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ABSTRACT: A two-beam interferometric method is used to study the change of optical
orientation functions and the molecular structure of annealed Egyptian poly(ethylene
terephthalate) (PET) fibers. The acoustic method was used for measuring the density.
The density results were used to calculate the degree of crystallinity of PET. It was
found that annealing causes alignment to the fiber chains in the directions of the fiber
axis. This alignment gives an increase in the optical orientation function and decrease
in orientation angle. The value of Da /3a0 , which depends upon the molecular structure
of the polymer, remains constant. The obtained results of the optical and the density
clarify that new reorientations occurred due to annealing at different conditions. The
changes of the refractive index profile of annealed PET fibers are given. Microinterfero-
grams and curves are given for illustration. q 1997 John Wiley & Sons, Inc. J Appl Polym
Sci 65: 2031–2050, 1997

INTRODUCTION cient of birefringence is often used as a measure
of polymer orientation. Structural techniques

Several studies have been made of the develop- based on optical birefringence3–11 were used to
ment of molecular orientation in poly(ethylene measure the degree of the molecular alignment in
terephthalate) (PET) because of its technological uniaxially oriented fibers. The birefringence mea-
importance in the oriented state.1 PET is a poly- surement is thus a rapid and powerful tool for the
crystalline polymer, with a structural order on the study of morphological characteristics of de-
molecular and interlamellar levels. The character formed polycrystalline polymers. Since birefrin-
of this structure varies with the conditions of fab- gence is a measure of the total molecular orienta-
rication. tion of the two-phase system, its examination in

A polycrystalline polymer is composed of both conjunction with other physical measurements
crystalline and noncrystalline regions. The amount (X-ray, density, mechanical loss factor, etc.) yields
and structural arrangement of these regions considerable insight into the characteristic of the
within a given sample will depend on how the bulk polymer.12 One of the important parameters
polymer was fabricated. Since the properties of characterizing the crystalline structure of poly-
both the crystalline and noncrystalline region are mers is the degree of crystallinity, and the density
anisotropic and different from each other, their of the polymer has a great influence on the visco-
amount and arrangement will govern the bulk elastic properties of crystalline polymers.13 Also,
properties of the polymer.2 it is known that annealing at different conditions

It is known that birefringence is one of the most leads to a change in the density, crystallinity, me-
sensitive indicators of the extent of the anisotropy chanical properties, etc.
of properties of polymers and, therefore, the de- In this work, the optical orientation function of
gree of macromolecular orientation. The coeffi- PET fibers with different annealing conditions

was studied to estimate the variation due to the
annealing process and, on the other hand, to de-Correspondence to: I. M. Fouda.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/102031-20 scribe these variations, which may lead to under-
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2032 HAMZA ET AL.

standing of the molecular structure to the applied (P \ , P⊥ , P0 , niso , fu , V ) according to the following
relations17–19 :annealing process. A two-beam interferometric

method and resonance technique were used to
evaluate the orientation and crystallinity param- (n2

\ 0 1)/(n2
\ / 2) Å (4/3)pP \ (3)

eters.
where P \ is the polarizability per unit volume and
an analogous equation in the perpendicular direc-

OVERVIEW tion and

Theoretical Consideration Piso Å (P \ / 2P⊥ ) /3 (4)
The mean value of the refractive index of the fiber

where Piso is the isotropic polarizability. The iso-is calculated from the totally duplicated images
tropic refractive index niso (ref. 20) isof the fiber using the Pluta interference micro-

scope14,15 ; the following expression16 is used to
overcome any irregularity in the fiber cross sec- niso Å (n \

a / 2n⊥
a ) /3 (5)

tion:
which is related to the following relation to obtain

n \
a Å nL / (l /h )r(F \ /A ) (1) the specific volume:

with an analogous formula for n⊥
a , where n \

a and (niso 0 1)V Å K (6)
n⊥

a are the mean refractive indices of the fiber for
light vibrating parallel and perpendicular to the Experimental verification of the above relation
fiber axis, respectively; F \ and F⊥ are the area of shows that the constant (K ) of relation (6) lies
the fiber enclosed under the fringe shift when us- within 0.40–0.46.
ing a monochromatic light of wavelength l. h is The optical orientation function can be found
the interference fringe spacing in the liquid re- using Hermans’ equation21:
gion; A , the mean cross-sectional area of the fiber;
and nL , the refractive index of the immersion (Opt. Ori. Fun.) fu Å Dna /Dnmax (7)
liquid.

The mean birefringence Dna of the fiber can
where Dnmax is the maximum birefringence forbe determined from the values of the difference
fully oriented fiber and Dna is the birefringencebetween n \

a and n⊥
a , i.e.,

of the fiber under investigation. fu values are in
the range /1, 0, 01

2 according to the state of orien-
Dna Å n \

a 0 n⊥
a tation: perfect, random or perpendicular to the

fiber axis, respectively. The value of Dnmax wasConsidering the nonduplicated image of the fiber,
previously determined to be 0.24.22

using a Pluta polarizing interference microscope,
Also, the optical orientation angle can be foundthe birefringence can be calculated from the for-

by using the following equation:mula

fu Å 1 0 (3/2)sin2
u (8)

Dna Å
DFl
hA

(2)
where u is the angle between the axis of polymer
unit and the fiber axis. The average value of thewhere DF is the area enclosed under the fringe
optical orientation function, »P2(u ) … , due toshift using a nonduplicated image of the fiber.
Ward,23,24 is given byThe optical results of the refractive indices for

light vibrating in the directions parallel and per-
»P2(u ) … Å Dna /Dnmax (9)pendicular to the fiber axis were utilized in calcu-

lating the following parameters: the polarizabilit-
which is the same function named by Hermans.21ies per unit volume, the isotropic polarizability,
»P21(u ) … is related to the polarizability per unitthe isotropic refractive index, the optical orienta-
volume25 as follows:tion factor, the orientation angle, and the specific

volume of annealed polyester fiber at different
temperatures (80–190 { 17C) for different times {F \ 0 F⊥ /F \ / 2F⊥ } Å P2(um ) »P2(u ) … (10)
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where F \ and F⊥ are the polarizabilities directions Da /3a0 for PET can be calculated and are given
in Table I.parallel and perpendicular to the fiber axis, re-

spectively, where

EXPERIMENTALP2(um) Å 1
2(3 cos2 um 0 1) Å constant quantity

Density Measurements
Also, eq. (10) can be written in the form

For the measurement of the fiber density, the
measuring system was discussed in detail else-

{F \ 0 F⊥ /F \ / 2F⊥ } Å [Da /3a0] »P2(u ) … (11) where.29–31 From the following equation,32

f0 Å (p /2, ) (T /m ) (1/2) (17)where Da is the difference between a \ and a⊥ ,
which are the electric polarizability of one mole-

the mass per unit length m can be calculated,cule when using monochromatic light vibrating
where f0 is the resonance frequency; p , the num-parallel and perpendicular to the fiber axis, re-
ber of resonance modes within the string’s lengthspectively. The quantity (Da /3a0) depends on the
,, and T , the tensional force. From the obtainedmolecular structure and is nearly constant for a
value of the mass per unit length m , one easilygiven polymer.6 The values of F \ and F⊥ can be
calculate the density, r, of the fiber material fromdetermined from eq. (3) due to (cf. Stein and
the relationWilkes26)

r Å m / (pr2) (18)[n2
\ 0 1/n2

\ / 2] Å F \ (12)

where r is the radius of the cylindrical fiber.
In a recent approach to the continuum theory The following measuring conditions were satis-

of birefringence of the oriented polymer,22 it was fied for high accuracy:
found that the value of fu , i.e.,

1. The fiber diameter is sufficiently narrow in
such a way that the shift in the resonancefu Å [n2

1n2
2 /n2

\ n2
⊥ ]r[n\ / n⊥ /n1 / n2]

frequency due to air damping could be ne-
1 Dna /Dnmax (13) glected.

2. The length of the fiber should be selected
in such a way that the resonance frequencywhich is slightly different from the original simple
is located within a frequency region com-expression of the degree of orientation in eq. (7)
pletely free from any other resonanceused by Hermans and Platzek27 and Kratky,28 can
peaks due to natural frequencies of the sys-be given by the following equation:
tem. This avoids the effect of resonance
coupling.

fu Å (1 / a ) fD 0 afD (14) 3. The loading mass should be sufficiently
small to avoid any serious structural varia-(1 / a ) Å 2n2

1n2
2 /n2

n (n1 / n2)
tions due to the mechanical creep in the

fD Å Dna /Dnmax (15) same sample.

where n1 , n2 , and nn were given in ref. 22 and nn Crystallinity Determination
Å niso . From eq. (15), the constant a was calcu-

The degree of crystallinity was determined by thelated and found to be 0.880. Also, the specific re-
relation33

fractivity of the isotropic dielectric can be deter-
mined by the following equation21:

x Å (r 0 ra ) / (rc 0 ra ) (19)

[n2
iso 0 1/n2

iso / 2] Å 1r (16) where rc Å 1.457 g/cm3, ra Å 1.336 g/cm3 (refs.
33–35), and r is the density measurement. The
values of r, K , and x for PET were calculated andwhere r is the density, and 1, the specific refracti-

vity of the isotropic dielectric. P0 , niso , V, 1, and are given in Table II.
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2034 HAMZA ET AL.

Table I P0 , niso , V, 1, and Da/3a0 Values Calculated for PET

Annealing
Temperature

(7C) Piso niso V 1x 1⊥ 1iso
Da

3a0

(a) At Constant Time of 1 h

Unannealed 0.0798 1.584 0.7257 0.2503 0.2389 0.2427 0.1035
80 0.08022 1.587 0.7323 0.2527 0.2429 0.2462 0.1035

100 0.08177 1.602 0.7182 0.2658 0.2362 0.2463 0.1035
120 0.08181 1.602 0.7199 0.2671 0.2366 0.2470 0.1035
140 0.08227 1.607 0.7100 0.2684 0.2330 0.2451 0.1035
160 0.08175 1.602 0.7188 0.2724 0.2332 0.2467 0.1035
170 0.08278 1.612 0.7127 0.2731 0.2343 0.2476 0.1035
180 0.08278 1.612 0.7093 0.2749 0.2316 0.2466 0.1035
190 0.08033 1.589 0.7352 0.2605 0.2410 0.2476 0.1035

(b) At Constant Time of 2 h

Unannealed 0.0798 1.584 0.7257 0.2503 0.2389 0.2427 0.1035
80 0.0802 1.588 0.7231 0.2463 0.2416 0.2432 0.1035

100 0.0820 1.604 0.7121 0.2628 0.2355 0.2448 0.1035
120 0.0816 1.601 0.7230 0.2689 0.2365 0.2476 0.1035
140 0.0817 1.601 0.7229 0.2707 0.2358 0.2478 0.1035
160 0.0825 1.609 0.7118 0.2712 0.2337 0.2465 0.1035
170 0.0823 1.607 0.7143 0.2712 0.2339 0.2467 0.1035
180 0.0826 1.610 0.7120 0.2729 0.2329 0.2467 0.1035
190 0.0828 1.612 0.7481 0.2898 0.2442 0.2599 0.1035

(c) At Constant Time of 4 h

Unannealed 0.0798 1.584 0.7257 0.2503 0.2389 0.2427 0.1035
80 0.0798 1.583 0.7342 0.2506 0.2428 0.2454 0.1035

100 0.0820 1.604 0.7178 0.2639 0.2381 0.2469 0.1035
120 0.0821 1.605 0.7145 0.2674 0.2352 0.2462 0.1035
140 0.0819 1.604 0.7078 0.2657 0.2317 0.2434 0.1035
160 0.0814 1.599 0.7216 0.2715 0.2333 0.2464 0.1035
170 0.0818 1.602 0.7117 0.2689 0.2314 0.2443 0.1035
180 0.0820 1.605 0.7167 0.2738 0.2326 0.2467 0.1035
190 0.0829 1.614 0.7136 0.2806 0.2317 0.2487 0.1035

(d) At Constant Time of 5 h

Unannealed 0.0798 1.5835 0.7257 0.2503 0.2389 0.2427 0.1035
80 0.0800 1.5853 0.7331 0.2522 0.2426 0.2458 0.1035

100 0.0819 1.6027 0.7198 0.2626 0.2392 0.2472 0.1035
120 0.0820 1.6043 0.7183 0.2699 0.2353 0.2472 0.1035
140 0.0817 1.6013 0.7235 0.2734 0.2346 0.2480 0.1035
160 0.0824 1.6083 0.7125 0.2732 0.2324 0.2465 0.1035
170 0.0823 1.6070 0.7166 0.2751 0.2329 0.2475 0.1035
180 0.0829 1.6130 0.7089 0.2779 0.2302 0.2468 0.1035
190 0.0831 1.6153 0.7083 0.2789 0.2305 0.2473 0.1035

(continued)

Refractive Index Profile of Annealed Fiber liquid of refractive index nL , with m layers of refrac-
at Different Temperatures for Different Times tive indices n1n2, . . . , nm , where n1 is the index of

the outer layer and nm is the index of the inner layerIn the case of two-beam interference fringes cross-
ing a cylindrical multilayer fiber, immersed in a (core), one can derive the mathematical formula36
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Table I (Continued from the previous page)

Annealing
Temperature

(7C) Piso niso V 1x 1⊥ 1iso

Da

3a0

(e) At Constant Time of 7 h

Unannealed 0.0798 1.584 0.7257 0.2503 0.2389 0.2427 0.1035
80 0.0794 1.579 0.7418 0.2481 0.2460 0.2467 0.1035

100 0.0823 1.607 0.7064 0.2597 0.2357 0.2438 0.1035
120 0.0820 1.604 0.7164 0.2678 0.2363 0.2471 0.1035
140 0.0822 1.606 0.7188 0.2706 0.2362 0.2480 0.1035
160 0.0824 1.608 0.7054 0.2682 0.2314 0.2440 0.1035
170 0.0829 1.613 0.7054 0.2716 0.2316 0.2454 0.1035
180 0.0828 1.612 0.7058 0.2736 0.2305 0.2454 0.1035
190 0.0830 1.614 0.7013 0.2737 0.2292 0.2446 0.1035

(f) At Constant Time of 10 h

Unannealed 0.0798 1.584 0.7256 0.2503 0.2389 0.2427 0.1035
80 0.0796 1.586 0.7230 0.2463 0.2416 0.2432 0.1035

100 0.0813 1.604 0.7121 0.2628 0.2355 0.2448 0.1035
120 0.0821 1.601 0.7230 0.2689 0.2365 0.2476 0.1035
140 0.0822 1.601 0.7229 0.2707 0.2358 0.2478 0.1035
160 0.0824 1.609 0.7117 0.2712 0.2337 0.2465 0.1035
170 0.0827 1.607 0.7143 0.2712 0.2339 0.2467 0.1035
180 0.0830 1.610 0.7119 0.2729 0.2329 0.2467 0.1035
190 — — — — — — 0.1035

The polyester fibers were distributed in a co-(l /2h )dm Å ∑
m

qÅ1

(nq 0 nq01)(r2
q 0 r2

m/1)1/2 ,
coon form on a glass rod with free ends which
were then heated in an electric oven whose tem-

q Å 1, 2,rrrm perature was adjusted to different temperatures
(80–190 { 17C). Hence, the samples were an-

where the fringe shift dm is related to the value nealed for the annealing times of 1–10 h, then
of radii rm/1 (at the boundaries of the different left to cool at room temperature, 28 { 17C.
layers of the fiber) nq01 Å nL , where q Å 1, nL

is the immersion liquid, l is the wavelength of
Optical Microscopymonochromatic light, and h is the interfringe

spacing. Also, a refractive index profile can be cal- Plate 1 shows the cross section of polyester fibers
culated for any circular fiber. seen by high-power optical microscopy. It is clear

that polyester fibers have a regular circular cross
section.

EXPERIMENTAL PROCEDURE AND RESULTS

Double-Beam Inteferometry
Sample Preparation

The totally duplicated image of the fiber obtainedAnnealing
with a Pluta polarizing interference micro-
scope14,15 was used to calculate the mean refrac-The polyester fibers were provided by Kafr EL-

Dawar (Egyptian factor). Each fiber was a bundle tive indices n \
a and n⊥

a and the birefringence Dna

of the polyester fibers.of ca. 30 filaments. As received, the fibers had a
diameter of 26.5 mm, a density of 1.378, and a Plate 2 shows a microinterferogram of totally

duplicated images of unannealed polyester fiberbirefringence number of 0.037, and the initial
crystallinity was 34.7% and its orientation func- using the Pluta microscope with a monochromatic

light of wavelength 546 nm. The refractive indextion was calculated37 to be 17.048 1 1002 .
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Table II r, K, and x Values Calculated for PET

Annealing
Temperature

(7C) nq

a n⊥
a niso 0 1 r K x 1 1002

(a) At Constant Time of 1 h

Unannealed 1.606 1.572 0.5835 1.3780 0.4234 34.71
80 1.606 1.578 0.5872 1.3655 0.4030 24.38

100 1.662 1.572 0.6019 1.3924 0.4032 46.61
120 1.664 1.571 0.6023 1.3891 0.4034 43.88
140 1.680 1.570 0.6068 1.4085 0.4030 59.92
160 1.682 1.562 0.6022 1.3912 0.4033 45.62
170 1.692 1.571 0.6116 1.4032 0.4036 55.54
180 1.703 1.567 0.6120 1.4099 0.4034 61.07
190 1.627 1.569 0.5885 1.3601 0.4033 19.92

(b) At Constant Time of 2 h

Unannealed 1.606 1.572 0.5835 1.3780 0.4234 34.71
80 1.597 1.583 0.5875 1.3827 0.4249 39.75

100 1.660 1.576 0.6036 1.4043 0.4298 56.45
120 1.666 1.568 0.6006 1.3831 0.4343 38.93
140 1.672 1.566 0.6013 1.3833 0.4347 39.09
160 1.687 1.570 0.6092 1.4049 0.4336 56.94
170 1.684 1.569 0.6070 1.3999 0.4336 52.81
180 1.693 1.568 0.6096 1.4046 0.4340 56.69
190 1.702 1.567 0.6117 1.4211 0.4576 70.33

(c) At Constant Time of 4 h

Unannealed 1.606 1.572 0.5835 1.3780 0.4234 34.71
80 1.598 1.575 0.5830 1.3620 0.4280 21.49

100 1.657 1.578 0.6039 1.3931 0.4335 47.19
120 1.671 1.572 0.6053 1.3995 0.4325 52.48
140 1.674 1.568 0.6037 1.4129 0.4273 63.55
160 1.676 1.560 0.5986 1.3859 0.4320 41.24
170 1.680 1.564 0.6024 1.4050 0.4287 57.03
180 1.690 1.563 0.6048 1.3952 0.4335 48.93
190 1.716 1.563 0.6138 1.4014 0.4380 54.05

(d) At Constant Time of 5 h

Unannealed 1.606 1.572 0.5835 1.3780 0.4234 34.71
80 1.604 1.577 0.5853 1.3640 0.4291 23.14

100 1.650 1.579 0.6027 1.3892 0.4338 43.97
120 1.675 1.569 0.6043 1.3921 0.4341 46.36
140 1.680 1.562 0.6013 1.3821 0.4351 38.10
160 1.693 1.566 0.6083 1.4036 0.4334 55.87
170 1.694 1.535 0.6073 1.3956 0.4352 49.26
180 1.713 1.563 0.6130 1.4106 0.4346 61.65
190 1.717 1.565 0.6153 1.4119 0.4358 62.73

(continued)

of the immersion liquid was 1.6035 at 187C (in samples annealed at different temperatures (80–
190 { 17C) and time intervals of 7 and 10 h. Aparallel and perpendicular).

Plates 3 and 4 are microinterferograms of the monochromatic light of wavelength 546 nm was
used. In Plates 3 and 4, the immersion liquid wastotally duplicated images in parallel and perpen-

dicular directions, respectively, of polyester fiber selected to allow the fringe shift to be small
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Table II (Continued from the previous page)

Annealing
Temperature

(7C) na
x na

⊥ niso 0 1 r K x 1 1002

(e) At Constant Time of 7 h

Unannealed 1.606 1.572 0.5835 1.3780 0.4234 34.71
80 1.584 1.577 0.5794 1.3572 0.4269 18.50

100 1.657 1.582 0.6067 1.4157 0.4286 65.87
120 1.668 1.572 0.6038 1.3917 0.4339 60.33
140 1.677 1.571 0.6063 1.3913 0.4358 45.70
160 1.686 1.570 0.6084 1.4177 0.4291 67.52
170 1.697 1.570 0.6125 1.4177 0.4320 67.52
180 1.703 1.567 0.6122 1.4168 0.4321 66.78
190 1.709 1.567 0.6144 1.4259 0.4309 74.30

(f) At Constant Time of 10 h

Unannealed 1.606 1.572 0.5835 1.3780 0.4234 34.71
80 1.586 1.577 0.5817 1.3501 0.4309 11.65

100 1.646 1.571 0.5970 1.3758 0.4340 32.89
120 1.672 1.571 0.6053 1.3951 0.4339 48.84
140 1.682 1.570 0.6063 1.3917 0.4357 46.03
160 1.689 1.562 0.6079 1.3936 0.4362 47.60
170 1.694 1.571 0.6106 1.4033 0.4351 55.62
180 1.711 1.566 0.6145 1.4132 0.4348 63.80
190 — — — — — —

(within one to two orders of interference) and to disorientation of the mobility of molecules in the
perpendicular direction.determine accurately the point of connection of

the fringe in the liquid and fiber regions. Plates Figure 2 shows the variation of Dna with the
temperature of annealing (annealing times are 1,3 and 4 also show that the fringe shift increases

as the temperature of annealing increases. The 2, 4, 5, 7, and 10 h). It is clear that Dna increases
due to annealing and this means an increase inrefractive indexes of the immersion liquid were

1.658 and 1.569 at 187C in parallel and perpendic- orientation due to the thermal treatment. The ori-
ular directions, respectively. Using these interfer-
ograms and eq. (1), the mean refractive index of
the parallel and perpendicular directions at differ-
ent annealing intervals and constant annealing
temperature was calculated.

Figure 1 shows the variation of n \
a and n⊥

a of
the annealed polyester fibers by increasing the
annealing temperature (annealing times are 1, 2,
4, 5, 7, and 10 h) as obtained using a Pluta double-
beam interference microscope. It is clear that in-
crease in the temperature of annealing increases
the orientation of the molecules in the parallel
direction. The process of axial orientation in-
creases crystallinity by both orienting the mole-
cules and bringing them closer together, enabling
crystallites to form from formerly amorphous re-
gions. It is clear that n⊥

a increased with the tem-
perature of annealing and then decreased slowly Plate 1 The cross-sectional area of the unannealed

PET fiber.and then levels off. This behavior is attributed to
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over a 10–157C range. For most practical pur-
poses, this variation will not be important.39 In
fact, the characterization and understanding of
crystallization in fibrous materials is a long-
standing goal in polymer science.40 The state of
the noncrystalline material depends strongly on
the temperature of crystallization and the ther-
mal treatment.41

So, many studies have been done recently on
the kinetics of strain-induced crystallization of
PET. However, these works only dealt with the
rate of induced crystallization during the anneal-
ing of oriented amorphous samples. The initial
orientation of the material and the annealing tem-
perature are the two parameters which control
the kinetics of strain-induced crystallization.42

Hence, the present work needs further study,
which was not the aim of this article and which
will be done in future studies.

Figure 6 shows the angle of orientation as a
function of annealing temperatures at different
times (1, 2, 4, 5, 7, 10 h). Figure 7 shows the
relationship between the optical orientation func-
tion »P2(u ) … and the value (F \ 0 F⊥ ) / (F \ / 2F⊥ ) .
It gives a straight line. The slope of this straight
line gives the constant (Da /3a0) for PET fibersPlate 2 (a, b) Microinterferograms of the duplicated

image of polyester (PET) fiber unannealed in parallel which was found to be 0.103496. Using the value
and perpendicular directions. A monochromatic light of of Dnmax Å 0.24 for PET fibers by de Vries,20 the
l Å 546 nm was used. values of »P2(u ) … , (F \0F⊥ ) / (F \/ 2F⊥ ) , and (Da /

3a0) for PET can be calculated.
Figure 8 gives the refractive index profile (n \ ,

n⊥ , and Dn ) of polyester fibers with different an-entation was attributed to that molecular ar-
rangement in both crystalline and amorphous re- nealing times. These figures show the change of

refractive indices and birefringence across the fi-gions had occurred.
Figure 3 shows the variation of the crystallinity ber diameter with annealing times. These curves

are indicative of the structure variations due toof polyester fibers due to changing annealing tem-
perature for different times periods. Figure 4 different annealing conditions.
shows the variation between the crystallinity and
the density of the polyester fibers due to changing
annealing for different time periods. Figure 5 DISCUSSION
shows the relationship between the optical orien-
tation function ( fu) from eq. (13) of polyester fibers To explain the different variations obtained (Fig.

3), it was essential to take the following assump-from a duplicated image as a function of anneal-
ing temperature ( 7C). tions into account29: When a polymer is annealed,

its structural behavior is altered due to the accu-These results indicate that the annealing of
PET fibers effect changes in the overall orienta- mulation of several structural processes. These

may be summarized as (a) disorientation, (b) re-tion and the alignment of polymeric chains in par-
allel and perpendicular directions.38 So, all the crystallization by nucleation, (c) recrystallization

by growth, (d) shrinkage, and (e) crystal decom-obtained results reported structural changes at a
temperature near the Tg (807C) which was associ- position. These processes are natural responses

to both annealing temperature and time.12,13,41,42ated with the amorphous nature of PET.
It is important to note that the values of Tg So, summarizing the results of our structure stud-

ies, we may develop the following conceptiondepend on the experimental time scale and the
means of measurement. Values of Tg reported in about the effect of different annealing conditions

on the structure of PET: Two explanations havethe literature for any particular polymer may vary
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Plate 3 (a–h) Microinterferograms of the totally duplicated image of polyester fiber
which was annealed at different temperatures (80–190 { 17C) at constant times (7
and 10 h) in parallel and perpendicular directions, respectively. A monochromatic light
of l Å 546 nm was used.

4413/ 8ea4$$4413 07-18-97 00:13:29 polaal W: Poly Applied



2040 HAMZA ET AL.

Plate 4 (a–h) Microinterferograms of the totally duplicated image of polyester fiber
which was annealed at different temperatures (80–190 { 17C) at constant times (7
and 10 h) in parallel and perpendicular directions, respectively. A monochromatic light
of l Å 546 nm was used.
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Figure 1 (a–f) Relation between annealed temperatures and refractive index for
light-vibrating in parallel and perpendicular directions to the fiber axis n \

a and n⊥
a of

polyester fiber at different times (1, 2, 4, 5, 7, and 10 h).
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Figure 2 (a–f) Relation between annealed temperature and birefringence of polyes-
ter fiber at different times (1, 2, 4, 5, 7, and 10 h).
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Figure 3 (a–f) Relation between annealed temperature and the crystallinity of poly-
ester fiber at different times (1, 2, 4, 5, 7, and 10 h).
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Figure 4 (a–f) Relation between crystallinity and density of polyester fiber at differ-
ent times (1, 2, 4, 5, 7, and 10 h).
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Figure 5 (a–f) Relation between the optical orientation function ( fu) and annealed
temperature at different times (1, 2, 4, 5, 7, and 10 h).
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Figure 6 (a–f) The angle of orientation as a function of annealed temperature at
different times (1, 2, 4, 5, 7, and 10 h).
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Figure 7 (a–f) Relation between the optical orientation function »P2(u ) … and the
value {F \ 0 F⊥/F \ / 2F⊥} of annealed PET fibers at different times (1, 2, 4, 5, 7, and 10
h).
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been offered for the observed birefringence values,
the overall orientation, density, and the degree of
crystallinity. The first explanation is about the
observed decrease in the birefringence values at
the beginning of annealing38; this means a de-
crease in the overall orientation as seen from Fig-
ures 2 and 5. This could be explained due to the
entropy driven to recoil the chains. Therefore, at
the beginning of the annealing process, the chains
use the thermal energy for recoiling, and shrink-
age may occur accompanied by a decrease in the
orientation. As crystallization begins, chains are
anchored in the crystals and long-range motion
and further shrinkage are hindered.39 So, the
overall orientation increases with increasing an-
nealing temperatures and time by further crystal-
lization along the fiber axis of the already oriented
crystals. The second explanation is the suggestion
concerning the importance of the free-volume ef-
fect. When the inner part of a long polymer chain
is surrounded by some of the crystallites, then, at
suitable annealing conditions, the outer short
part of that long chain starts folding in order to
construct a new crystallite. Following this, the
folded part slowly pulls out the inner part and
a new crystallite is formed, leaving a large free
volume43 enclosed between several crystalline re-
gions. Provided that the annealing conditions for
this process are sufficient to produce shrinkage of
the whole system, the majority of the crystallites
will approach each other, enclosing a large closed
free volume between them. This mechanism pro-
vides an explanation of the variations of density,
crystallinity, and birefringence and the impor-
tance of the free-volume effect for PET.

CONCLUSION

From the measurements and calculations relating
the change of optical properties due to the thermal
annealing process for polyester fibers, the follow-
ing conclusions may be drawn:

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

2. As n \
a 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 formally amorphous regions.

3. Annealing the fibrous structure, however,
affects the diffusion properties.Figure 8 The refractive index profile of polyester fi-

bers with annealing times: (a) n \ ; (b) n⊥ ; (c) Dn . 4. The effects of the annealing process shows
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that the final apparent mass crystallinity cur not only during fabrication but also after the
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