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The Structure and Properties of Thermally Treated
Polyester Films

H. M. Shabana
Applied Science Department, College of Technological Studies,
Shuwaikh, Kuwait

The structure and properties of highly birefringent polyester (PET) films annealed
at 120°C for different intervals of time are investigated. In the present of a polar-
izer, the Michelson interferometer is used to determine the refractive indices and
the birefringence of the samples. For accurate results, the refractive indices are
determined at different angles of incidence, and the average is taken. The effect
of annealing time on the optical properties is investigated. The results show that
the refractive indices and the birefringence increase as the time of thermal treat-
ment increases. The values of refractive index difference (birefringence) are con-
firmed by those obtained directly from another optical technique. The obtained
values of refractive indices and birefringence are utilized to calculate some optical
and structural parameters important in characterizing the investigated PET
films. Relationships between the obtained parameters and annealing time are
given for illustration. The study shows that the Michelson interferometer can be
considered as important tool in investigating thick and highly birefringent
polyester films.

Keywords: birefringent polyester films, annealing, Michelson interferometer, refractive
indices, birefringence, optical properties

INTRODUCTION

In oriented polymers, the refractive indices along the orientation
direction and at right angle to it are different. That is, oriented poly-
mers are birefringent and optically anisotropic. The molecular mech-
anism responsible for the variation in the optical properties is
clarified by observation of the birefringence. Birefringence depends

Received 20 August 2004; in final form 20 September 2004.

Address correspondence to H. M. Shabana, Applied Science Department, College of
Technological Studies, P.O. Box 42325, Shuwaikh 70654, Kuwait. E-mail: hmshabana@
hotmail.com

1047



08:51 19 January 2011

Downl oaded At:

1048 H. M. Shabana

on molecular orientation in polymers as it contains contributions from
the polarizabilities of all molecular units in the sample. It is thus a
rapid and powerful tool for the study of morphological characteristics
of defined polycrystalline polymers [1]. Optical anisotropy can be pro-
duced by thermal treatments, mechanical drawing, solid-state
extrusion, and other treatments. It gives valuable information for
characterization of polymers on the molecular level. It is worth
nothing that the degree of orientation could vary significantly from
one polymer to another depending on the polymer history during
manufacture and subsequent processing operations. Polyester is a
good moldable, fiber and film forming material because of its high
glass transition temperature (70-80°C) and high crystalline melting
point (>250°C). It is, therefore, one of the most important industrial
polymers [2-3].

The optical properties of polymer films have been investigated in
many publication using several experimental tools [4-7], although
interferometery [8—16] is the most accurate one. The interferometric
techniques measure the optical path difference over the entire visible
spectrum as well as interference order in the image of the
examined object. The thickness, refractive indices, birefringence and
the other optical parameters can be determined. The highly coherent
light obtained from the laser source has made it particularly easy to
create new interferometric configurations. Pluta [10—11] used the vari-
able wavelength technique to measure the optical parameters of differ-
ent materials. Lloyd’s interferometer was applied by Hamza et al. [12]
to determine thickness and refractive indices of thin films. Medhat
et al. [13] obtained fringes of equal tangential inclination by curved-
induced birefringence. Sadik et al. used a general interferometric
approach based on variable incident angle for refractive index and
thickness measurement of birefringent single-medium [14] and
multi-medium objects [15]. Shabana [16] determined the thickness
and refractive index of isotropic polypropylene films using different
interferometric techniques.

The present work focuses on using the Michelson interferometer to
measure the refractive indices and the birefringence of free-standing,
thick, and highly birefringent polyester films annealed at 120°C for
different intervals of time. The refractive index difference (birefrin-
gence) is confirmed by another optical technique used to determine
the birefringence directly. The optical principles are given and the
mathematical formulae are derived. Certain optical and structural
parameters such as the mean polarizability per unit volume, surface
reflectivity, optical orientation function, and orientation angle are also
obtained as functions of thermal treatment.



08:51 19 January 2011

Downl oaded At:

Thermally Treated Polyester Films 1049

THEORETICAL CONSIDERATIONS

The refractive indices and the birefringence can be determined from
the analysis of the obtained fringe patterns depending on the applied
interferometric technique. The principle of Michelson interferometer
makes it a necessity to slowly vary the length of the film through
which the interference beam passes. A greater length of film
is obtained as it is rotated by an angle (0). The change in path length
is related to the measured fringe transmissions by the following
equation:

2n,d, (0) + 2nete (0) =m A (1)

where m is the collected number of fringe transmissions, 4 is the
wavelength of light used, n, and n; are the refractive indices of air
and film, respectively, d, (0) is the distance traveled in air, t; (0) is
the film thickness and 0 is the angle of rotation of the film. Equation
1 can be rearranged and used together with some basic mathematics
to calculate the refractive index of the examined film as follows [17]:

(2t — mA)(1 — cos 0)
2t¢(1 — cos ) — mA

nr = (2)
Equation 2 can be applied to determine the refractive indices n‘fl and
n; if a polarizer is introduced in the optical path between the laser
source and the beam splitter. The collected number m changes accor-
ding to the polarization direction, parallel or perpendicular to the axis
of the film.

The direct determination of birefringence, in the present work, is
based on recording the intensity ratio I/I,, where I and I, are the
intensity of light reaches the power meter and that just before striking
the sample, respectively. When the polarized light strikes the samples,
and the plane of polarization makes an angle of 45° with the axis of the
sample, the electric vector can be resolved into parallel and perpen-
dicular components. The two waves are passing through the sample
with different velocities. As a result, a phase change in the emerging
light is observed. This change of phase is directly proportional to the
intensity of light I as follows:

1/1, = sin%(6/2) (3)

The phase difference 6 is related to the optical path difference,

te (nﬂ —ny), via the well-known equation:

2
6 ==t (nf — nf) (4)
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Since the birefringence Ant is taken as the difference between nﬂ
and nf, it can then be given from the combination of equations 3
and 4, as follows:

"

: sinfl(l/lo)l/2 (5)

e

Anf =

The obtained values of n}l and n; are utilized for calculating the follow-
ing optical parameters: B

The mean polarizability per unit volume, P, is estimated from the
relation
3 (mf-1)

P_"2

4n (0} +2) ©

where n; is the mean refractive index of the examined sample.

The surface reflectivity of a polymer for light at normal incidence
can be estimated from Fresnel equations and knowledge of mean
refractive index n;. Thus the percentage reflection R (in air) is given
by [2]

— 2
o ns — 1
R= <ﬁf+1)><100 (7

The refractive indices and the birefringence are also utilized for cal-
culating the optical orientation function Ps(0) and the orientation
angle 0. The orientation function Py(0) is estimated by Hermans [18]
and Ward [19] from the following equation:

Anf

Py (0) = (Anp) (8)

max

where (Ang),.. is the maximum birefringence of the fully oriented
polymer. Its value was previously determined [18] to be 0.24 for poly-
ester. The orientation factor [An¢/(Any), .| is related to the polariz-
abilities ¢!l and ¢+ according to the following relation [20]

I — ot A
% o o
ol + 20+ [30(0} P2 (0) ®)

and the polarizability was given by Stein and Wilkes [21] from the
relation

(10)
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and an analogous equation for ¢*. (Aa/3 o,) is a quantity depending
on the molecular structure.

The orientation angle (0), the angle between the sample axis and
that of the polymer units, is determined from the following equation
[19]:

Py(0) =1 — gsinz 0 (11)

SAMPLES PREPARATION

In this work polyethyleneterephthalate (PET) polyester sheet of
thickness 194 pm was used. A set of samples was annealed at 120°C
for different intervals of time (0, 3, 6, 9, 12, and 15h) using a Fisher
Scientific Oven, Model 655G. The annealed samples were quenched
in air at room temperature and then were left in a desiccator for 24 h.

EXPERIMENTAL TECHNIQUES AND RESULTS
Set-up of Michelson Interferometer

The optical set-up of the well-known Michelson interferometer is
shown in Figure 1. Prior to setting up the experiment, the laser was
warmed up for at least one hour to eliminate any possible fringe or
intensity variations. For accurate optical alignment, the components
should be carefully arranged. A laser source of wavelength 632.8 nm
was used and a polarizer was inserted in front of it to enable the deter-
mination of both refractive indices ng and n;. The sample is then
mounted, in the path of the transmitted beam, on a rotational compo-
nent holder so that it is exactly perpendicular to the optical path. The
light rays spread out when 18 mm convex lens is placed between
the polarizer and the beam-splitter. The counted number of fringe
transmissions changes by rotating the holder.

This method of interference is suitable for studying free-standing,
homogeneous, and not cloudy films. It overcomes the problems of
thick and highly birefringent materials. Moreover, the samples are
investigated in air with no need for immersion liquids.

Set-up for a Direct Measurement of Birefringence

The optical set-up of this system is shown in Figure 2. The unpolarized
light is incident on an ideal linear polarizer placed at an angle of 45°
with the incident beam of light. A second identical ideal polarizer, or
analyzer, is introduced at 90° relative to the first. The irradiance I that
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FIGURE 1 Optical set-up of the Michelson interferometer for determining
refractive indices and birefringence of anisotropic polymers.

reaches the detector changes from zero to positive reading when the
anisotropic polyester sample is introduced between the two polarizers,
whereas the maximum irradiance I, is taken, by the detector, in
the absence of the sample. By the knowledge of the wavelength of
the laser light and the sample thickness, the birefringence An; can
be calculated.

Laser source Polarizer Sample Analyzer Power meter

FIGURE 2 Optical set-up for direct measurement of birefringence.
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EXPERIMENTAL RESULTS
Refractive Indices and Birefringence Measurements

Polyester films annealed at 120°C for 0, 3, 6, 9, 12, and 15 h were inves-
tigated. The Michelson interferometer has been devised, in the pres-
ence of an ideal polarizer, to estimate the refractive indices in the
two principal vibration directions parallel and perpendicular to the
axis of the examined samples. This method requires that the film
under investigation must neither scatter nor absorb the light passing
through it. The optical path length of one of the interfering beams
changes as an effect of the rotation of the holder to certain degree.
As a result, the number of times the fringe pattern restored to its orig-
inal state is counted. As long as the minima and maxima can be clearly
distinguished accurate measurements can be made. It is also very
important to make sure that the counted number of fringe transmis-
sions is absolutely correct. This can be done by centering the inter-
ference pattern on a viewing screen and by selecting a reference line
on a millimeter scale at the boundary between the bright and the dark
fringes. The values of the refractive indices are calculated using equa-
tion 2 with the knowledge of the wavelength of the laser source and
the thickness of the examined samples. The refractive index nﬂ for
each sample is calculated at different angles of rotation, and then
the average is taken in order to minimize errors. By changing the
polarization direction to a position normal to the sample axis, and
by repeating the experimental procedures at several angles of
incidence, the refractive index ni of each sample is calculated. The
interference patterns seem not perfectly symmetrical or sharp due to
the presence of the sample in the light path.

The values of the refractive indices nlu and n; for the unannealed
sample and those annealed for different intervals of time are given
in Table 1. The value of birefringence for each of the examined
samples is taken as the difference between nlf‘ and n; and is given in
Table 1. Figure 3 shows the relationship between the refractive indices
nﬂ and ny and the annealing time. The refractive index nﬂ increases,
whereas ni decreases with increasing annealing time. This means
that the molecules rearranged in the parallel direction more than in
the perpendicular one.

Direct Measurements of Birefringence

The optical arrangement shown in Figure 2 was used for the direct
determination of birefringence. A power meter was used to measure
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TABLE 1 Values of Annealing Time, Refractive Indices, and Birefringences
Using Michelson Method and the Direct Method

Refractive indices
Michelson method The direct method

Annealing time (hour) n) ny (n} —nf) x 1073 Ang x 1073
0 1.6897 1.6303 59.4 59.9
3 1.7097 1.6153 944 95.0
6 1.7235 1.6042 119.3 119.7
9 1.7357 1.5942 141.5 142.1
12 1.7458 1.5855 160.3 160.9
15 1.7554 1.5782 177.2 177.8

the intensities of light I and I,. Several readings were recorded and
their average was taken for greater accuracy. The birefringence Ang
of each sample was then calculated using equation 5, and their values
are also given in Table 1. In comparison, the obtained values of
birefringence, using both methods, are nearly equal. The difference
between them may arise from the difficulty of investigating the same
restricted area of the sample. The birefringence, obtained by the two
methods, was drawn as a function of the annealing time as shown
in Figure 4. They increase as the annealing time increases. The
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FIGURE 3 The relationship between refractive indices ng and n{ and
annealing time.
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FIGURE 4 The birefringence, by the two methods, as a function of the
annealing time.

crystallization and densification occuring at 120°C are the major rea-
sons for the increased refractive index and birefringence.

Refractive Index-Structure Correlation

The values of the refractive indices nﬂ and n; and the birefringence
values are utilized for calculating important optical and structural
parameters for the characterization of the examined polyester
samples. The mean polarizability per unit volume P and the surface

TABLE 2 Values of Annealing Time, Mean Polarizability per Unit Volume,
Surface Reflectivity, Orientation Function, and Orientation Angle

Annealing time (hour) Px103 R Py(0) x 1072 0

0 88.10 6.156 24.75 45.06
3 88.38 6.191 39.33 39.47
6 88.52 6.209 49.71 35.36
9 88.63 6.225 58.96 31.52
12 88.71 6.235 66.79 28.05
15 88.83 6.252 73.83 24.67
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FIGURE 5 The relationship between optical orientation function Py(60) and
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orientation function Py(0).
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reflectivity R are calculated using equations 6 and 7, respectively. The
results of these parameters are given in Table 2.

The optical orientation function Py(0) and the orientation angle (0)
are calculated from equations 8 and 11, respectively. The values of
P5(0) and 6 are also given in Table 2. In contrast to the optical orien-
tation function, the orientation angle decreases with increasing
birefringence. The relationship between optical orientation function
P5(6) and the birefringence is given in Figure 5. The factor (A«x/3 o,)
is also calculated from the relation between the polarizability factor
(¢l — @) /(¢! +2¢")] and the optical orientation function Py(0); see
Figure 6. Its value is 98.76 x 10>,

Significant variation in the obtained values of refractive index and
birefringence, and hence in the optical properties of polyester films, is
demonstrated as an effect of thermal treatment. The crystallization
temperature has been detected at as low as 113.5°C for PET [22].
Hence, PET does crystallize measurably and even the fraction of poly-
mer that remains amorphous becomes more dense upon annealing at
120°C. The crystalline areas give to PET high modulus of rigidity, elas-
ticity, and ultimate tensile strength, whereas the amorphous areas
give the samples the flexibility, recovery, elongation, and swelling.
As a result, thermal treatment may produce new physical structure
of certain semi-crystalline polymers, important in industry.

CONCLUSIONS

1. Two optical systems have been used to investigate highly birefrin-
gent polyester films, annealed for different times, via the determi-
nation of their optical properties.

2. Michelson interferometer was utilized, in the presence of an ideal
polarizer, to determine the refractive indices and birefringence of
the examined samples.

3. In contrast to the refractive index nj, the refractive index nﬂ and
the birefringence increased with increasing annealing time.

4. The optical orientation function linearly increased with increasing
birefringence.

5. The arrangement of Michelson system offers the determination of
the optical parameters, where they are hardly investigated by the
conventional microscopic interferometers.

6. The Michelson method has the advantages of investigating thick
specimens (>100 um), and highly birefringent materials.

7. The values of birefringence were confirmed by those obtained from
another simple optical system, used to determine the birefringence
directly.
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8. The laser source has the advantage of getting accurate measure-
ments because a restricted area of the sample can be selected for
investigation. Moreover, its highly coherent light has made it parti-
cularly easy to create new interferometric configurations.

As a result, the used optical systems have been established as
making important contribution to investigate the optical properties
of highly birefringent polyester films. They can be considered as
important tools in the field of polymer physics.
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