54
-9~ srin
& Mean
1638 || & core
1.53L
1525 |
152 1 A i 1 A i 1 1 1
0 20 40 60 80 100 120 140 160 180 200
Annealing Temperature
n

Figure 5 (a-f) Relation between annealing temperature (80-180°C) and perpendicular
refractive indices at constant annealing time (1, 2, 4, 6, 8, and 10 h).



1258

FOUDA ET AL.

An 8o0’C
0.07
-0 sue
B Mesn
0.006 | - Care
008

® 1t 2 3 4 65 & T 8 9 10 1 12
Annealing Time (hr)

(a)
An 120°C
0.07
~©- 34n
8- Meen
0.006 |- —&~ Core
V.Ve |} a

0.0%5 ~---EJ- R W _A -8
°
0.00 1 A i ' i A 1 1 1 '
6 & 2 3 4 5 6 7T 8 9 10 11 12

Annealing Time (hr)
{c)

An 160°C
0.07
-6~ sumn
O~ Mean
0.0806 ~&- Core

Annealing Time (hr)
(e}

Figure 6

0.07

0085

0.00

0.05%

0.05

An 100°C
~©- Sidn
-8~ Mean
I ~ Cors
& a
h-——"‘b e T T &
&
\,/' a\\ﬁ
/\
8
[a]
L baee ok L PSSR WSV YOREUNY TUNSUU ISR NP W

[ 1 2 3 4 L] L] 7 ] L 1w 1 12

Annealing Time(hr)

(b)
AN 140°C
0.07
- sun
~B- Mesn
0.005 —&r- Core
ovs}
a
m“‘*%a&-———-&-»——-
poss Bt e ey = g
005 1 1 . . 1 1 1 1 4 ' 1 i
o 1t 2 3 4 5 & 71 8 9% 10 1 12
Annealing Time (hr)
(d)
An 180°C
0.07 —
~£~ 5kn
~8~ Mean
o.085 & Core
0.08 |
-
0.055 T
0.05 P S S S S SO ST SR
6 1 2 3 4 &5 @€ 7 8B 8 10 1u 12
Annealing Time (hr)
n

(a—f) Relation between annealing time (1-10 h) and birefringence An,, An,,

and An, at constant annealing temperature (80, 100, 120, 140, 160, and 180°C).



An 1 Hour
0.0
~O- Sua
~& Mean
0.006 | 4 Cere
0.08 F
o
=N
——-
a
0.088 |
0.05 N s " L L s L s s

0 20 40 o« 80 100 120 140 160 180 200

Annsaling Temperature
(a)

An

4 Hours

0.07

-©- gun

-B- Mean
0.006 |- ~& Cors
c.0e |
0.055 |
0.06 . L " L 1 : L " s

0 20 40 60 a0 100 120 140 160 160 200

Annealing Temperature
(c)

8 Hours

0.07

-0 Suin

& Meam
0.006 ~&- Core
0.08 |-

o
)

0.086 |- &
0.08 s s ' i L " s N L

[} 20 40 60 80 100 120 140 160 180 200
Annealing Temperature

(e)
Figure 7

OPTOTHERMAL PROPERTIES OF FIBERS. III

An 2 tlours

0.07

-0 Suim

~& Mean
0.005 | A Corw
o.0el
0055 |
008 L Y i NPy TN WU NP R P I

[ 20 40 60 80 100 120 140 180 180 200

Annealing Temperature
(v)

An

-6 Jun

6 Hours

0.07

-8 Mean
0.06s || & Cere

008t
0.055 B
ow A, i i A1 L A A il e

0 20 40 60 [L1:3 100 120 140 160 180 200

Annealing Temperature
(d)

10 Hours
0.07 —
-~ gxn
- Mean
0.005 |- —&- Core
0.06
a o
a—
0.056 | R a
\\etr
005 - A —1 i 1 L A 1 1

0 20 40 80 80 100 120 140 100 180 200

Annecaling Temperature
(r

(a-f) Relation between annealing temperature (80-180°C) and birefringence

An,, An,, and An, at constant annealing time (1, 2, 4, 6, 8, and 10 h).

1259



1260 FOUDA ET AL.
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Figure 8 (a—d) Variation of n!, n!, and n!l with 1/)%

Table III Values of Cauchy’s Constants for Unannealed and Annealed Nylon 66 Fibers

Constant “B” X 10°

Constant “A” (nm?)

State Layer Al At B! B+
Unannealed Skin 1.5614 1.4988 4.29 7.§9
Mean 1.5623 1.4996 3.64 8.04

Core 1.5618 1.5016 3.89 8.38

140°C 1 h Skin 1.5529 1.4995 7.83 8.19
Mean 1.5538 1.5009 7.79 8.32

Core 1.5571 1.5024 7.99 8.57

140°C 4 h Skin 1.5525 1.4997 9.49 7.99
Mean 1.55633 1.5005 9.49 8.04

Core 1.5563 1.5025 9.67 7.99

140°C 8 h Skin 1.5592 1.5019 7.83 8.69
Mean 1.56 1.5026 7.88 8.76

Core 1.5632 1.5052 7.67 8.88
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(a-d) Variation of ny, n}, and n} with 1/)\2

Table IV Average Value of Dispersive Power of
Unannealed and Annealed Nylon 66 Fibers

State Layer dn!'/d\ dnt/d\
Unannealed Skin —5.27 X 1078 —9.81 X 107®
Mean —4.47 X 1078 —9.87 X 1075
Core —4.78 X 107° —-1.03 X 10
140°C 1 h Skin —9.62 X 107° -1.01 X 107*
Mean —9.57 X 107® -1.02 X 107*
Core —-9.81 X 107° —1.05 X 10°*
140°C 4 h Skin -1.17 X 107*  —9.81 X 107
Mean -1.17 X 107* —-9.87 X 10°%
Core -1.19X10™*  -9.81 X 10°%
140°C 8 h Skin -9.62X10° —1.07 X 10™*
Mean —9.68 X 107 —1.08 X 107*
Core —9.42 X 107 —1.09 X 1074

also specifications of the unit cell of the crystalline
part of the medium.’® Hannes!® used the following
formula:

Nio = 3(n' + 2nt) (8)
to estimate a relationship showing the crystallization
in homogeneity for some types of polymers. The ob-
tained values of n!, nt, nl, nt, nl, and n} from the
interferometric techniques are used with eq. (8) to
determine the isotropic refractive index values for
annealed nylon 66 fibers.

Figure 12(a—f) shows the variation of n,., of nylon
66 fibers due to changing annealing times and con-
stant annealing temperatures. The obtained curves
reflect that s Nsoye and Ny, vary through the
first 2 h of annealing temperatures.

Figure 13(a—f) shows that the isotropic refractive
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index of annealed nylon 66 fibers increased by in-

g gl 3 creasing the annealing temperatures at different
& constant times. The obtained curves reflect that
f temperatures from 100-140°C for 1 and 2 h means
: 2 % that the isotropic medium is affected by the iso-
g g 2 thermal changes in these ranges for rearrangement
E of the segmental breakage chain inhomogeneity.
©
© Ao
g R
.a g § CONCLUSION
F4
o From the measurements carried out in the present
?3' o work to investigate the change in optical properties
g 5 8 due to the annealing process for nylon 66 fibers at
3 e different conditions of temperature and time, the
E following conclusions may be drawn:
=] —
§ g g 1. The effect of the annealing process on nylon
=t S 66 fibers depends on the time period and the
A temperature of annealing.
.g © 2. The direction dependence of the refractive
‘g = g indices have unequal behavior in different di-
& =] rections. Clearly, this behavior is proof that
P the structure of the fiber along its axis is dif-
2 - ferent from that across its axis. The arrange-
? g 8 ment of the linear molecules of which it is
‘é < P composed are different in the parallel direc-
; tion from that in the perpendicular one (see
g Figs. 2-5).
° e CE 3. The use of multiple-beam Fizeau fringes ver-
g 2 2 ifies the Cauchy’s dispersive formula and de-
e termines the constants A and B of this for-
t mula for each layer of the fiber.
g | 8 4. Change in n;,, with different annealing con-
. E li ditions indicates a change in the specific vol-
& ume of nylon 66 fibers on the annealing pro-
8 cess.
= .8 5. The variation of the isotropic refractive in-
£ g S dices is related to the degree of order orien-
E e tation and mass redistribution of the sample.
% 6. The annealing process affects other physical
[ o properties (swelling, dyeability, electrical,
b s S color, mechanical, etc.); further studies are
2 ° needed to detect which properties are im-
% & proved by annealing.
> @ 7. The produced microinterferograms clarify the
E’ :3' | 5 difference in optical path variations due to
i.; 2 @ annealed and unannealed fibers.
2 : 8. Reliable results are obtained using multiple-
8 5 © beam Fizeau fringes in transmission for
] § O studying thermal birefringence in polymeric
;: E 8| o fibers, where sharp fringes enable one to de-
% El g © termine accurately the refractive indices of
=] B any layer of a multilayer fiber.



Polarizability Per Unit Yelume

0.084
< »'c
0.002 +-
oon} oo - o o
© p‘
0.078
00T |
0.074 1
5 — g © © Py
(X o84
°°7 it 'l A L A A i A A 1 1
[ ] 1 3 ] 4 8 [ ] T ) ] 10 11 12

Annealing Time (hr)
(e)

Polerizabiiily Por Unit Yelume

0.084
0.002
]
oore )
o.07e |
s 4
0.074 o o O © A_pr
- O a
oomaf
o." i IS L i i i s i 1 1 1
® 1 2 3 4 6 6 T 8 § 10 1N 12
Annealing Time (hr)
(c)
Polarizability Por Unit Yolume
0.004
-6~ 100°c
ooee] et
O O- 4Al
coe}t oo . o " Pa
5 ‘;/'
oon }
core
1
L O
o.tmT;/nf ° o— o —o Py
o7}
ko i 3 'S 'l - A A 1 L 1 'l
© 1 & 3 4 B 8 7 @8 9 10 1 12

Annealing Time (hr)
()

Figure 10

OPTOTHERMAL PROPERTIES OF FIBERS. III

0.084

0.082

0.08

0.078

0.070

0.074

0.072

0.07

0.078

0.078

0.074

0.072

0.07

0.082

0.08

0.078

0.070

0.074

0.072

0.07

o 1 2 3 4 5 L] 7 a ®

‘-9- 100c I
'
[ oo o < © © Py
L
1
|
v_/_nfw o o o—0PF,
L
i i . L L A I i 1 s i

0 1 2 3 4 5 ¢ 7 ] 9

)
;/u O © — ——0 P,
o

1
1+ © © = Pa

o 1 2 3 4 5 L] 7 8 9

1263

Polerizabilily Per Unil Yolume

Annealing Time (hr)
(v)

a4 Polarizability Per Unit Yoluine

5 1 I 2 1 1 1 2 L 1 L

Annealing Time (hr)
(@)

" Polarizability Per Unit Volume

°
-9~ 1e0C

| ’

Annealing Time (hr)
(l)

(a-f) Relation between annealing time (1-10 h) and polarizability per unit

volume P! and P} at constant annealing temperature (80, 100, 120, 140, 160, and 180°C).
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9. The crystalline parameters of the material
varied systematically with annealing tem-
perature.

The detailed annealing study revealed con-
tinuous changes in the crystalline state; this
emphasizes the variations of An,, An., and
An,.

The value of the swelling factor for different
liquids depends on the time and the temper-
ature of annealing and also on the chemical
concentrations of the absorbent and the de-
gree of crystallinity of the fiber.

The absorption factor is an indicator of the
degree of crystalline and amorphous areas in
the structure of the studied fiber.

10.

11.

12.

We conclude from the above results and consid-
erations that the practical importance of these mea-
surements provide acceptable results for the op-
tothermal parameters. Since nl, nll, nl, nt, nt,
nt, An,, An,, An,, n,,, Pll, and P} are a sequence
of the material annealed, so the reorientation of the
nylon 66 fibers may occur not only during manu-
facture but also due to the annealing process. Also,
it is clear that multiple-beam techniques are useful
to clarify the mechanism of the optical behavior of
the skin-core structure of nylon 66 fibers with the
annealing process. In conclusion, the structure ori-
entation changes due to the annealing process as
observed by multiple-beam Fizeau fringes is very
promising and further study is required in areas
which have not yet been explored.
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