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ABSTRACT: Two-beam interferometry and density methods previously measured are
used to study the changes in optical properties of annealed and cold drawn polyester
(PET) fibers. Some structural parameters in the present work are determined, such
as form birefringence, the number of molecules per unit volume, the virtual refractive
index, the harmonic mean polarizability of the dielectric, the harmonic mean specific
refractivity, and the isotropic refractive index. Also, the distribution of segment at an
angle with respect to the draw ratio and the electric polarizability constant (Da /3a0)
are determined. The generalized Lorentz–Lorenz equation given by de Vries is used
to determine PET fiber structure parameters. Comparison between the results have
been made with the Hermans optical orientation function. q 1998 John Wiley & Sons,
Inc. J Appl Polym Sci 69: 33–44, 1998
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INTRODUCTION tensively. The maximum degree of crystallinity
normally attained is between 50 and 60%. The
state of the noncrystalline material has beenOptical measurements play an important role in
shown to depend strongly on the temperature ofthe characterization of synthetic and natural fi-
crystallization and the thermal treatment.9bers. The importance of studying various optical

Recently, application of two or multiple-beamproperties, such as refractive indices and birefrin-
interference to determine the optical parametersgence, for fibers leads to much accurate informa-
of synthetic and natural fibers are used.10–14

tion to correlate the structural orientation proper-
Characterization of these fibers is important forties of these fibers with their physical, chemical,
the textile industry and the end use.mechanical, and thermal properties.1–8

In this work, the optical and density results forPoly(ethylene terephthalate) (PET) is one of
samples of PET having different annealing condi-the most important commercially produced poly-
tions (previously measured interferometricallyesters. As a uniaxially oriented fiber, it is used in
using two-beam and acoustic techniques15–16) aretextiles, and, as a biaxially oriented film, it is used
utilized to calculate some structural parameters.as the substrate for magnetic recording media and
Relationships are given between optical andphotographic film, as a capacitor dielectric, and
structural parameters.in shrinkable packaging material.9 The morphol-

ogy of unoriented PET, uniaxially oriented fiber,
and biaxially oriented film has been studied ex-

THEORETICAL CONSIDERATIONS

Correspondence to: I. M. Fouda.
The mean values of the refractive indices of the

Journal of Applied Polymer Science, Vol. 69, 33–44 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/010033-12 fiber and the total mean birefringence were calcu-
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34 FOUDA, KABEEL, AND EL-SHARKAWY

lated from the totally duplicated and nondupli- ability of the molecules, this leads to the Lorentz–
Lorenz by the following equation:cated images of the fiber using Pluta interference

microscope.17–19

The experimental values of the mean polariz- n2
\ 0 1

n2
\ / 2

Å N (1)a
\

3c
(4)abilities per unit volume parallel PU \

a and perpen-
dicular PU ⊥

a to the fiber axis were derived from the
measured values of the refractive index by appli- An analogous formula can be used for n⊥

a , where
cation of the following Lorentz–Lorenz equations: n \

a and n⊥
a are the mean refractive indices of the

fiber for light vibrating parallel and perpendicular
to the fiber axis, respectively.PU \ Å

3
4p S n2

\ 0 1
n2

\ / 2D (1a)

n
V

2 0 1
nV 2 / 2

Å N (1)aV

3c
(5)

PU ⊥ Å
3

4p S n2
⊥ 0 1

n2
⊥ / 2D (1b)

where c is the permitivity of free space Å 8.85
1 10012 Fm01 , and a

V
is the mean polarizability of

These values are used in the following equa- a monomer unit.
tion20 to calculate the number of molecules per For a bulk polymer of density r and monomer
unit volume: unit molecular weight M , the number of monomer

units per unit volume, which also equal the num-

Dn Å 2pN
nV S nV 2 / 2

3 D2

(PU \ 0 PU ⊥ ) (2) ber of carries of the dipole moment, N (1) Å
NAr

M
where NA is Avogadro’s number, 6.02 1 1023, and
M for PET Å 192.23

where N is the number of molecules per unit vol- De Vries24 gave a theory on the basis of an
ume, and nV is the mean refractive index of the internal field with the aid of classical electromag-

netic theory, in which he generalized the Lorentz–sample, which considered nV Å S n\ / n⊥

2 D , and (PV \
Lorenz equation; so for monochromatic light, the
well-known Lorentz–Lorenz equation becomes0 PV ⊥ ) equals the mean polarizabilities of the mac-

romolecules for the same direction of the mean
refractive indices. n2 0 1

n2 / 2
Å N (1)a

3c
(6)Also, the calculation of the form birefringence

could be obtained by the following equation,21 in
which the total birefringence is the sum of three The right-hand side of eq. (6) is proportional to
contributions the density r (Kg/m3) of the medium and may

also be written as
Dn Å xcDnc / (1 0 xc )Dna / Dnf (3)

n2 0 1
n2 / 2

Å 1r (7)where Dn is the total birefringence, Dnc is the
birefringence of crystalline material and equals
0.22,22 Dna is the birefringence of amorphous ma- where e (m3/Kg) is called the specific refractivity
terial and equals 0.27,22 Dnf is the birefringence of the isotropic dielectric. Writing this equation
of form material, and x the volume fraction of for fibers in its parallel and transverse compo-
crystalline regions. nents, the generalized Lorentz–Lorenz equations

are as follows:

MEAN POLARIZABILITY OF THE n2
\ 0 1

n2
\ / 2

Å N (1)a
\

3c
Å 1\r (8)MONOMER UNIT

The polarizability of a monomer unit like the po- An analogous formula can also be derived for n⊥
a .

Also, de Vries defined the invariant refractivelarizability of a simple organic molecule usually
differs in different directions. As the refractive index, which he call the ‘‘virtual refractive index’’

nv byindex of a polymer depends on the total polariz-
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OPTOTHERMAL PROPERTIES OF FIBERS. XIV 35

Table I(a) Refractive Indices n\
a and n⊥

a , Total Birefringence Dna , Polarizabilities Px, P⊥ and DP,
The Number of Molecules Per Unit Volume N, and the Number of Random Links
Per Chain N(2) at A Constant Annealing Temperature (120 { 17C)

Draw Ratio n\
a n⊥

a Dna Px P⊥ DP N N(2)

1.00 1.673 1.573 0.1000 0.0894 0.0786 0.0108 23.5 3.2
1.16 1.674 1.568 0.1066 0.0896 0.0781 0.0115 23.5 3.2
1.32 1.683 1.558 0.1242 0.0905 0.0770 0.0135 23.5 3.2
1.48 1.693 1.556 0.1371 0.0915 0.0767 0.0148 23.5 3.2
1.64 1.696 1.551 0.1442 0.0918 0.0762 0.0156 23.5 3.2
1.80 1.700 1.550 0.1499 0.0923 0.0761 0.0162 23.5 3.2
1.96 1.704 1.548 0.1562 0.0927 0.0758 0.0169 23.5 3.2
2.12 1.706 1.541 0.1647 0.0929 0.0751 0.0178 23.5 3.2
2.28 1.710 1.539 0.1715 0.0933 0.0748 0.0185 23.5 3.2

Table I(b) Refractive Indices n\
a and n⊥

a , Total Birefringence Dna , Polarizabilities Px, P⊥ and DP,
The Number of Molecules Per Unit Volume N, and the Number of Random Links
Per Chain N(2) at A Constant Annealing Temperature (140 { 17C)

Draw Ratio n\
a n⊥

a Dna Px P⊥ DP N N(2)

1.00 1.676 1.568 0.1074 0.0898 0.0781 0.0117 23.5 5.6
1.16 1.676 1.560 0.1160 0.0898 0.0772 0.0126 23.5 5.6
1.32 1.684 1.560 0.1240 0.0906 0.0772 0.0134 23.5 5.6
1.48 1.686 1.560 0.1259 0.0908 0.0772 0.0137 23.5 5.6
1.64 1.688 1.554 0.1346 0.0911 0.0765 0.0146 23.5 5.6
1.80 1.696 1.553 0.1431 0.0919 0.0764 0.0155 23.5 5.6
1.96 1.699 1.553 0.1461 0.0922 0.0764 0.0158 23.5 5.6
2.12 1.700 1.553 0.1470 0.0946 0.0763 0.0184 23.5 5.6
2.28 1.702 1.552 0.1499 0.0924 0.0763 0.0162 23.5 5.6
2.44 1.703 1.550 0.1535 0.0926 0.0760 0.0166 23.5 5.6

Table I(c) Refractive Indices n\
a and n⊥

a , Total Birefringence Dna , Polarizabilities Px, P⊥ and DP,
The Number of Molecules Per Unit Volume N, and the Number of Random Links
Per Chain N(2) at A Constant Annealing Temperature (160 { 17C)

Draw Ratio n\
a n⊥

a Dna Px P⊥ DP N N(2)

1. 1.673 1.560 0.1164 0.0898 0.0772 0.0126 23.5 2.7
1.16 1.687 1.555 0.1316 0.0909 0.0766 0.0143 23.5 2.7
1.32 1.691 1.552 0.1388 0.0913 0.0763 0.0150 23.5 2.7
1.48 1.700 1.549 0.1497 0.0922 0.0760 0.0162 23.5 2.7
1.64 1.703 1.544 0.1582 0.0925 0.0754 0.0171 23.5 2.7
1.8 1.709 1.542 0.1672 0.0932 0.0751 0.0181 23.5 2.7
1.96 1.713 57.93 0.1749 0.0936 0.0747 0.0189 23.5 2.7

and these equations [eq. (9)] lead to the harmonic
nv Å

√
1 / 3[n2

\ 0 1][n2
⊥ 0 1]

[n2
⊥ 0 1] / 2[n2

\ 0 1]
(9) mean polarizability of the dielectric av by the fol-

lowing equation:

where the virtual refractive index nv replaces the
av Å

3c
N (1)

r

n2
v 0 1

n2
v / 2

(11)isotropic refractive index equation,

Likewise, for the harmonic mean specific refracti-niso(1) Å
(n \

a / 2n⊥
a )

3
(10)

vity, we have
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36 FOUDA, KABEEL, AND EL-SHARKAWY

expression for the degree of orientation used by
Hermans,25 as follows:

FD Å
Dn

Dnmax

Hermans optical orientation function FD (FD

Å »P2(u ) … ) has been corrected by de Vries to be Fu

in the range 0 õ Dn õ 0.8 as

Fu Å (1 / a )FD 0 aF2
D

Plate 1 (a) – (c) Microinterfrograms of a totally du-
plicated image of PET fiber at different draw ratios
with annealing temperatures of 120, 140, and 1607C (l
Å 546 nm) in a parallel direction.

1v Å r01
r

n2
v 0 1

n2
v / 2

(12)

In a recent approach to the continuum theory
of birefringence of oriented polymer,24 it was
found that the value of Fu is as follows:

Fu Å F n2
1n2

2

n2
\ n2

⊥
GrF n\ / n⊥

n1 / n2
Gr Dna

Dnmax
(13)

Plate 2 (a) – (c) Microinterfrograms of a totally du-
plicated image of PET fiber at different draw ratios
with annealing temperatures of 120, 140, and 1607C (l
Å 546 nm) in a perpendicular direction.which is slightly different from the original simple
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where

(1 / a ) Å 2n2
1n2

2

n2
v (n1 / n2)

(14)

where n1 , n2 , and nv are given from de Vries24

and nv à niso and are evaluated from eq. (10). So
the constant a was calculated and found to be
0.9. Also, the specific refractivity ei in a certain
direction i , can be determined by the following
equations24 considering the anisotropy index:

n2
\ 0 1

n2
\ / 2 / S (n2

\ 0 1)
Å 1\r (15a)

and

n2
⊥ 0 1

n2
⊥ / 2 / S (n2

⊥ 0 1)
Å 1⊥r (15b)

where r is the density and S the anisotropy index
and equal for PET Å 00.57.24

The optical orientation function and orienta-
tion angle can be calculated using the Hermans
equation,25 as follows:

Fu Å
Dna

Dnmax
(16)

The value of Dnmax has been previously deter-
mined to be24 0.24 for perfectly (or fully) oriented
fiber, and Dna is the measured mean birefrin-
gence.

In evaluating the orientation function for par-
tially oriented aggregate, »P2(u ) … is defined by
Ward26 by the following equation:

»P2(u ) … Å Dna

Dnmax
(17)

which is the same function named by Hermans.25

Cunningham et al.27 derived a relation between
the optical orientation function »P2(u ) … and the
polarizability, as follows:

F \ 0 F⊥

F \ / 2F⊥ Å SDa

3a0
D »P2(u ) … (18)

Figure 1 (a) – (c) Relations between the birefrin-
gence Dn and the refractive index differences (n \ 0 nv ,
n⊥ 0 nv , n \ 0 niso , and n⊥ 0 niso ) of fiber at different
draw ratios at 120, 140, and 1607C.
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38 FOUDA, KABEEL, AND EL-SHARKAWY

Table II(a) Density r, Crystallinity x, (1 0 x), Form Birefringence Dnf , Isotropic Refractive Indices,
and Virtual Refractive Index nv at A Constant Annealing Temperature (120 { 17C)

Draw Ratio r x (%) (1 0 x) (%) Dnf niso(1) niso(2) nv

1.00 1.395 49.09 50.91 00.145 1.6058 1.5735 1.6022
1.16 1.391 45.21 54.79 00.141 1.6033 1.5734 1.5992
1.32 1.384 39.75 60.25 00.126 1.5998 1.5731 1.5942
1.48 1.387 42.07 57.93 00.112 1.6013 1.5728 1.5946
1.64 1.383 39.09 60.91 00.106 1.5994 1.5726 1.5919
1.80 1.385 40.50 59.50 00.100 1.6003 1.5725 1.5923
1.96 1.384 39.59 60.41 00.094 1.6000 1.5723 1.5910
2.12 1.378 34.38 65.62 00.088 1.5963 1.5721 1.5867
2.28 1.377 33.88 66.12 00.082 1.5960 1.5719 1.5856

Table II(b) Density r, Crystallinity x, (1 0 x), Form Birefringence Dnf , Isotropic Refractive Indices,
and Virtual Refractive Index nv at A Constant Annealing Temperature (140 { 17C)

Draw Ratio r x (%) (1 0 x) (%) Dnf niso(1) niso(2) nv

1 1.392 46.53 53.47 00.139 1.6042 1.5734 1.6000
1.16 1.382 38.35 61.65 00.135 1.5987 1.5730 1.5938
1.32 1.387 42.15 57.85 00.125 1.6013 1.5731 1.5958
1.48 1.388 43.14 56.86 00.123 1.6020 1.5730 1.5963
1.64 1.382 37.69 62.31 00.117 1.5985 1.5728 1.5919
1.8 1.386 41.49 58.51 00.106 1.6009 1.5726 1.5936
1.96 1.387 42.23 57.77 00.103 1.6014 1.5726 1.5938
2.12 1.387 42.40 57.60 00.102 1.6015 1.5726 1.5938
2.28 1.388 42.81 57.19 00.099 1.6018 1.5725 1.5938
2.44 1.386 41.24 58.76 00.096 1.6008 1.5724 1.5924

Table II(c) Density r, Crystallinity x, (1 0 x), Form Birefringence Dnf , Isotropic Refractive Indices,
and Virtual Refractive Index nv at A Constant Annealing Temperature (160 { 17C)

Draw Ratio r x (%) (1 0 x) (%) Dnf niso(1) niso(2) nv

1.00 1.382 37.93 62.07 00.135 1.5986 1.5732 1.5937
1.16 1.382 38.18 61.82 00.119 1.5988 1.5729 1.5925
1.32 1.381 37.27 62.73 00.113 1.5982 1.5727 1.5912
1.48 1.383 38.68 61.32 00.101 1.5991 1.5725 1.5911
1.64 1.379 35.62 64.38 00.094 1.5971 1.5723 1.5882
1.80 1.379 35.79 64.21 00.085 1.5972 1.5720 1.5873
1.96 1.378 34.96 65.04 00.078 1.5967 1.5718 1.5859

are consistent with the deformation of a network
where F \ Å n2

\ 0 1
n2

\ / 2
and analogous equation can with N (2) random links per chain where

be derived for F⊥ , and (Da"3a0) is found to be
0.104 for PET, which agrees with previous pub- [P2(u ) ] Å DR2 0 DR01

5N (2)
(19)

lished results.28 It can be seen that the value of
[P2(u ) ]opt for the annealed drawn samples are
shown as a function of [DR2 0DR01] . The results where DR is the extension or draw ratio.
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Table III(a) The Polarizability of a Monomer Unit ax, a⊥, and aV , the Specific Refractivity of the
Isotropic Dielectric 1x, 1⊥, and 1V , at A Constant Annealing Temperature (120 { 17C) Quenched in Air

Draw Ratio ax 1 10033 a⊥ 1 10033 a
V
1 10033 1x 1 1001 1⊥ 1 1001 1

V
1 1001

1.00 2.273 1.998 2.136 2.685 2.360 2.522
1.16 2.286 1.991 2.139 2.700 2.352 2.526
1.32 2.319 1.974 2.146 2.738 2.331 2.535
1.48 2.341 1.961 2.151 2.764 2.316 2.540
1.64 2.354 1.954 2.154 2.780 2.307 2.544
1.8 2.364 1.949 2.156 2.791 2.301 2.546
1.96 2.375 1.942 2.159 2.805 2.294 2.549
2.12 2.392 1.933 2.162 2.824 2.282 2.553
2.28 2.404 1.926 2.165 2.839 2.274 2.556

Table III(b) The Polarizability of a Monomer Unit ax, a⊥, and aV , the Specific Refractivity of the
Isotropic Dielectric 1x, 1⊥, and 1V , at A Constant Annealing Temperature (140 { 17C) Quenched in Air

Draw Ratio ax 1 10033 a⊥ 1 10033 a
V
1 10033 1x 1 1001 1⊥ 1 1001 1

V
1 1001

1.00 2.287 1.991 2.139 2.701 2.351 2.526
1.16 2.304 1.981 2.142 2.721 2.339 2.530
1.32 2.318 1.974 2.146 2.737 2.331 2.534
1.48 2.320 1.972 2.147 2.741 2.329 2.535
1.64 2.338 1.963 2.150 2.761 2.318 2.540
1.8 2.351 1.955 2.153 2.777 2.309 2.543
1.96 2.356 1.953 2.155 2.783 2.306 2.544
2.12 2.378 1.952 2.155 2.784 2.305 2.545
2.28 2.363 1.949 2.156 2.790 2.302 2.546
2.44 2.370 1.945 2.157 2.798 2.297 2.548

Table III(c) The Polarizability of a Monomer Unit ax, a⊥, and a
V
, the Specific Refractivity of the

Isotropic Dielectric 1x, 1⊥, and 1V , at A Constant Annealing Temperature (160 { 17C) Quenched in Air

Draw Ratio ax 1 10033 a⊥ 1 10033 a
V
1 10033 1x 1 1001 1⊥ 1 1001 1

V
1 1001

1.00 2.306 1.981 2.143 2.723 2.339 2.531
1.16 2.332 1.966 2.150 2.754 2.322 2.538
1.32 2.345 1.959 2.152 2.770 2.313 2.541
1.48 2.364 1.948 2.156 2.792 2.301 2.546
1.64 2.380 1.940 2.160 2.811 2.290 2.551
1.8 2.396 1.931 2.163 2.829 2.280 2.555
1.96 2.409 1.922 2.166 2.845 2.271 2.558

Also, the optical orientation angle can be found sion for the distribution of segments at an angle
u with respect to the draw ratio.by using the following equation:

Fu Å 1 0 3
2 Sin2u (20)

v(Cos u ) Å 1
2
/ 1

4N (2)
(3 Cos2u 0 1)

where u is the angle between the axis of polymer
1 SDR2 0 1

DRD (21)unit and the fiber axis.
Roe and Krigbaum29–30 have derived an expres-
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nealed and annealed samples (or drawn or un-
drawn samples), and n \

a , n⊥
a are the refractive

indices along and perpendicular to the fiber axis.

Density Measurement

The density of the unannealed sample was esti-
mated by acoustic method, which have been dis-
cussed in details elsewhere.19,32 The densities of
the drawn samples were estimated by using the
formula of de Vries and coworkers33 by the follow-
ing relation:

r Å 4.047
(n

V

2 0 1)
(nV 2 / 2)

(24)

where nV calculated from eq. (10). We have used
eq. (24) in our present work for evaluation crys-

Figure 2 The relationship between corrected values tallinity of cold drawn PET fibers because it was
of optical orientation function fu and the Hermans func- the available technique at the present time.
tion fD of fiber with different draw ratios at 120, 140,
and 1607C.

Degree of Crystallinity

The degree of crystallinity x was determined byFrom eq. (21), we found that the distribution of
the following relation:22

segments change from 0.58 to 0.76.
Before orientation, the segments will be ran-

domly oriented at an angle u with respect to the x Å r 0 ra

rc 0 ra
(25)

draw direction. After a draw ratio DR , the seg-
ments will be constrained at an angle b given

with rcÅ 1.4571 103 kg/m3, and raÅ 1.3361 103by
kg/m3.

tan b Å DR03/2tan u (22)

RESULTS
EXPERIMENTAL RESULTS AND DISCUSSION

Plates 1(a) – (c) and 2(a) – (c) show a microint-
Annealing of samples is described in the litera- erferograms of totally duplicated images of PET
ture.15,16 fiber using the Pluta microscope in parallel and

perpendicular directions, respectively, with differ-
ent draw ratios at a constant annealing time of 4

Double-Beam Interferometry h and different annealing temperatures of 120,
140, and 160 { 17C. The refractive index of theA Pluta polarizing interference microscope con-
immersion liquid was 1.658 and 1.569 at 18 { 17Cnected to a device dynamically studies the draw
in parallel and perpendicular directions, respec-ratio. The values of the birefringence Dn and
tively. Using these interferograms, the mean re-mean refractive indices along n \

a and across n⊥
a of

fractive index of the parallel and perpendicularthe fiber axis are give in Tables I(a) – (c)
directions at different draw ratios were calcu-First, we calculated the isotropic refractive in-
lated. The refractive index of the immersion liquiddex from the following relationship:31

was selected to allow the fringe shift to be small.
Plates 1 and 2 also show that the fringe shiftsn2

iso(2) 0 1

n2
iso(2) / 2

Å ri

3r F n2
\ 0 1

n2
\ / 2

/ 2
n2

⊥ 0 1
n2

⊥ / 2G (23) change as the draw ratio increases and the diame-
ter decreases.

Figures 1(a) – (c) show the relation between
the birefringence Dn and the refractive index dif-where r and ri are the density of isotropic unan-
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Table IV(a) The Orientation Angle u and u* and Optical Orientation Functions FD , Fu ,
at A Constant Annealing Temperature (120 { 17C)

Draw Ratio u u* FD Fu Fu 0 FD /Fu Fu /FD

1.00 36.42 38.58 0.4167 0.4712 0.1157 1.13
1.16 35.11 37.50 0.4442 0.5037 0.1183 1.13
1.32 31.61 34.55 0.5175 0.5880 0.1200 1.13
1.48 29.11 32.32 0.5713 0.6451 0.1145 1.13
1.64 27.52 31.06 0.6008 0.6797 0.1161 1.13
1.80 26.35 30.02 0.6246 0.7044 0.1133 1.13
1.96 24.92 28.85 0.6508 0.7337 0.1129 1.13
2.12 22.69 27.21 0.6863 0.7768 0.1166 1.13
2.28 20.96 25.86 0.7146 0.8080 0.1156 1.13

Table IV(b) The Orientation Angle u and u* and Optical Orientation Functions FD , Fu ,
at A Constant Annealing Temperature (140 { 17C)

Draw Ratio u u* FD Fu Fu 0 FD /Fu Fu /FD

1.00 35.00 37.37 0.4475 0.5066 0.1166 1.13
1.16 33.15 35.94 0.4833 0.5515 0.1237 1.13
1.32 31.72 34.58 0.5167 0.5854 0.1175 1.13
1.48 31.38 34.26 0.5246 0.5934 0.1160 1.13
1.64 29.46 32.76 0.5608 0.6371 0.1197 1.13
1.80 27.84 31.25 0.5963 0.6728 0.1138 1.13
1.96 27.24 30.71 0.6088 0.6858 0.1123 1.13
2.12 27.04 30.55 0.6125 0.6900 0.1119 1.13
2.28 26.45 30.02 0.6246 0.7025 0.1109 1.13
2.44 25.60 29.33 0.6400 0.7200 0.1117 1.13

Table IV(c) The Orientation Angle u and u* and Optical Orientation Functions FD , Fu ,
at A Constant Annealing Temperature (160 { 17C)

Draw Ratio u u* FD Fu Fu 0 FD /Fu Fu /FD

1.00 33.07 35.87 0.4850 0.5534 0.1237 1.13
1.16 30.09 33.28 0.5483 0.6230 0.1199 1.13
1.32 28.59 32.02 0.5783 0.6566 0.1193 1.13
1.48 26.33 30.05 0.6238 0.7050 0.1153 1.13
1.64 24.29 28.47 0.6592 0.7462 0.1166 1.13
1.80 22.15 26.72 0.6967 0.7867 0.1145 1.13
1.96 20.14 25.16 0.7288 0.8222 0.1137 1.13

ferences (n \0 nv , n⊥0 nv , n \0 niso , and n⊥0 niso ) . The apparent volume fraction of crystallinity
(x ) was calculated from eq. (25) using the calcu-In Figure 1, nv and Dnmax are used to predict the

values of refractive indices, n1 and n2 , for fully lated density values. The results are given in Ta-
bles II(a) – (c) . Also in Tables II(a) – (c) are theoriented fibers. These values are found to be 1.80

and 1.56, respectively, at 287C, which are in agree- calculated values of 10 x, virtual refractive index
(nv ) , the form birefringence (Dnf ) , and isotropicment with the published values.24

Tables I(a) – (c) give some experimental re- refractive index, which were calculated using eqs.
(10) and (23), respectively.sults for annealed PET fibers, refractive indices,

and the calculated values of the number of molec- In Tables III(a) – (c) , the calculated values of
a \ , a⊥ , and a, and the specific refractivity of theular per unit volume N , and random links per

chain (N (2) ) . isotropic dielectric of parallel, perpendicular, and
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Figure 5 The relation between tan b and differentFigure 3 The relationship between »P2(u ) … and bire-
draw ratios at 120, 140, and 1607C.fringence Dna of fiber with different draw ratios at 120,

140, and 1607C.

tion angle u from fu and u * from fD and at different
draw ratios are given in Table IV(a) – (c) .mean value (e \ , e⊥ , and e

V
) at different draw ratios

Figure 3 shows the relation between the bire-are given, for annealed PET fibers.
fringence Dn and the optical orientation functionFigure 2 shows the relation between corrected
fu for various draw ratios of annealed fibers.values of optical orientation function fu and the

Figure 4 shows the relation between »P2(u ) …Hermans function fD for different draw ratios for
and [DR2 0 DR01] , which is a straight line; fromannealed fibers at 3 annealing temperatures,
it, we calculated the values of random links perfrom which fu/ fD is found to be 1.13 for 120, 140,
chain (N (2) ) .and 1607C. The calculated values of the orienta-

Figure 5 shows the relation between tan b and
draw ratios at different annealing temperatures
and a constant annealing time of 4 h. Tan b de-
creases with increasing draw ratio.

DISCUSSION

Characterization of synthetic polymer fibers are
important for the main end use. Birefringence,
orientation, density, crystallinity, and elasticity
are some of the needed properties that affect the
textile quality. Most studies that involve varia-
tions of physical properties considered polymers
as an anisotropic polycrystalline medium, that is,
consisting of crystalline regions suspended in an
amorphous medium, which is partially oriented.32

The formation of a crystal lattice in a polymer
restricts the mobility of the segments; with an
increase in the degree of crystallinity, a polymer
therefore becomes more rigid. On the other hand,
an increase in the amorphous part increases theFigure 4 The relationship between »P2(u ) … and [DR2

0 DR01] of fiber at 120, 140, and 1607C. ability to deform.
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