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SYNOPSIS 

In this work, optical properties of samples of nylon 66 fibers were quenched in coarse- 
grained ice after annealing in the temperature range 80-180°C for 1-10 h. Two independent 
techniques were used to study optical parameters in these fibers. The first technique is the 
application of the diffraction technique to study the effect of quenching on the swelling 
factors of these fibers for some different liquids a t  room temperature of 25 k 1°C. The 
second method dealt with the application of multiple-beam Fizeau fringes in transmission 
to estimate the refractive indices and birefringence of the skin and core of these fibers. 
The obtained results were utilized to calculate the polarizability per unit volume, isotropic 
refractive indices, and the Cauchy's dispersion constants. The relationship between n!l, 
n!sL, n!', Ans, An,, An,, qi+, and qiso),, and different annealing times and temperatures 
is given for these fibers. Microinterferograms and curves are also given. 0 1996 John Wiley 
& Sons, Inc. 

INTRODUCTION 

The measurement of optical anisotropy in polymers 
is one of the simplest and most exploited methods 
of studying orientation in these polymers. These 
optical properties vary with their directions in the 
fibers, especially along and perpendicular to the fiber 
axis because of the orientation of the fiber chain. 
Mechanical and thermal properties were found to 
be influenced by the optical heterogeneity of a solid.' 

Many techniques have been used to determine 
the refractive indices and birefringence of fibers. In 
this respect, both two-beam and multiple-beam mi- 
crointerferometry have been utilized by many au- 
thors.'-' Recently, Barakat and Hamza" concen- 
trated on the fundamentals of interferometry and 
used the interferometric methods for optical syn- 
thetic and natural fiber analysis and research. 

More recently, the application of double-beam 
and multiple-beam Fizeau fringes interferometry has 
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stimulated interest in studying the effect of different 
types of thermal and mechanical properties of nat- 
ural and man-made fibers."-15 The most available 
technique for changing the polymeric structure is 
the annealing and quenching process.'&'' The effects 
of annealing increases drastically with temperature, 
but also depends on the time the sample is held at  
the annealing temperature. Therefore, thermal 
treatment was used to vary the degree of crystallinity 
in polymeric materials. 

Increases in order are produced by heating. Dis- 
order is produced either by melting and quenching 
or by cold working. The disordered state of crystal- 
lizable polymer is often produced simply by quench- 
ing and some refer to it simply as quenched or shock- 
cooled material.'l 

In this work, the mechanism of optical changes 
in the orientation structure of nylon 66 fibers due 
to annealing and quenching in coarse ice pieces was 
determined interferometrically. Multiple-beam 
Fizeau fringes were used for the determination of 
the mean refractive indices (n! and nk), the skin 
refractive indices (n! and n:), and the core refractive 
indices (n! and n:) and for the birefringence in each 
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case for samples of nylon 66 fibers with different 
annealing conditions and quenching in coarse ice. 
The swelling absorption factor was also determined 
from its diffraction pattern using a He-Ne laser 
beam. 

THEORETICAL CONSIDERATIONS 

lnterferometric Measurement of the Optical 
Parameters 

Multiple-beam Fizeau fringes in transmission were 
used for the determination of the optical parameters 
for quenched nylon 66 fibers. 

Determination of Refractive Indices and 
Birefringence for the Nylon 66 Fiber Layers 

Nylon 66 Fibers with Circular Cross Section and 
Having Skin-Core Layers. In this study, we mea- 
sured the refractive indices and double refraction of 
annealed and quenched nylon 66 fibers by applying 
the following previously derived equation22: 

where dZ is the value of the fringe shift; AZ, the 
value of the order separation between two consec- 
utive straight line fringes at the same point from 
the center of the fiber, and A, the wavelength of the 
monochromatic light used 

where nk = the refractive index of the layer k of the 
fiber, nk+l = the refractive index of the medium in 
which the fiber is immersed (immersion of the liquid 

Table I1 
Birefringence Ane of the Skin of Untreated and 
Quenched Nylon 66 Fibers 

Refractive Indices n! and n,' and 

Untreated 1.5752 1.5237 0.0514 
12OOC 1 h 1.5792 1.5271 0.0522 
120°C 2 h 1.5822 1.5269 0.0523 
12OOC 4 h 1.5799 1.5258 0.0541 
12OOC 6 h 1.5826 1.5273 0.0553 
120°C 8 h 1.5814 1.5275 0.0539 
12OOC 10 h 1.5823 1.5255 0.0568 

The  wavelength of the light used was 546.1 nm a t  room tem- 
perature of 25 f l°C.  The error in measuring the liquid refractive 
index using an Abbe refractometer was +. 0.0005. 

nL), rk = the radius of the skin of order k from the 
core, and x = the distance measured from the center 
of the fringe shift and at which the shift tends to 
zero. Hence. 

nL = nk+l,  no = n,, r,, and ro = r, 

where no is the refractive index of the central layer 
of the fiber (the core); rf, the radius of the fiber; and 
r,  and rf, the radius of the layers m and the central 
layer (core). 

The Mean Refractive Index n,. The mean refractive 
index n, of the nylon 66 fibers, having a core of 
thickness t, and refractive index n,, surrounded by 
a skin layer of thickness t, and refractive index n,, 
is calculated using the following formula3: 

t c  ts n, = n, - + ns - 
tr tf 

where tf is the whole fiber thickness. 

Table I Values of Swelling Factor for Untreated and Quenched 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 8.42 5.3 17.4 15.3 3.8 
120°C 2 h 5.3 5.3 14.2 15.3 3.8 
12OOC 4 h 9.5 6.3 14.2 15.3 6.6 
12OOC 6 h 6.3 6.3 17.4 6.3 6.6 
120°C 8 h 6.3 6.3 14.2 6.3 0.42 
12OOC 10 h 6.3 5.3 14.2 6.3 0.42 
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Plate 1 (a-f) Microinterferograms of multiple-beam Fizeau fringes in transmission for 
quenched nylon 66 fibers with constant annealing temperature (8O-18O0C), using mono- 
chromatic light of wavelength 546.1 nm vibrating parallel and perpendicular to the fiber 
axis. 

Measurement of Swelling Factor of Quenching 
Nylon 66 Fibers by Laser-beam Diffraction 

In this method, the following formula23 is used to 
determine the diameter: 

the fiber and the screen on which the pattern is pro- 
duced. 

The following equation was used to determine the 
swelling factor24: 

d = *A L/x (3) (4) 

where d = is the fiber diameter, X = the wavelength 
used, x = the distance from the center of the pattern 
to the first minimum, and L = the distance between 

where d, = diameter of swollen fiber and dd = di- 
ameter of dry fiber. The results are tabulated in Ta- 
ble I. 
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Plate 2 (a-f) Microinterferograms of multiple-beam Fizeau fringes in transmission for 
quenched nylon 66 fibers with constant annealing temperature (8O-18O0C), using mono- 
chromatic light of wavelength 546.1 nm vibrating parallel and perpendicular to the fiber 
axis. 

EXPERIMENTAL AND RESULTS 
AND DISCUSSION 

Annealing and Quenching of Samples 

ranging from 80 to 180°C for different annealing 
times ranging from 1 to 10 h. Every sample was then 
quenched in coarse ice pieces at a constant temper- 
ature (0°C). 

Samples of nylon 66 (I.C.I. polyamide 66 carded and 
combed) fibers were distributed in aluminum foil, 
which was then heated in an electric oven whose 
temperature was adjusted to be constant within 
+1"C. The samples were annealed at temperatures 

A remarkable observation after 6 h was made 
when annealing nylon 66 fibers at a constant tem- 
perature (180°C): it became brittle; therefore, it was 
difficult to study it interferometrically after this oc- 
currence. 
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(b) 
Plate 3 (a,b) Microinterferograms of multiple-beam 
Fizeau fringes in transmission for quenched nylon 66 fibers 
for a period of 10 h and at 120°C, using monochromatic 
light of wavelength 546.1 nm vibrating (a) parallel and 
(b) perpendicular to the fiber axis. 

The Refractive Indices n! and n: and 
Birefringence An, of the Outer Layer of Nylon 66 
Fibers Measured by the Becke-line Method 

Using a monochromatic light of wavelength 546.1 nm, 
the immersion liquidy was prepared by mixing differ- 
ent volumes of a-bromonaphthalene of refractive index 
nl = 1.6585 at  20°C and liquid paraffin of refractive 
index % = 1.4500 at 20°C. For a mixture of the two 
liquids, 1 and 2, the refractive index of the mixture is 
n = (nl u1 + %u2)/(u1 + uz) ,  where u1 and u2 are the 
volumes of liquids 1 and 2, respectively. The results 
are given in Table 11. In the same table, the birefrin- 
gence An, is calculated for a set of quenched nylon 66 
fibers having different annealing times at  a constant 
temperature of 120°C. It is well known that the Becke- 
line method cannot determine the refractive indices 
for two directions on the same fiber. Two determi- 
nations are necessary: one parallel and the other per- 
pendicular to the fiber axis. The optical effects pro- 
duced by an immersed fiber do not depend solely upon 
the difference between the refractive indices of the 
fiber and the liquid, but also upon the product of this 
difference and the fiber thickness. Also, the Becke re- 
fractive indices are not confined to the fiber surface 
but may occur a t  any point on the fiber radius.25 

Multiple-beam Fizea u Fringes 
The method discussed in Ref. 10 for producing mul- 
tiple-beam Fizeau fringes, formed by a silvered liquid 

wedge crossing a fiber for the polarization plane of 
the light in parallel and perpendicular directions to 
the fiber axis, was used to measure the birefringence 
of annealed and quenched nylon 66 fibers. 

Plate l(a- f )  show microinterferograms of mul- 
tiple-beam Fizeau fringes in transmission for 
quenched nylon 66 fibers with a constant annealing 
time of 1 h and different annealing temperatures. A 
monochromatic light of wavelength 546.1 nm vi- 
brating parallel to  the fiber axis was used. In Plate 
l (a-f) ,  the immersion liquid was selected to  allow 
the fringe shift to  be small (within one to two orders 
of interference) and to  determine accurately the 
point of connection of the fringe in the liquid and 
fiber regions. Plate l (a-f)  also shows that the fringe 
shift increases as  the temperature of annealing in- 
creases. 

Plate 2(a-f) shows microinterferograms of mul- 
tiple-beam Fizeau fringes in transmission for 
quenched nylon 66 fibers with a constant annealing 
time of 1 h and different annealing temperatures. A 
monochromatic light of wavelength 546.1 nm vi- 
brating perpendicular to  the fiber axis was used. 

Plate 3(a,b) shows microinterferograms of mul- 
tiple-beam Fizeau fringes in transmission for 
quenched nylon 66 fiber obtained by annealing for 
a period of time of 10 h a t  120°C using a light vi- 
brating parallel and perpendicular to  the fiber axis. 

Plate 4(a,b) shows microinterferograms of multiple- 
beam Fizeau fringes in transmission for quenched ny- 

(b) 
Plate 4 (a,b) Microinterferograms of multiple-beam 
Fizeau fringes in transmission for quenched nylon 66 fibers 
for a period of 6 h and at 180°C, using monochromatic 
light of wavelength 546.1 nm vibrating (a) parallel and 
(b) perpendicular to  the fiber axis. 
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Figure 1 (a-f) Relation between annealing time (1-10 h) for different annealing tem- 
peratures (80-180°C) and quenching in coarse ice pieces (0°C) with refractive indices for 
light vibrating parallel to the fiber axis, nj, nf,  and ni, of nylon 66 fibers. 
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nealing times (1-10 h) and quenching in coarse ice pieces (0°C) with refractive indices for 
light vibrating parallel to the fiber axis, n!, nb, and ni, of nylon 66 fibers. 
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to the fiber axis. 

(a-f) Analgous forms to Figure 2 (a-f), but for the light vibrating perpendicular 
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Figure 6 
different times and constant temperatures. 

(a-f) Relation between quenched nylon 66 fibers and their birefringence at 
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different temperatures and constant times. 

(a-f) Relation between quenched nylon 66 fibers and their birefringence at  
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(b) 

Plate 5 (a,b) Microinterferograms of multiple-beam Fizeau fringes in transmission for 
untreated nylon 66 fiber using monochromatic light of wavelengths 546.1,577, and 579 nm 
vibrating (a) parallel and (b) perpendicular to the fiber axis. 

lon 66 fiber obtained by annealing for a period of time 
of 6 h at 180°C using a light vibrating (a) parallel and 
(b) perpendicular to the fiber axis. 

According to eq. (I), the fiber skin n!*' and core 
n!,' can be determined. Also, by applying eq. (2), 
the mean refractive indices n!' can also be deter- 
mined. 

Figure l (a-f)  shows the variations of n!, n!, 
and n! of nylon 66 fibers by increasing the an- 
nealing time (1-10 h) and annealing temperature 
(80-180°C) and quenching in coarse ice pieces, as 
obtained using multiple-beam Fizeau fringes in 
transmission. I t  is clear that annealing and 
quenching for 1 h at  different ranges (80-180°C) 
leads to a slight increase in n!, n!, and n! in most 
cases. The major mass redistribution could be ob- 
served in the period from 2-4 h. The curves in 
Figure l ( f )  stopped after 6 h, as mentioned 
before. 

Figure 2(a-f) shows the variations of n!, n!, and 
n! of nylon 66 fibers by increasing the annealing 
temperature (80-180°C) and annealing time (1-10 
h) and quenching in coarse ice pieces, as obtained 
using multiple-beam Fizeau fringes in transmission. 
Clearly observed is a transformation change when 
annealing samples of nylon 66 fibers at 100-120°C 
for different annealing periods and then quenching, 
which may be attributed to a change in the crystal 

structure that can occur above Tg as T, is ap- 
proached. The drop or increase at 100-120°C could 
be explained as also due to a redistribution increase 
or decrease of the crystalline ratio to the amorphous 
ratio. 

Figure 3(a-f) shows the variations of nf ,  nf,  and 
n,' of nylon 66 fibers obtained by the same technique 
as in Figure 1. But it is clear for the perpendicular 
direction that annealing and then quenching for 1 
h from 80 to 180°C leads to increase of nf ,  n:, and 
n: and a decrease in the peak at 8, 6, 5, 4, 4.5, and 
2 h for (a)-(f), respectively, with increasing an- 
nealing periods at the temperature ranges from 80 
to 180°C. This behavior could be explained as due 
to the molecule's mobility to exhibit new rheological 
behaviors far from the unannealed and quenched 
material. 

Figure 4(a-f) shows the variations of nf ,  n:, and 
n,' of nylon 66 fibers obtained by the same technique 
as in Figure 2. It is clear that there are transitional 
temperature changes, due ta the disordered state, 
which must be of concern for each case. Following 
the variability of every state, we could observe dif- 
ferences in temperature as shown: (a) and (b) 80°C, 
(c) 14OoC, (d) 120"C, (e) 80"C, and (f) 100°C. This 
could be explained as due to the discontinuity of the 
heat flow through the skin of the fiber rather than 
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untreated nylon 66 fiber. 

(a,b) Variation of (a) nr, n!, and n! and (b) n:, n:, and n,' with 1/X2 for 

that through its core due to their difference in ori- 
entation and size distribution. 

Figure 5(a-f) shows the relations between the 
annealed and quenched nylon 66 fibers and their 
birefringence at different times and constant tem- 
perature. A disorder state of orientation was pro- 
duced by being shock-cooled (quenching) for differ- 
ent annealing temperatures and times. These dis- 

ordered states may be due to the difference of the 
heat flow rate from the core to the skin and then to 
the surrounding medium from the skin to its sur- 
roundings, including their difference in orientations 
and size distribution. 

Figure 6(a-f) shows the relations between the 
annealed and quenched nylon 66 fibers and their 
birefringence at different temperatures and constant 



1282 FOUDA ET AL. 

II 11 140.C 1 Hour 

0 0.5 1 1.6 2 2.6 3 3.5 4 4.6 5 6.6 6 

1 /A2 *I o+(nm-2, 
(a) 

140'C 4 Hours 
II 

11 

I 
l . 5 5 l j  ' ' ' ' ' ' ' ' ' ' ' 

0 0.5 I 1.6 2 2.6 3 3.6 4 4.5 5 5.6 6 

. O  0.6 I 1.6 2 2.6 3 3.6 4 4.5 6 6.6 6 

1 /A2 *I o*(nm-3 
(a 

1 

1.494l " " ' ' " ' " ' 
0 0.6 1 1.5 2 2.5 3 3.5 4 4.5 6 5.5 6 

'1 O*(nm-2) 

. .. 
0 0.5 I 1 5 2 2.5 3 3.6 4 4.6 5 5.6 6 

'1 O*(nrn'? 1 IA.2 

1.494l ' ' ' ' ' ' ' ' ' ' ' 
0 0.6 1 1.5 2 2.5 3 3.5 4 4.6 6 5.5 6 

1 lh? *I oe(nm-2) 
(9 

Figure 8 
nylon 66 fibers at 140" and quenched in coarse ice (0°C) for different annealing times. 

Variation of (a-c) n!, n!, and ni, and (d-f) n:, n:, and n,' with 1/X2 for annealed 
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Table I11 Values of Cauchy's Constants for 
Untreated and Quenched Nylon 66 Fibers 

Constant 
"B" x 103 

Constant "A " (nm2) 

State Layer A" A' B" B' 

Unannealed Skin 
Mean 
Core 

140°C 1 h Skin 
Mean 
Core 

140°C 4 h Skin 
Mean 
Core 

14OoC8 h Skin 
Mean 
Core 

1.5614 
1.5623 
1.5618 

1.5619 
1.5624 
1.5648 

1.5642 
1.5646 
1.5671 

1.5642 
1.5648 
1.5671 

1.4988 
1.4996 
1.5016 

1.4998 
1.5002 
1.5026 

1.4986 
1.4982 
1.5016 

1.5998 
1.5991 
1.5024 

4.29 7.99 
3.64 8.04 
3.89 8.38 

5.99 7.99 
5.97 8.04 
7.33 8.42 

5.33 8.42 
6.27 8.46 
6.99 8.76 

5.39 8.04 
5.37 8.23 
5.69 8.38 

time periods. From these curves, we deduce that a 
disordered state of orientation was produced by an- 
nealing and quenching for different annealing pe- 
riods. 

Application of Multiple-beam Fizeau Fringes to 
Determine Cauchy's Dispersive Formula and 
the Dispersive Coefficient for Nylon 66 Fibers 

Plate 5(a,b) shows multiple-beam Fizeau fringes in 
transmission for light vibrating parallel and per- 
pendicular to the fiber axis using monochromatic 
wavelengths of 546.1,577, and 579, respectively, for 
untreated nylon 66 fibers. Figures 7(a,b) and 8(a- 
f )  show the relations among n!*l, n!,', nk', and 1 /  
X2 for light vibrating parallel and perpendicular to 
the fiber axis of wavelengths 436, 546.1, 577, and 
579 nm. It was constructed to evaluate constants A 
and B of Cauchy's f o r m ~ l a ~ ~ , ~ ~ :  

nx = A + B/X2 (5) 

The values of Cauchy's constants are given in Table 
111. According to Cauchy's dispersive formula, we 
obtain the dispersive coefficient by differentiation: 

dn -2B 
dX X3 

- 

The resolving power of the fiber layers was also cal- 
culated. The results are tabulated in Table IV. 

Determination of the Principal Polarizability 
per Unit Volume in the Skin and Core layers 

The polarizability of molecules is the origin of the 
refractive index of a material. The polarizability is 
related to the refractive indices by the well-known 
relation of Lorentz-L~renz~~.~'  which is given by 

n 2 - 1  4 
n 2 + 2  3 
-- --7rP (7) 

where P is the polarizability per unit volume. Table 
V gives the calculated results of P!.', AP,, Pi,', and 
AP, for different wavelengths. The obtained results 
throw light on the variation of the wavelengths with 
the polarizability, i.e., the polarizability is not a ma- 
terial constant, but depends on the frequency of the 
wave interactions and layer orientation. 

As birefringence yields information about crys- 
tallinity and the orientation of the polymer molec- 
ular chains, the isotropic refractive index of the me- 
dium also gives information about not only the mo- 
lecular package but also specifications of the 
medium. Hannes3' used the following formula: 

to estimate a relationship showing the crystallization 
inhomogeneity for some types of polymers. The ob- 
tained values of n!*', n!.', and n$' for the interfer- 

Table IV 
Untreated and Quenched Nylon 66 Fibers 

Average Value of Dispersive Power of 

State Layer dn"/dX dn'/dX 

Unannealed Skin 
Mean 
Core 

140°C 1 h Skin 
Mean 
Core 

140°C 4 h Skin 
Mean 
Core 

140°C 8 h Skin 
Mean 
Core 

-5.27 x 10-~ 
-4.47 x 10-~ 

-7.56 x 10-~ 
-7.33 x 10-~ 
-9.00 x 10-~ 

-7.69 x 10-~ 

-6.62 x 10-~ 

-6.98 x 10-~ 

-4.78 X loT6 

-6.55 X 

-8.58 X 

-6.59 X 

-9.81 X 
-9.87 X lo-' 
-1.03 x 10-4 

-9.87 x 10-5 
-1.03 x 10-4 

-1.03 x 10-~ 
-1.04 x 10-4 
-1.07 x 10-~ 

-1.03 x 10-4 
-1.01 x 1 0 - 4  

-1.03 x 10-~ 

-9.81 X 
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