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ABSTRACT: Studies of the mechanical and optical properties of undrawn uniaxially
stretched polyester PET (Egyptian manufacture) fibers by annealing and cold drawing
were performed. The optical properties and strain produced in PET fibers at different
conditions were measured interferometrically at room temperature. A two-beam inter-
ferometric technique was used to determine refractive indices and birefringence of the
investigated PET samples with strain produced by different stresses. Using a micro-
strain device attached to a microscope stage and through the application of the appro-
priate mathematical equations, the refractive indices and the birefringence values were
determined as a function of the draw ratios. The resulting data were utilized to
calculate the polarizability per unit volume, the number of molecules per unit volume,
Poisson’s ratio, the strain optical coefficient, and several other parameters and con-
stants. Also, some structural parameters are determined, such as form birefringence,
the virtual refractive index, the harmonic mean polarizability of the dielectric, the
harmonic mean specific refractivity, and the isotropic refractive index. The generalized
Lorentz–Lorenz equation given by de Vries is used to determine PET fiber structure
parameters. Comparison between the results have been compared with Hermans’
optical orientation function. Relationships between the various optical parameters
and the draw ratios are plotted, and the effect of draw ratio on the refractive index
profile is studied. Microinterferograms are given for illustration. © 1999 John Wiley &
Sons, Inc. J Appl Polym Sci 72: 1869–1880, 1999

Key words: drawing; PET; optical parameters; crystallinity; orientation; birefrin-
gence; polarizability

INTRODUCTION

The refractive index and the birefringence values
of fibers provide parameters that characterize the
structure of polymers on a molecular level. The
birefringence depends on the molecular orienta-
tion in the polymer fiber, as it contains contribu-
tions from the polarizabilities of all the molecular
units in the sample.1

In recent years, interferometric methods have
been used in studying the thermal, mechanical,
and chemical properties of natural and synthetic
fibers.5–8 The most readily available techniques
for changing the polymeric structure are anneal-
ing and quenching.9–14

In the study of mechanical properties of a tex-
tile fiber, the authors’ aim is to establish a con-
nection between the molecular structure and
these properties and suggest beneficial modifica-
tions in the preparation or processing of the fiber.
The mechanical properties are particularly im-
portant because they are more quantitative than
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any others, such as feel, bestir, or other elusive
properties that are dependent on sense percep-
tion.

In the case of a synthetic fiber, it is always the
concern of the chemist and physicist to under-
stand the effect of the processes on the end prod-
uct because their tasks are often to produce a
certain type of fiber for a specific purpose.15

In previous investigations, the drawing behav-
ior of PET fiber was studied by several au-
thors.16–25

Molecular orientation is commonly used to im-
prove the properties of polymeric materials. Thus,
there is a great deal of interest in knowledge at
the molecular level of the phenomena occurring
during stretching or annealing or any forming
process.

Several techniques have been proposed to mea-
sure orientation (including X-ray scattering and
Raman spectroscopy).26 Among all these tech-
niques, interferometry represents a very valuable
technique to get an insight into the processes
occurring at the molecular level.27,28

The present work deals with the influence of
experimental conditions of stretching (quenching,
cold drawing) on orientation and mechanical pa-
rameters in uniaxially stretched polyester (PET),
using a two-beam Pluta polarizing interference
microscope. In addition, different opto-mechani-
cal parameters effected by thermal treatment are
evaluated.

THEORETICAL CONSIDERATIONS

Using the Pluta interference microscope in the
case of a totally duplicated image of the fiber to
measure the mean refractive indices in parallel
and perpendicular directions of PET was dis-
cussed in detail elsewhere.29,30 Also, by applying
the equations used by Hermans31 and Ward,32,33

we can obtain the optical orientation parameters,
as discussed previously in extensive works.

MEAN POLARIZABILITY OF
MONOMER UNIT

The polarizability of a monomer unit like the po-
larizability of a simple organic molecule usually
differs in different directions. As the refractive
index of a polymer depends on the total polariz-
ability of the molecules, this leads to the Lorentz–
Lorenz equation by the following equations34:

n\
2 2 1

n\
2 1 2

5
N~1!a

\

3C
(1a)

An analogous formula used for na
', where na

\ and
na

' are the mean refractive indices of the fiber for
light vibrating parallel and perpendicular to the
fiber axis.

n# 2 2 1
n# 2 1 2 5

N~1!a#

3C
(1b)

where n# is the average refractive index (isotropic
refractive index), a# is the mean polarizability of a
monomer unit, and C is the permitivity of free
space equal to 8.85 3 10212 Fm21.

For a bulk polymer of density r and monomer
unit molecular weight M, the number of monomer

units per unit volume N~1! 5
NAr

M , where NA is

Avogadro’s number 6.02 3 1023, and M for PET
5 192.35 Also, N is the number of carriers of the
dipole moment.

de Vries35 gave a theory on the basis of internal
filled with the aid of classical electromagnetic the-
ory, in which he generalized the Lorentz–Lorenz
equation; so for monochromatic light, the well-
known Lorentz–Lorenz becomes

n2 2 1
n2 1 2 5

N~1!a

3C
(2)

The right-hand member of eq. (2) is proportional
to the density r (Kg m3) of the medium and may
also be written as

n2 2 1
n2 1 2 5 «r (3)

where « (m3 Kg) is called the specific refractivity
of the isotropic dielectric. Writing this equation
for fibers in parallel and transverse components,
the generalized Lorentz–Lorenz equations is

n\
2 2 1

n\
2 1 2

5
N~1!a

\

3C
5 «\r (4)

An analogous formula is used for na
'.

Also, de Vries defined the invariant refractive
index, which he call the “Virtual refractive index”
nV by
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nV 5 Î1 1
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2 2 1#
(5)

where the virtual refractive index nV replaces the
isotropic refractive index equation,

niso(1) 5
~na

i 1 2na
'!

3 (6)

This equation [eq. (5)] leads to the harmonic mean
polarizability of the dielectric aV by the following
equation:

aV 5
3C

N~1!
z
nV

2 2 1
nV

2 1 2
(7)

Likewise, for the harmonic mean specific refrac-
tivity, we have

«V 5 r21 z
nV

2 2 1
nV

2 1 2
(8)

Hermans28 defined the optical orientation func-

tion as
Dna

Dnmax
where Dna is the measured birefrin-

gence, and Dnmax is the maximum birefringence
for the fully oriented fiber. The value of Dnmax has
been previously determined to be36 (0.24).

The optical orientation function and orienta-
tion angle can be calculated using the Hermans’
equations31:

FD 5
Dna

Dnmax
(9)

Table I Values of the Parameters
Characterizing the Deformation Process
Relating the Cross-sectional Area

Annealing
Temperature (°C) b g 3 1024 a 3 103

120 0.250 21.728 5.729
140 0.987 22.870 6.87
160 0.159 21.987 14.69

Figure 1 Relation between Poisson’s ratio (m) of PET fibers, with different draw ratios
R at different annealing conditions: annealing temperature, 120, 140, and 160°C;
constant annealing time, 4 h.
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The average value of the optical orientation
function ^P2(u )&, due to Ward,32,33 is given by

^P2~u!& 5
Dna

Dnmax
(10)

which is the same function named by Hermans.28

^P2(u )& is related to the polarizability, as follows:

F\ 2 F'

F\ 1 2F' 5 P2~um!^P2~u!& (11)

where F\ and F' are the polarizability parallel
and perpendicular to the fiber axis, respectively,
where

P2~u!m 5
1
2~3 cos2 um 2 1! 5 const (12)

Also, eq. (11) can be written in the following
form:

F\ 2 F'

F\ 1 2F' 5 S Da

3a0
D ^P2~u!& (13)

where Da 5 a\ 2a', the difference between the
electric polarizabilities of one molecule when us-
ing monochromatic light vibrating parallel and
perpendicular to the fiber, respectively.

a0 5 1
3(a

\ 1 2a') is the isotropic polarizability,

and the quantity SDa

3a0
D depends on the molecular

structure and is nearly constant for a given poly-
mer.35 The values of F\ and F' can be determined

from the following equation, F\ 5
n\

2 2 1
n\

2 1 2
and the

analogous equation for the perpendicular direc-
tion F'.

In a recent approach to the continuum theory
of birefringence of oriented polymer,27 it was
found that the value of Fu is equal to the follow-
ing:

Fu 5 F n1
2 n2

2

n\
2 n'

2 G z Fn\ 1 n'

n1 1 n2
G z

Dna

Dnmax
(14)

which is slightly different from the original sim-
ple expression for the degree of orientation used
by Hermans.31 Hermans’ optical orientation func-
tion FD (FD 5 ^P2(u )&) has been corrected by de
Vries to be Fu in the range 0 , Dn , 0.8 as

Fu 5 ~1 1 a! FD 2 a FD
2

where

~1 1 a! 5
2n1

2 n2
2

nV
3 ~n1 1 n2!

(15)

n1, n2, and nV are given from de Vries,35 and nV
> niso, evaluated from eq. (15); so the constant (a)
was calculated and found to be (0.8).

DENSITY MEASUREMENT

For PET, de Vries and coworkers found a linear
relation between the density and the following
parameters37 by the following relation:

Table II Poisson’s Ratio and Strain Optical
Coefficient

Draw Ratio Poisson’s (m) Strain Coefficient (Ce)

1.00 : 1.40 0.357 0.03618
1.40 : 1.56 0.320 0.12443
1.56 : 1.72 0.291 0.08860
1.72 : 1.88 0.266 0.07770
1.88 : 2.04 0.245 0.06950
2.04 : 2.20 0.227 0.06411
2.20 : 2.36 0.212 0.06013
2.36 : 2.52 0.198 0.05999
2.52 : 2.68 0.186 0.05710
2.68 : 2.84 0.176 0.05483
2.84 : 3.00 0.166 0.05247
3.00 : 3.16 0.158 0.05100
3.16 : 3.32 0.150 0.04815
1.00 : 1.40 0.357 0.1239
1.40 : 1.56 0.320 0.1020
1.56 : 1.72 0.291 0.0879
1.72 : 1.88 0.266 0.0743
1.88 : 2.04 0.245 0.0705
2.04 : 2.20 0.227 0.0649
1.00 : 1.37 0.365 0.1524
1.37 : 1.52 0.329 0.1057
1.52 : 1.67 0.299 0.1030
1.67 : 1.82 0.274 0.0847
1.82 : 1.96 0.255 0.0799
1.96 : 2.04 0.245 0.0766

Table III Values of the Parameters
Characterizing the Deformation Process
Relating the Birefringence

Annealing
Temperature (°C) m b C

120 0.1088 20.1174 9.248
140 0.2752 21.7096 5.663
160 0.3056 21.8177 5.052
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r 5 4.047
~n# 2 2 1!

~n# 2 1 2!
(16)

where n# is calculated as the isotropic refractive
index from eq. (6).

CRYSTALLINITY EQUATION

The degree of crystallinity x was determined by
the relation.38

x 5
r 2 ra

rc 2 ra
(17)

where rc are ra the densities of the crystalline
and noncrystalline regions, with rc 5 1.457
3 103 kg m3 and ra 5 1.336 3 103 kg m3.

Volume fraction of amorphous material was
determined by the relation:

1 2 x 5 1 2 F r 2 ra

rc 2 ra
G (18)

Plate 1 Microinterferograms (a–f) of a totally duplicated image of PET fiber at
different draw ratios (1.4 and 1.8), annealed at different annealing temperatures (120,
140, and 160°C) and a constant time (4 h) of l 5 546 nm.
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where x is the volume fraction of crystalline ma-
terial.

CALCULATION OF THE ISOTROPIC
REFRACTIVE INDEX

The specific volume is given by the following
equation:

~niso 2 1!V 5 constant (19)

Also, the Lorentz–Lorenz equation is used to
relate polarizabilities and refractive index. We
have39

niso(2)
2 2 1

niso(2)
2 1 2

5
ri

3rFn\
2 2 1

n\
2 1 2

1 2
n'

2 2 1
n'

2 1 2G (20)

where r and ri are the density of measured and of
the isotropic tested polymer, respectively. Ob-
tained values for na

\ , na
', and r are used with eq.

(20) to determine the isotropic refractive index

values for quenched PET fibers (ri 5 ra 5 1.336
3 103 kg m3).

EXPERIMENTAL RESULTS AND DISCUSSION

Annealing of Samples

For the annealing conditions used, the procedures
were outlined in our previous publications,30,40

and then quenched in ice.

Results

The results show that the cross section of the PET
fiber seen by high-power optical microscopy was a
perfectly circular shape.40

APPLICATION OF TWO-BEAM
INTERFEROMETRY

The totally duplicated image of the fiber obtained
with a Pluta polarizing interference microscope

Figure 2 Relation between the cross-sectional area A of PET fibers with different
draw ratios R at different annealing conditions: (annealing temperature, 120, 140, and
160°C; constant annealing time, 4 h.
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with a fiber was used as a manipulation device to
calculate the mean refractive indices na

\ and na
' of

PET fibers.41,42

On straining, the fiber becomes thinner, and
both the radius (r) and the cross-sectional area
( A) of the fiber decreased with an increase in the
draw ratio (R), according to the following empir-
ical formula43:

A 5
a

b
R2b 1

g

b
(21)

where a, b, and g are parameters that character-
ize the deformation process.

Using the differential form of eq. (21),

dA
d ln R 5 g 2 bA (22)

The values of the parameters: a, b, and g are
given in Table I. In addition to these parameters,
the change in radius (r) can be related to the
change in length (,) via the logarithmic Poisson’s
ratio m,43 as defined by

dr
r 5 2m

d,

,
(23)

The average values of m over different strain
ranges are plotted against the birefringence Dn,
as in Figure 1.

One of the important coefficients, called the
strain optical coefficient Ce, defined as

Ce 5
d~Dn!

~de!
(24)

where e is the strain, was measured in all the
strain ranges. The results are given in Table II for
both samples.

The birefringence was found to vary with the
draw ratio according to the following formula44:

d~Dn!

d~ln R!
5 m 1 bDn (25)

Figure 3 Relations between the birefringence Dn and
the refractive indices differences (n\ 2 nV, n' 2 nV, n\

2 niso and n' 2 niso) of fiber at different draw ratios at
different annealing conditions: annealing temperature,
120, 140, and 160°C; constant annealing time, 4 h.
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which becomes, by integration,

Dn 5
c
bRb 2

m
b (26)

where c, m, and b are parameters that charac-
terize the deformation process. These parameters
are determined, and they are given in Table III
for PET sample.

Plate 1(a)–(f) are microinterferograms of the
totally duplicated images of PET fibers samples
with different draw ratios (1.4 and 1.8) at differ-
ent annealing conditions (annealing temperature:
120, 140, and 160 6 1°C; constant annealing time,
4 h). Monochromatic light of 546-nm a wave-
length was used. The refractive index of the im-
mersion liquid was selected to allow the fringe
shift to be small. Using these interferograms, the
mean refractive index of the parallel and perpen-
dicular directions at different draw ratios were

calculated. Plate 1 also shows that the fringes
shifts changed as the draw ratio increases and the
diameter decreased.

Figure 2 shows the mean cross-sectional area
of PET fibers, with different draw ratios. From
this figure, the fiber becomes thinner, and the
cross-sectional area A of the fiber decreases with
increasing draw ratio R.

Figure 3 shows the relation between the bire-
fringence Dn and the refractive indices differ-
ences (n\ 2 nV, n' 2 nV, n\ 2 niso and n'

2 niso). In Figure 3, nV and Dnmax are used to
predict the values of refractive indices n1 and n2

for fully oriented fibers. These values are found to
be 1.80 and 1.56, respectively, at 28°C, which are
in agreement with the published values.24

Table IV gives some experimental results for
annealed PET fibers, refractive indices, the calcu-
lated values of the number of monomer units per

Table IV Refractive Indices na
#, and na

', Isotropic Refractive Indices niso(1)
, niso(2)

and Vertical
Refractive Index nV and Orientation Angles u, u* and N(1) the number of
Monomer Units per Unit Volume

Draw
Ratio na

# na
' niso(2)

niso(1)
nV u u* N(1) 3 102

Undrawn 1.584 1.575 1.578 1.5743 1.578 53.07 53.37 42.11
1.40 1.605 1.582 1.590 1.5743 1.590 50.29 50.99 42.81
1.56 1.685 1.607 1.633 1.5738 1.631 41.12 42.16 45.31
1.72 1.683 1.611 1.635 1.5739 1.633 42.18 43.10 45.43
1.88 1.685 1.609 1.634 1.5739 1.632 41.37 42.36 45.37
2.04 1.687 1.606 1.633 1.5738 1.631 40.69 41.74 45.32
2.20 1.688 1.603 1.631 1.5737 1.629 39.84 40.99 45.21
2.36 1.690 1.600 1.630 1.5736 1.627 38.98 40.21 45.16
2.52 1.696 1.596 1.629 1.5735 1.626 37.34 38.69 45.12
2.68 1.699 1.595 1.630 1.5734 1.626 36.51 37.91 45.13
2.84 1.701 1.592 1.629 1.5734 1.624 35.60 37.10 45.06
3.00 1.703 1.590 1.628 1.5733 1.623 34.86 36.42 45.02
3.16 1.706 1.588 1.627 1.5732 1.622 33.89 35.55 44.98
3.32 1.707 1.587 1.627 1.5732 1.622 33.59 35.29 44.95

Undrawn 1.607 1.579 1.5 1.5742 1.588 49.14 50.03 42.72
1.40 1.687 1.609 1.635 1.573 1.632 41.12 42.11 45.41
1.56 1.691 1.605 1.634 1.573 1.631 39.81 40.90 45.35
1.72 1.693 1.601 1.632 1.573 1.629 38.70 39.90 45.26
1.88 1.693 1.599 1.630 1.573 1.627 38.29 39.57 45.15
2.04 1.697 1.595 1.629 1.573 1.626 36.89 38.27 45.11
2.20 1.701 1.595 1.630 1.573 1.626 36.13 37.53 45.16

Undrawn 1.610 1.581 1.591 1.5742 1.591 49.17 50.03 42.88
1.37 1.692 1.607 1.635 1.5738 1.633 39.97 41.01 45.44
1.52 1.691 1.607 1.635 1.537 1.633 40.24 41.27 45.44
1.67 1.696 1.599 1.631 1.5737 1.628 37.77 39.03 45.23
1.82 1.697 1.599 1.632 1.5736 1.628 37.71 38.98 45.24
1.96 1.702 1.596 1.632 1.5735 1.628 36.33 37.67 45.24
2.04 1.703 1.595 1.631 1.5734 1.627 35.88 37.26 45.22

1876 FOUDA AND EL-SHARKAWY



unit volume (N(1)), the calculated values of vir-
tual refractive index (nV), and the isotropic re-
fractive index, which was calculated using eqs. (6)
and (20), respectively.

Figure 4 shows the relation between corrected
values of optical orientation function Fu and the
Hermans’ function FD for different draw ratios
with annealing fibers at three annealing temper-
atures, from which Fu/FD is found to be 1.13 for
120, 140, and 160°C. The calculated values of the
orientation angle u from Fu and u9 from FD and at
different draw ratios are given in Table IV.

In Table V, the calculated values of a\, a', and
a# and the specific refractivity of the isotropic di-
electric of parallel and perpendicular and its
mean value («\, «', and #«) at different draw ratios
are given for annealing PET fibers.

Figure 5 shows the variation of
F\ 2 F'

F\ 1 2F' with

P2(u ) due to changing of draw ratios.

DISCUSSION

Synthetic polymer fibers play an important role in
the textile industry, where most textiles now are

mixed with synthetic yarns. So, investigation of
the characteristics properties of these fibers aid in
the main end use.

Thermal processing and drawing of polymer
films and fibers are a processes that aim to im-
prove the strength and modulus and other phys-
ical and mechanical properties of these materials.
It produces an orientation that seeks to gain
greater insight at the microstructure level. The
degree of orientation, crystallinity, and other
structural parameters are correlated to the final
fiber end use. So the degree of orientation could
vary significantly from one fiber to another, de-
pending on the fiber history during manufacture
and subsequent processing operations. The effect
of drawing on the refractive index, birefringence,
and other optical parameters were investigated in
this article. As expected, the values of the refrac-
tive index when the light vibrates parallel to the
fiber refractive index and to the fiber axis are
increased with increasing the draw ratio. This is
because the drawing process aligns the molecules
in adirection that allows the transmission of
much light intensity.

Figure 4 Relation between FD and Fu of PET fiber due to the change of draw ratios
at different annealing conditions: annealing temperature, 120, 140, and 160°C; con-
stant annealing time, 4 h.
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As birefringence yields information about the
crystallinity and orientation of polymer molecular
chains, the isotropic refractive index of medium
also gives information about not only the molec-
ular package but also specification of the unit cell
of the crystalline part. All oriented polymers have
a common property: namely, their strength and
modulus of elasticity in stretching in the direction
of orientation are much higher than in a nonori-
ented polymer, while the strength and modulus in
deformation are lower than in the initial nonori-
ented polymer.

It is clear that birefringence Dn of PET fiber
increased with draw ratio R, according to the
empirical relation in eqs. (25 and 26), in which m,
b, and c are parameters that characterize the
deformation process, where m indicates the ini-
tial slope of the birefringence natural extension
curve if the drawing would start from the isotro-
pic state. m can assume positive or negative val-
ues according to the sign of the birefringence in

the fiber. The different values of b express the
difference in interaction between the chain ele-
ment accordingly as they become progressively
better oriented with respect to the fiber axis. For
instance, assuming b 5 0 to represent the neutral
case, for negative values of b, we would have to
explain that the polarizability of the chain ele-
ments would be diminished by their orientation,
and so the increase in birefringence would be
impeded; in the opposite case, positive b, it would
be enhanced by the interaction. c is the constant
that appears to be due to the integration process
for eq. (25).37,40 It is now well accepted that the
tensile strength of polymeric fibers is strongly
dependent on their length and diameter,46 and
are also parameters that are given to understand
the fiber size and length changes due to stress–
strain effects, which are of great importance for
materials design and manufacturing.

When a polymeric fiber is quenched and drawn,
its structural behavior is changed due to accumu-

Table V The Polarizability of a Monomer Unit a|, a', and a# , the Specific Refractivity of the Isotropic
Dielectric «|, «', «# , «#V

Draw Ratio a\ 3 10233 a' 3 10233 a# 3 10233 aV 3 10233 «\ «' #« «V

Undrawn 2.108 2.084 2.096 2.092 0.2490 0.2461 0.2476 0.2471
1.40 2.136 2.071 2.103 2.092 0.2522 0.2445 0.2484 0.2470
1.56 2.226 2.023 2.125 2.087 0.2629 0.2389 0.2509 0.2464
1.72 2.216 2.029 2.122 2.088 0.2617 0.2396 0.256 0.2465
1.88 2.224 2.025 2.124 2.087 0.2626 0.2391 0.2509 0.2465
2.04 2.231 2.021 2.126 2.086 0.2634 0.2387 0.2511 0.2464
2.20 2.239 2.016 2.128 2.086 0.2644 0.2381 0.2513 0.2463
2.36 2.248 2.012 2.130 2.085 0.2654 0.2376 0.2515 0.2462
2.52 2.264 2.003 2.133 2.083 0.2673 0.2366 0.2520 0.2460
2.68 2.272 1.999 2.135 2.082 0.2682 0.2361 0.2522 0.2459
2.84 2.280 1.994 2.137 2.081 0.2693 0.2355 0.2524 0.2458
3.00 2.287 1.990 2.139 2.080 0.2701 0.2351 0.2526 0.2457
3.16 2.296 1.985 2.141 2.079 0.2712 0.2345 0.2528 0.2456
3.32 2.299 1.984 2.142 2.079 0.2715 0.2343 0.2529 0.2455

Undrawn 2.147 2.065 2.106 2.091 0.2536 0.2438 0.2487 0.2470
1.40 2.226 2.023 2.125 2.087 0.2629 0.2389 0.2509 0.2464
1.56 2.239 2.016 2.128 2.086 0.2645 0.2381 0.2513 0.2463
1.72 2.250 2.010 2.130 2.086 0.2657 0.2374 0.2516 0.2462
1.88 2.254 2.008 2.131 2.084 0.2662 0.2372 0.2517 0.2461
2.04 2.268 2.001 2.134 2.083 0.2678 0.2363 0.2511 0.2460
2.20 2.275 1.997 2.136 2.082 0.2687 0.2358 0.2523 0.2459

Undrawn 2.147 2.065 2.106 2.091 0.2535 0.2438 0.2487 0.2470
1.37 2.238 2.017 2.127 2.086 0.2643 0.2382 0.2512 0.2463
1.52 2.235 2.019 2.127 2.086 0.2640 0.2384 0.2512 0.2463
1.68 2.259 2.006 2.133 2.084 0.2668 0.2368 0.2518 0.2461
1.82 2.260 2.005 2.133 2.084 0.2669 0.2368 0.2519 0.2461
1.96 2.273 1.998 2.136 2.082 0.2685 0.2360 0.2522 0.2459
2.04 2.278 1.996 2.137 2.082 0.2690 0.2357 0.2523 0.2458
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lation of several structural processes that are re-
sponses for both annealing and drawing condi-
tions.

CONCLUSION

It is clear that the two-beam and acoustic meth-
ods are useful and quick techniques to clarify the
mechanism of the optical and density parameters
of PET fibers with different thermal and drawing
conditions. From the measurements relating the
changes of optical properties, density, and crys-
tallinity parameters to thermal and drawing ef-
fects in PET fibers, the following conclusions may
be drawn.

1. The density and crystallinity depends
greatly on the thermal energy of the inter-
molecular interaction, which affects the
molecular motion in PET fibers and is also
indicative of the effect of a structural
transformation change on the opto-thermal

and mechanical parameters of PET fibers,
as seen in Table IV.

2. Calculating the degree of crystallinity and
the total birefringence leads to calculating
the form birefringence (Table IV), which
must not be neglected to explain the struc-
tural phases in some fibers.

3. Comparison between niso(1)
, niso(2)

, and nV
(Table IV) shows that every equation has
its own merit. In case the density of the
material under investigation is known,
niso(2)

is more accurate, where r is indicative
for mass redistribution due to any physical
changes.

4. It is clear that a 5 0.8 is constant, what-
ever the fiber thermal and mechanical
treatment processes (quenched in ice).

5. Calculated refractive indices for fully ori-
ented fibers were found [n\ 2 n' 5 Dn],
which confirm the previous published re-
sults.

6. Changes in orientation are accompanied by
a change of crystallinity due to the thermal

Figure 5 Relation between
F\ 2 F'

F\ 1 2F' and ^P2(u )& of PET fiber, due to the changing of

draw ratios at different annealing conditions: annealing temperature, 120, 140, and
160°C; constant annealing time, 4 h.

OPTO-THERMAL PROPERTIES OF FIBERS. XV 1879



and drawing processes. This indicates
mass redistribution within the fiber
chains. Also, this indicates the change in
density.

From the above results and considerations, we
concluded that the practical importance of these
measurements provides acceptable results for
the opto-thermal and mechanical parameters
changes for PET fibers.

The authors thank Prof. A. A. Hamza, the president of
Mansoura University, for his useful discussions, and
M. A. Kabeel for his interest.
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