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SYNOPSIS 

The variation of refractive indices and birefringences of Egyptian-manufactured polyester 
fibers with different annealing times at constant temperature 16OoC are studied by inter- 
ferometry. The polarizing interference microscope is used for determining the mean re- 
fractive indices and mean birefringence of these fibers. The results are used to calculate 
optical orientation function and the angle of orientation. Also, the acoustic method has 
been used for measuring the density and the mechanical loss factor of these fibers. Relations 
between the mean refractive indices, birefringence, polarizabilities, mechanical loss factors, 
and densities with annealing time are given for these fibers. Illustrations are given using 
graphs and microinterferograms. 0 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

In recent years there has been a great effort to eval- 
uate the optical parameters of fibers with a high 
degree of precision. Application of double-beam and 
multiple-beam interferometry has stimulated inter- 
est in studying the effects of different types of ther- 
mal and mechanical properties of natural and man- 
made Polyester fibers have a double re- 
fraction of positive value because their refractive 
indices are greater for light vibrating parallel to the 
fiber axk4s6 Part  of the modern trend in fiber re- 
search is to  alter fiber properties, one property mod- 
ification method involves the annealing process un- 
der different conditions. Several studies have re- 
ported the effects of annealing on the structure of 
synthetic and natural  fiber^.^,^,^-' 

Annealing implies heating a solid to temperatures 
approaching its melting point. This activates inter- 
nal mobility and promotes greater stability by, for 
example, the elimination of stresses or defects in 
general movement towards the thermodynamic 
equilibrium condition." The effects of annealing in- 
crease drastically with temperature, but also depend 
on the amount of time that the sample is held a t  

the annealing temperature. The sample may be an- 
nealed with its ends free or fixed; the difference be- 
tween the two cases is the ratio of shrinkage. 

In the present work the changes in density, optical 
properties, and the mechanical loss factor due to  the 
annealing process are studied for polyester fibers. 
These studies are performed before and after an- 
nealing at constant temperature 160°C and with dif- 
ferent times. 

THEORY 

Two different techniques were used in the present 
work. 

Double-beam Interferometry 

The Pluta polarizing interference microscope was 
used for the determination of the mean refrac- 
tive indices and The following 
equations are used to determine these optical 
properties l3 : 
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A F X  
An, = - 

hA 

where ni is the refractive index of fiber for light 
vibrating parallel (an analogous equation, using 
n; ,  applies for light vibrating perpendicular) to the 
fiber axis, nL is the refractive index of the immersion 
liquid, F" is the area of the fiber enclosed under the 
fringe shift as it crosses the fiber, h is the interfer- 
ence fringe spacing corresponding to the wavelength 
A, and A is the mean cross-sectional area of the fiber. 
Also An,, is the birefringence of the fiber and AF' is 
the area enclosed under the fringe shift using the 
nonduplicated image of the fiber. 

Density Measurements 

The measuring system for the measurement of fiber 
density was discussed in detail el~ewhere. '~*'~ From 
the following equation16: 

the mass per unit length m can be calculated, where 
Fo is the resonance frequency, P is the number of 
resonance modes within the string's length, and T 
is the tensional force. 

From the obtained value of the mass per unit 
length m ,  one can easily calculate the density p of 
the fiber material from the relation 

where r is the radius of the cylindrical fiber. 

Plate 1 
fiber. 

The cross-sectional area of the unannealed PET 

Plate 2 The microinterferogram of nonduplicated image 
of unannealed PET fiber. Monochromatic light of X = 546 
nm was used. 

EXPERIMENTAL PROCEDURE A N D  RESULTS 

Sample Preparation 

Annealing 

The polyester fibers were distributed in a cocoon 
form on glass rods with free ends, which were then 
heated in an electric oven whose temperature was 
adjusted to a constant 160 * 1°C. The samples were 
annealed for times of 1 to 10 h. 

Optical Microscopy 

Plate 1 shows the cross section of polyester fibers 
seen by high-power optical microscopy. It is clear 
that polyester fibers have regular, circular cross- 
sections. 

Double-beam Interferometry 

The totally duplicated image of the fiber obtained 
with a Pluta polarizing interference 
was used to calculate the mean refractive indices 
n! and n i  of polyester fibers. 

Plate 2 shows a microinterferogram of nondupli- 
cated image of polyester fiber without annealing. 
Monochromatic light of wavelength 546 nm was 
used. The refractive index of the immersion liquid 
was 1.568 at 18°C. Using these interferograms and 
eq. ( 2 ) ,  the mean birefringence of unannealed poly- 
ester fiber was calculated. 

Plate 3 ( a )  shows a microinterferogram of the to- 
tally duplicated images of unannealed polyester fiber 
seen with the Pluta microscope and monochromatic 
light of wavelength 546 nm. The refractive index of 
the immersion liquid was 1.6035 at 18°C. 

Plate 3 (b-d) are microinterferograms of the to- 
tally duplicated images of polyester fiber samples 
annealed at constant temperature 160°C and dif- 
ferent time intervals between 1 and 10 h. Mono- 
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Plate 3 (a) Microinterferograms of totally duplicated 
image of polyester fiber which unannealed in parallel. 
Monochromatic light of X = 546 nm was used. (b-d) Two- 
beam interferograms of totally duplicated image of poly- 
ester fiber which annealed at constant temperature 160°C 
at different times (1-10 h) in parallel. Monochromatic 
light of X = 546 nm was used. 

chromatic light of wavelength 546 nm was used. The 
refractive index of the immersion liquid was 1.658 
at  18°C. Using these interferograms and eq. ( 1 ) , the 
mean refractive index of the parallel direction at 
different annealing intervals and constant annealing 
temperature was calculated. 

Plate 4 ( a )  shows a microinterferogram of totally 
duplicated images of unannealed polyester fiber un- 
der the Pluta microscope with monochromatic light 
of wavelength 546 nm. 

Plate 4 (b-d) are microinterferograms of the to- 
tally duplicated images of polyester fiber samples 
annealed at constant temperature 160°C and dif- 
ferent time intervals between 1 and 10 h. Mono- 
chromatic light of wavelength 546 nm was used. The 
refractive index of the immersion liquid was 1.569 
at 18°C. Using these interferograms and the analog 
of eq. ( 1 ) , the mean refractive index of the perpen- 
dicular direction at  different annealing time inter- 
vals was calculated. 

Figure 1 shows the ni variation of annealed poly- 
ester fibers when the annealing time is increased 
(annealing temperature, 16OoC), as obtained using 
a Pluta double-beam interference microscope. It is 
clear that increased annealing time increases the 
orientation of the molecules in the parallel direction 
and then levels off. The process of axial orientation 
increases crystallinity by both orienting the mole- 
cules and bringing them closer together, enabling 

4 
Plate 3 (Continued) 
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niso = (1/3)(n! + 2n,') 

Plate 4 (a) Microinterferograms of totally duplicated 
image of polyester fiber which unannealed in perpendic- 
ular. Monochromatic light of X = 546 nm was used. (b-d) 
Two-beam interferograms of totally duplicated image of 
polyester fiber which annealed at constant temperature 
160°C at  different times (1-10 h) in perpendicular. Mono- 
chromatic light of X = 546 nm was used. 

crystallites to form from formerly amorphous re- 
gions. 

Figure 2 shows the variation of n i  of annealed 
polyester fibers by increasing the annealing time 
similar to nil. It is clear that n,' decreases with in- 
creased annealing time, then increases slowly, then 
levels off. This behavior is attributed to disorien- 
tation of the mobility of molecules in the perpen- 
dicular direction. 

Figure 3 shows the variation of Ana with annealing 
time (annealing temperature, 160 -t 1°C). It is clear 
that An, increases due to annealing and this means 
an increase in orientation due to treatment. Orien- 
tation attributed that molecular arrangement in both 
crystalline and amorphous regions have been occurred. 

The present data for determination of the n! and 
n,i are utilized to calculate polarizability by the well- 
known Lorentz-Lorenz equations: 

and a similar equation for the perpendicular direction. 
It is also expected that the change of P" and P' 

with annealing time gives behavior as n! and ni  . 
Just as birefringence yields information about the 

crystallinity and orientation of the polymer molec- 
ular chains, the isotropic refractive index of a me- 
dium gives information about not only the molecular 
backage but also specifications of the unit cell of the 
crystalline part of the medium.I7 Hannes l7 used the 
following formula: 

to estimate a relation showing the crystallization 
inhomogeneity for some types of polymers. Obtained 
values of n! and n,' from the interferometric tech- 
niques are used with eq. ( 6 )  to determine the iso- 
tropic refractive index values for annealed polyester 
fibers. 

Figure 4 shows the variation of niso of polyester 
fiber due to changing annealing time (at  constant 
temperature 160°C). Figure 4 shows that niso of 
polyester is increased and then levels off by increas- 
ing the annealing time. 

Figure 5 shows the variation of the density of 
polyester fibers due to changing annealing p,  mea- 
sured by the vibrating string technique and calcu- 
lated from eqs. (3) and ( 4 ) .  It is clear that on an- 
nealing polyester fibers for different periods (at  
constant temperature 16OoC), an increase in density 
occurs at annealing time 3 h and 6 h. These two 
relaxations may be due to an increase in the heat 
content of the interlamellar tie molecules or the 
chain folded molecules aggregated into ordered 
states. 

Figure 6 shows the variation in the mechanical 
loss factor (tan 6 )  of polyester fibers due to the 
changing annealing for different periods (at 16OOC). 
Two rapid relaxations occur at  annealing times 4 h 
and 7 h; these peaks are indicative of the isothermal 
effects accompanied by considerable changes for 
these internal energy transformations. 

As a measure of orientation, the use of n! is 
sometimes analogous given that the refractive index 
is a tensor. A better measure of orientation for fibers 
is the Hermans orientation function equation 

(Opt. Ori. Fun.)Fe = An,/An,,, (7 )  

where Anmax is the maximum birefringence for fully 
oriented fiber and An, is the birefringence of the 
fiber under investigation. Fo values ranged between 
+1, 0, and -f according to the state of orientation: 
perfect, random, or perpendicular to the fiber axis, 
respectively. The value of Anmax has been previously 
determined to be 0.24." 

Also, the optical orientation angle can be found 
by using the following equation: 

(8) F e  = 1 - (3/2)sing 

where 0 is the angle between the polymer unit axis 
and the fiber axis. In evaluating the optical orien- 
tation with Ward's equation2'S2': 
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4 
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Figure 1 Relation between annealed time (h) and re- 
fractive index for light vibrating paralled to the fiber axis 
nl] of polyester fiber a t  constant temperature 160°C. 

which is the same function named by Hermans,18 
( P , ( e ) )  is related to the polarizability per unit 
volume 22 as follows: 

where and a' are the polarizability per unit vol- 
ume parallel and perpendicular to the fiber axis, re- 
spectively. 

Then 

Equation (10) can also be written in the form 

Q 

'c' u 
'3 

0 1.55 

2 1 . 5 0  

2 
. 

1.45 
0 2 4 6 8 1 0 ,  

Annea l ing  Time hr 
2 

Figure 2 Relation between annealed time (h) and re- 
fractive index for light vibrating perpendicular to the fiber 
axis n,' of polyester fiber at  constant temperature 160°C. 

( p , ( e ) )  = A ~ J A ~ , , ,  ( 9 ) 
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Figure 3 Relation between annealed time (h) and bi- 
refringence of polyester fiber at constant temperature 
160OC. 

(9"- 9'/9''+ 2 9 * }  = [Aa/3ao](Pz(e)) (11) 

where A a  is the difference between all and a ', which 
are the electric polarizability of one molecule when 
using monochromatic light vibrating parallel and 
perpendicular to the fiber axis, respectively. The 
quantity ( A a / 3 a 0 )  depends on the molecular struc- 
ture and is nearly constant for a given polymer.23 
The value of 9" and CP' can be determined from eq. 
(5): 

[ni - l / n f  + 21 = 9" ( 1 2 )  

In a recent approach to the continuum theory of 
birefringence of oriented polymer, l9 it was found 
that 

I .  62 T--------- 1 
3 1 

1 1.61 1 

I I .  5 7 "TTTTm?7?mP-Tr-----~~-~-~~,- .T r -r 7 7 7 4  

0 2 I 6  8 1 0 1 2  
Anmaling T i m e  h i .  

Figure 4 
tropic refractive index niso constant temperature 160OC. 

Relation between annealed time (h) and iso- 

1.44 

1.32 

I 

', ', ', 

! 

1.28 7-l- 

0 2 4 6 8 1 0 1 2  
Annealing Timc. hr 

Relation between annealed time (h) and vari- Figure 5 
ation of the density p at constant temperature 16OOC. 

This is slightly different from the original simple 
expression of the degree of orientation in eq. ( 7 )  
used by Hermans and Platzek2* and KratkyZ5 can 
be given by the following equation: 

where nl , n2, and n, are given from Hermans and 
n, = nkO. From eq. ( 15), the constant a was calcu- 
lated and found to be 0.880. 

0 010 L---rrT8,>~ I I , , . ,  - 
0 2 4 6 8 1 0 1 2  

Anneal ing  T ime  hr 

Figure 6 Relation between annealed time (h) and the 
mechanical loss factor tan(&) at constant temperature 
16OoC. 
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Table I Refractive Indices, Birefringence, and Optical Orientation Function for Annealed PET Fibers 
~~ ~~~ 

Annealing 911 - 91 10-2 

Time (h) n! n: Ana 911 + 241 (P,(O)) x 10-2 (Acy/3cy0) X 

Unannealed 1.606 1.569 0.0366 17.048 15.250 10.35 
1 1.682 1.562 0.1201 53.035 50.042 10.35 
2 1.686 1.546 0.1395 62.769 58.125 10.35 
3 1.687 1.560 0.1268 55.917 52.833 10.35 
4 1.693 1.557 0.1355 59.741 56.458 10.35 
5 1.694 1.564 0.1303 56.910 54.292 10.35 
6 1.694 1.563 0.1304 56.998 54.333 10.35 
7 1.694 1.562 0.1314 57.498 54.750 10.35 
8 1.693 1.563 0.1308 57.215 54.500 10.35 
9 1.693 1.561 0.1321 57.907 55.042 10.35 

10 1.697 1.556 0.1372 60.101 57.167 10.35 

Using deVries' value of Anmar = 0.24 for PET 
fibers,19 the values of ( P z ( 0 ) ) ,  (9." - @')/(+." 
+ 29'), and ( A a / 3 a 0 )  for PET can be calculated 
and are given in Table I. 

Figure 7 shows the relationship between the op- 
tical orientation function ( Pz (0 ) )  and the value ( 9)' 
- @')/(@I1 + 29') gives a straight line. The slope 
of this straight line gives the constant ( A a / 3 a o )  for 
PET fibers, which was found to be 0.103496. 

Figure 8 shows the relationship between the op- 
tical orientation function and annealing times: the 
optical orientation function increases as the an- 
nealing time increases. These results indicate that 
annealing of PET fibers causes changes in the 
alignment of polymeric chains. 

Figure 9 shows the angle of orientation as a func- 
tion of annealing times. 

CONCLUSION 

From the measurements carried out in the present 
work investigating the change in optical properties, 
density, and mechanical loss factor due to the an- 
nealing process for polyester fibers, the following 
conclusions may be drawn: 

1. The microinterferograms clearly identify 
differences in optical path variations due to 
different annealing times. 

2. As n i  increases, the process of axial orien- 
tation increases crystallinity by both ori- 
enting the molecules and bringing them 
closer together, enabling crystallites to form 
from formerly amorphous regions. 

3. Annealing the fibrous structure, however, 
affects the diffusion properties. 
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/' 

0.00 m r r  -m-~mr~i~rrri71r-- 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0 

Pd@) 
Figure 7 Relation between the optical orientation 
function (P2(0) )  and the value {@I - *'/@I + 2CPl) of 
annealed PET fibers. 
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0.00 ~ - , - , ~ - ~ ~ ~ - ~ - ~ - ~ - - ~ - - -  1-mn n r r -  -+ 

0 2 I 6 8 ;o 1-3 
.-I t t n c  r t l i l iy Time h t -  

Figure 8 Relation between the optical orientation 
function (P2(0) )  and annealed times (h). 
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Figure 9 
times (h). 

Angle of orientation as a function of annealed 

4. The effects of the annealing process on 
polyester fibers depends on the time and 
temperature of annealing. 

5 .  Changes in niso with annealing time indicate 
a change in the specific volume of polyester 
fibers on annealing. 

6. The annealing process affects other physical 
properties (mechanical, thermal, electrical, 
elastic, etc.) of polyester as well as its optical 
properties. Further studies should be carried 
out in order to detect which properties are 
improved by annealing. 

7. Evaluation of tan(6) with the annealing 
time shows two relaxation times, which 
means a regrouping due to mobilities of the 
polyester fiber chain units during the an- 
nealing process. 

8. Study of the density variations due to an- 
nealing indicates the mass redistribution 
associated with the annealing process of 
polyester fibers. 

9. As the annealing time increases, the orien- 
tation angle decreases (Fig. 9 ) .  

10. We found that increasing the annealing time 
increases the optical orientation function 
and the levels shown in (Figure 7 ) ,  while 
the value ( A a / 3 a o ) ,  which depends upon 
the molecular structure, remains constant. 

In conclusion, the structural orientation changes 
due to the annealing process, as observed by both 

two-beam and acoustic techniques, are very prom- 
ising and further study is required in areas which 
have not yet been explored. 
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