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The two-stage drawing of uniaxially oriented poly(ethylene terephthalate) (PET) films has been undertaken,
together with the drawing of films at constant width, which are biaxially oriented, under equivalent
conditions of temperature and strain rate. From measurements of the changes in refractive index, drawing
stress and peak shrinkage stress, it is concluded that the behaviour can in all cases be described by the
deformation of a molecular network, which is of a very similar nature not only for all these present
measurements but also for previous studies of PET fibres and films.
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INTRODUCTION

It has long been recognized that the concept of a
deforming molecular network can be very valuable in
understanding the development of molecular orientation
in poly(ethylene terephthalate) (PET) fibres and films
during melt spinning and tensile drawing processes.
Previous research on this subject includes stress-optical
measurements on spun fibres! and hot-drawn films?,
studies of molecular reorientation in deformation bands®
and, more recently, attempts to relate the properties of
fibres produced by two-stage high speed spinning/hot
drawing to a ‘network draw ratio’ determined by
matching load—elongation curves*. There is also a
substantial body of work on the characterization of
molecular orientation by ir., and Raman and polarized
fluorescence spectroscopy, which relates the development
of orientation and changes in molecular conformation to
the deformation of an idealized molecular network of
equivalent random links>~".

The research described above has been concerned
almost entirely with fibres or with films developing
uniaxial orientation. In this paper we describe the
two-stage drawing of uniaxially oriented PET films and
the drawing of samples at constant width which are
biaxially oriented. A principal aim of this work has
been to examine whether a similar molecular network
can be considered to exist and to be preserved in this
range of drawing processes, providing that they are
undertaken under equivalent conditions of temperature
and strain rate. To test this proposal we have combined
measurements of the refractive indices of drawn films
with measurements of the drawing stress and of the peak
shrinkage stress which develops when the drawn film is
held at constant length at a temperature just above the
glass transition temperature T,

THEORY

The theory for the stress-optical behaviour of rubbers
was first developed by Kuhn and Griin® for uniaxial
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deformation. There are two key equations. First, the
tensile stress ¢ produced by the uniaxial extension of a
rubber network to an extension ratio 1 is given by:

o=NokT(A2—A4"1) (1)

where k is the Boltzmann constant, T is the absolute
temperature and N, is the number of chains per unit
volume. Similarly, the optical anisotropy is given by the
birefringence:
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where n is the mean refractive index, «; is the
polarizability of the random link along its length
direction, and «, is the mean polarizability in a transverse
direction.
From equations (1) and (2) the stress-optical coefficient
An/o is given by:
An 21 (7% +2)?
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Measurements of the variation of stress ¢ with
extension ratio 4 allow the degree of crosslinking
of the network in terms of N, to be obtained from
equation (1). The stress-optical coefficient enables a
determination of the principal polarizability difference
for the random link (x, — «,) from equation (3), and if the
optical anisotropy of the monomer unit can be calculated,
then the number of monomer units per equivalent
random link can be determined. In this paper we have
used the values for the optical anisotropy of the monomer
unit given in previous work'.

A very instructive way of presenting the refractive index
data for a more general deformation to extension ratios
Ay, 4, and A; has been given by Treloar®. He showed
that the refractivity (n®—1)/(n? 4+ 2) is given by:

ni—1 4znN,
nf+2 3
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(4)
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with similar equations for n, and nj, n being the number
of random links per chain. This equation allows data
from uniaxially and biaxially drawn materials to be
compared directly and allows an independent check on
the values for N, and (x, —a,) to be obtained.

EXPERIMENTAL

Preparation of isotropic samples

ICI Films, Wilton, provided two rolls of isotropic
amorphous film of approximately 500 yum and 200 ym
thickness. This film was produced by melt extrusion onto
a chilled roller. The intrinsic viscosity of the film was 0.6,
which corresponds to a number average molecular weight
of about 2 x 10°.

Uniaxial drawing

Dumbbell samples of isotropic film with initial
dimensions 100 mm x 2 mm x 0.2 mm were drawn on an
Instron tensile testing machine at a range of temperatures
around T, (70-90°C) with constant cross-head speeds
ranging from 0.1 to 10cmmin~'. After drawing, the
samples were held in the Instron and rapidly cooled to
room temperature.

For two-stage uniaxial drawing, strip samples of length
50 mm were cut from uniaxially drawn films which had
been prepared with a range of draw ratios by drawing
at 80°C at 10 cm min ~ ! cross-head speed from dumbbells
of size 100 mm x 2mm x 0.5 mm. These samples were
redrawn to similar final draw ratios at 5cmmin™!
cross-head speed (i.e. equivalent initial strain rate), also
at 80°C.

Constant-width drawing

Samples were drawn at constant width at 85°C using
either a commercial Bruckner biaxial stretching machine
or a specially built stretching facility which could also
be used to measure both the drawing stress and the
shrinkage stress. For drawing in the specially built facility,
13.8cm x8.5cm x0.2mm samples were clamped at
constant width to give a gauge length of 4 cm, and were
drawn in the direction perpendicular to the 8.5cm
dimension at a cross-head speed of 4.38cmmin~! in a
silicone—oil bath, to give comparability with samples
drawn uniaxially on the Instron machine.

Density measurements

The densities of all the films were measured using
density gradient columns based on two aqueous solutions

of potassium iodide covering the range 1.25-1.45 gcm ~ 3.

Refractive index measurements

The refractive indices of the films were measured
using either an Abbe refractometer or an interference
microscope, as will be indicated in the Results section.

Shrinkage stress measurements

Shrinkage force measurements were made on uniaxially
drawn film using an apparatus which has been extensively
used in our laboratories for such measurements on
oriented fibres and tapes!®. In this case samples 6 cm
long by 2 mm wide were held at constant length and then
immersed in a silicone oil bath at 88°C. The initial peak
value of the force which resulted was used to calculate
the shrinkage stress.

For shrinkage stress measurements on films drawn at
constant width the instrumented custom-built drawing
facility was used. After drawing at 80°C the sample was
removed from the oil bath and left to cool to room
temperature, whilst held at constant length in the clamps.
It was then re-immersed in the oil bath, which had reached
equilibrium at 88°C, and the peak value of the shrinkage
force was recorded.

RESULTS

Uniaxial drawing

Redrawing. True stress—strain curves are shown in
Figure 1 for the second drawing of samples which had
previously been drawn to a range of initial draw ratios
up to 5 and then redrawn to similar final draw ratios. It
can be seen that at high draw ratios the stress—strain
curves show a rapid strain hardening. This occurs at
lower values of second draw ratio 4, for samples that
had a high initial draw ratio 1,. Individual stress—strain
curves in Figure I may be shifted along the log (draw
ratio) axis to produce optimum superposition of the
strain-hardening regions; the shift factors A(4,) required
are shown in Figure 2 plotted as log, A4 versus log 4,. The
slope of the line, which is a least-squares best fit, is 1.025
implying that the effective draw ratio, A,=4,4(4,), is
indeed very close to the total draw ratio, Ap=41,4,.
Figure 3 shows the curves of stress plotted versus
log.(4.)=log.(A44,), and it can be seen that there is
excellent superposition in the strain-hardening regions of
the stress—strain curves.

Comparisons of the birefringence (using interference
microscopy) and density data obtained from single-stage
and two-stage uniaxially drawn film plotted as a function
of both 4 and Ay are made in Figures 4 and 3,
respectively. The observation that the birefringence,
density and shrinkage stress depend only on total draw

250 —T 7 ——

200

150

100

True Stress (MPa)

50

0.0 0.5 1.0 1.5 2.0

Log, A,

Figure 1 True stress versus log(draw ratio) curves for the redrawing
of samples of PET which had been predrawn to the indicated draw
ratio (4,). Both drawing stages were uniaxial at 80°C; initial strain rate
33x1073s7! in each case
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Figure 2 The horizontal shift factors needed to superpose the high
stress regions of the curves from Figure I. The unit gradient implies
that the shift factor A(4,) is approximately equal to the initial draw
ratio 4,
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Figure 3 ‘Master curves’ showing the superposition of individual
stress—strain curves from Figure I shifted according to the factors A(4,)
shown in Figure 2 (A =shift factorx4,)

ratio lends support to the idea that there is a molecular
network which is preserved throughout the drawing
process at 80°C.

Strain rate and temperature dependence. Figure 6
shows a plot of the draw stress at a uniaxial draw ratio
of 3.0 versus log(initial strain rate/s™!) at four drawing
temperatures around T;. It can be seen that the strain-rate
dependence is a maximum at 80°C and is insignificant
at higher or lower temperatures. Unpublished work!?
has shown that the shrinkage stress and birefringence
values for samples uniaxially drawn to a draw ratio of
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Figure 4 Birefringence versus final draw ratio for PET samples drawn
in a single stage (A) or in two stages (W)
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Figure 5 Density versus final draw ratio for PET samples drawn in
a single stage (A\) or in two stages (¥)
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Figure 6 The strain-rate dependence of the draw stress at a draw
ratio of 3.0 for samples uniaxially drawn at 70°C (A), 80°C (W),
85°C (@) and 90°C (W)
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Figure 7 True stress versus draw ratio for PET uniaxially drawn at
75°C (W), 80°C (@) and 85°C (A) (initial strain rate 6.7 x 107357 1)
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Figure 8 Final draw stress versus peak shrinkage stress (see text) for
PET samples uniaxially drawn at 75°C (), 80°C (@) and 85°C (A).
The straight line is a best fit to the data from drawing at 85°C, indicating
that at this temperature the main component of the drawing stress is
the entropic stress in the molecular network

3.0 at 80°C are also independent of strain rate. The true
stress versus draw ratio curves for uniaxial drawing at a
strain rate of 0.0067 s~ ! at three different temperatures
are shown in Figure 7. The increase in strain hardening
at draw ratios above 2.5 is probably an indication of
strain-induced crystallization, as discussed further below.

Shrinkage stress. Figure 8 shows a comparison
between the final draw stress and the shrinkage stress for
samples drawn at an initial strain rate of 0.0067s~ ' at
temperatures of 75, 80 and 85°C. The full line has a slope
of 0923 and indicates that for samples drawn at 85°C
the shrinkage stress is equal to the drawing stress to a
good approximation, whereas at lower temperatures the

draw stress exceeds the shrinkage stress by a considerable
margin. It is believed that the intercept on this graph
represents a small but significant contribution from the
internal viscosity to the drawing stress.

Constant width drawing

A comparison of the densities of films drawn uniaxially
and at constant width (initial strain rate 0.0067s~! at
85°C) is made in Figure 9. It can be seen that there is
little evidence of crystallization at draw ratios less than
2.5 in both types of drawing. The further observation in
uniaxial drawing, that the drawing stress at 85°C and the
shrinkage stress are very similar, supports the idea that
it is fruitful to make a comparison of these types of
drawing under these conditions.

On the assumption, therefore, that both uniaxial and
constant-width drawing involve stretching of an identical
molecular network, the following points can be made.
First, the network stress (either the drawing or shrinkage
stress) should relate to the network draw ratio, most
simply on the basis that the free energy change is entirely
entropic. Thus if

F=const(i}+ A3+ 45—3)
then
Ouniaxial € (A2 —171)
and

2 -2
O constant width C (}“ —4 )

This comparison is illustrated in Figures 10 and 11 where
the drawing and shrinkage stresses are compared for the
two types of drawing. It can be seen that: (i) there is very
good agreement between the two sets of data; and (ii) the
correlation between draw stress and shrinkage stress
is established for both uniaxial and constant-width
drawing. This suggests that there is a negligible viscosity
contribution to the drawing stress under these conditions.

Secondly, there should be a unique relationship
between the shrinkage stress and the birefringence, i.e. a
constant stress-optical coefficient. This is confirmed

1.350 T T T

1.347 1

1.344 [ 1

1.341

Density (g/cm?)

1338 1 v v v

1.335 . * .
1.00 1.50 2.00 2.50 3.00

Draw Ratio A
Figure 9 Comparison of the density of PET film drawn uniaxially

(A) or at constant width (W) at 85°C. Note the delayed onset of
crystallization in the constant-width film
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Figure 10 Variation of drawing stress with the appropriate Gaussian
parameter for PET film drawn uniaxially (@) or at constant width (Il)
at 85°C. Note the approximate equivalence between these two data sets
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Figure 11 Draw stress versus peak shrinkage stress (see text):
comparison of uniaxial (@) and constant width (Jil) materials drawn
at 85°C

by the correlation shown in Figure 12, where the
birefringence refers to the difference in refractive index
for light travelling with the electric vector parallel to
either the draw direction or the thickness direction,
measured by the Abbe refractometer. Closer inspection
of the data by examining the relationship between
birefringence and the appropriate strain parameter
(Figure 13) does suggest that there is a divergence between
results for uniaxial and constant-width samples at high
draw ratios, which can be attributed to the onset of
crystallization in the uniaxial samples. Note that the
appropriate birefringence for this comparison is the
difference in refractive indices in the draw direction and
parallel to the sheet normal, as has been plotted here.
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Following the theoretical treatment of Treloar®
(equation (4)), the combined results for the two types of
drawing are shown in Figure 14, where (n?—1)/(n?+2)
is plotted against either (242 —24; ') or 242 —1—4; %) for
uniaxial or constant width samples, respectively. Note
that this graph contains data for refractive indices n; in
the direction of draw and n; and n, in the two
perpendicular directions for the constant-width samples.
It can be seen that there is excellent overall agreement
between results for all refractive indices for the two
different drawing processes.

DISCUSSION

The comparison of drawing stress, shrinkage stress and
refractive index measurements, for the samples drawn
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Figure 12 Peak shrinkage stress (see text) versus birefringence:
comparison of uniaxial (@) and constant width (Mll) materials drawn
at 85°C. (Note: the birefringence measured is the difference in refractive
indices parallel to the draw direction and thickness direction)
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Figure 13 Variation of birefringence with the appropriate Gaussian
parameter for uniaxial (@) and constant width (i) materials drawn at
85°C
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Figure 14 Refractivity data for uniaxial and constant-width materials.
Uniaxial: A, ny; (3, ny; O, n,. Constant width: 7, ny; +, ny; O, n, (the
index 3 is in the draw-direction, 1 is in the thickness direction)

uniaxially and at constant width, suggests that drawing
of PET under comparable conditions of temperature and
strain rate at 85°C can be very well described as the
deformation of a molecular network. The stress-optical
coeflicient extracted from Figure 12 indicates values for
a;—o, in the range (1.32-1.63)x10"2m™3, which
compare with a value of 1.51 x 1072 m~3 from similar
measurements on melt-spun PET fibres by Pinnock and
Ward!, and 1.7 x 10~ 2° m 3 on PET films drawn at 80°C
by Rietsch et al.2. The entanglement (or effective crosslink)
density can be found from Figures 10 and 13, and
suggests values in the range (1.5-2.32) x 1026 m ~3, which
compare with values of 1.8x102°m~3 (ref. 1) and
1.89 x 102 m ™3 (ref. 2). The agreement between these
different experiments is good and suggests that the
molecular network formed is quite similar in all cases.
In terms of the Kuhn and Griin® random link model,
such values corresponds to two to three monomer
units per random link, and about seven random links
per chain between entanglements.

CONCLUSIONS

1. It has been shown that the drawing behaviour of PET
in the temperature range just above T, can be
interpreted in terms of the deformation of a molecular
network.

2. The drawing stress is almost identical to the stress
generated when the drawn and quenched sample is
held at constant length and heated above T,.

3. The drawing stress at high stresses is essentially
determined by the total draw ratio, independent of
whether the sample was deformed in a single stage or
in a two-stage process.

4. The changes in refractive indices and stress with
deformation in this temperature range, in both
uniaxial and constant-width deformation, are described
approximately by the Gaussian theory of rubber
elastic photo-elasticity.
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