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A study of single-stage and two-stage drawing of poly(ethylene terephthalate) has been undertaken.
Measurements of the modulus of the drawn films were combined with a range of structural
measurements, including refractive index, X-ray diffraction and infra-red spectroscopy. The develop-
ment of molecular orientation during drawing is discussed in terms of the deformation of a molecular
network, and reasons for the differences between single stage and two-stage drawing are proposed. The
relationships between different measures of molecular orientation are considered with the aim of
obtaining an understanding of the factors which influence the modulus values. It appears that the
modulus relates primarily to the molecular chains which are in the extended trans conformation,

irrespective of crystallinity.

Keywords Poly(ethyleneterephthalate); tensile drawing; structural study; X-ray diffraction; infra-red

spectroscopy

INTRODUCTION

The drawing behaviour of poly(ethylene terephthalate)
(PET) has been studied extensively over many years, and
different workers have highlighted different features, from
the purely mechanical aspects! to the structural changes
which occur?, and the relationship between properties,
especially modulus, and the development of an oriented
structure®*#, The use of infra-red spectroscopy has proved
of particular interest, especially since the recognition of
the importance of changes in molecular conformation?®,
and this approach has been followed by several
workers®”.

In this paper, an account will be given of recent studies
of single stage and two-stage drawing of PET, with
particular reference to two aspects. In the first instance
there is the development of molecular orientation and
concomitant changes in molecular conformation, which
have been examined by X-ray diffraction, infra-red spect-
roscopy and optical measurements. Particular attention
has been given to the interpretation of drawing in té€rms of
a molecular network, first suggested on the basis of the
early infra-red studies?, and confirmed by more recent
investigations’®. Secondly, there is the structural in-
terpretation of the increase in modulus with increasing
draw ratio and orientation, which will be considered in
the light of the results obtained.

EXPERIMENTAL

Preparation of oriented films

For the single stage drawn films, a wide (~ 6 cm) sheet
of amorphous PET was produced by melt extrusion at
290°C through a slit die followed by quenching onto a
chill roll at 20°C. The sheet had a thickness of ~70 um
and a birefringence less than 0.001. The PET polymer was
Diolen 174 (ENKA BV., Arnhem, Holland) with a relative
viscosity in m-Cresol of 1.85dl/g.

Dumbbell samples with gauge length dimensions 1 cm
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width and 10cm length were then drawn on an Instron
tensile testing machine at 80°C and 85°C, at a constant
crosshead speed of 4 cm/min, to a series of draw ratios.

For the two stage drawn films, a tape of amorphous
PET was produced by melt extrusion of the same polymer
at 280°C through a slit die followed by quenching into a
water bath. The tape cross-section was 55 yum x 1.25 mm,
and the birefringence was again less than 0.001.

To produce two-stage drawn films, the tape was first
stretched between moving rollers in a continuous draw-
frame to a draw ratio of 2.25 through a water bath,
maintained at constant temperatures of 80°C and 85°C.
The resulting drawn tape was then drawn again in an
Instron tensile testing machine at the same temperature as
in the first drawing stage. The sample gauge length was
again fixed at 10cm, and the cross head speed fixed at
4 cm/min.

Wide films were used for the single stage drawing
process where this was possible. Narrow tapes were
required for the first stage continuous drawing process for
the two-stage drawn films, although they were not ideal
for the infra-red measurements, where it was necessary to
make a grid of parallel tapes to utilize the full spectro-
meter beam. The structural studies to be discussed show
that both types of film possess fibre symmetry.

Measurement of birefringence

The refractive indices n, parallel to the draw direction
and n, perpendicular to the draw direction in the plane of
the film were measured by an image splitting Zeiss Jena
Interphako interference microscope, with ‘Cargille’ stan-
dard refractive index liquids. All measurements were
made at 551 nm.

Measurement of density

The sample densities were measured with a density
gradient column prepared from a mixture of carbon
tetrachloride and n-heptane.
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Measurement of modulus

For measurement of modulus, the sample of drawn film
was tightly clamped between layers of emery paper in
specially made light clamps, so that a taut gauge length of
5.0cm was produced. The sample was extended in an
Instron tensile testing machine at a crosshead speed of
0.5 cm/min, with a fast chart recorder speed of 60 cm/min
to give a highly resolved load-extension curve. The
'modulus was then determined from the initial tangent line
on the linear portion of the load-extension curve.

Infra-red measurements

The infra-red spectra of the drawn films were measured
using a Grubb-Parsons double beam grating spectro-
meter (Spectromajor) equipped with a wire grid polarizer
(Cambridge Consultants Ltd., Type 1CR55). For each
sample two spectra were recorded over the range 750-
1100cm ™!, with the electric vector parallel to the draw
direction (z) or perpendicular to the draw direction in the
plane of the film (x). The scan speed was standardized at
50cm ™ !/min with a normal slit programme reducing the
entrance slit width from ~1mmat 750c¢cm ™! to ~0.5mm
at 1100cm ™1,

In this paper we have followed the procedures of
previous publications”® and undertaken quantitative
measurements on three absorption bands only. These are
the bands at 975 cm ™! and 898 cm~! which have been
assigned to vibrations -associated with the trans and
gauche conformations respectively of the

NGNS

CH,

group in the PET chain, and a band at 795 cm ™! which
has been assigned to a benzene ring vibration and which
will be used as an internal standard for determination of
film thickness.

For the two stage drawn films, the infra-red samples

“were prepared by carefully mounting parallel strips side
by side on a sample holder. To ensure that there were no
gaps, some overlapping between the edges of the strips
was inevitable. The sample thickness was therefore de-
termined using the 795cm ™! band as an internal stan-
dard, calibrating with single stage drawn films of different
thicknesses.

The chart recorder was calibrated on a linear vertical
scale so that the ratio I,/I’ could be determined directly
from the infra-red absorption curve, using a pseudo-base
line as described in the previous publication. I7 is the
transmitted intensity at peak absorbance, and I, the
intensity on the pseudo-base line at this frequency.
Absorption coefficients k, and k, were calculated from
equation (12) of a previous publication®. For small values
of k, the absorbance A is given by

I
A=log, [ T )=0.4343( FKYo

where y, is the thickness of the sample and 4 is the free
space wavelength.
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These values of k, and k, are then combined with the
optical values of n, and n,, to obtain the imaginary parts
(o> and {«}) of the corresponding average complex
polarizabilities, using the Lorentz—Lorenz equation.

For small values of the absorption coefficients we have

6kn, 4N, .

(n3+2)— 3 <“z>_¢z

and ‘
6k,n, 4aN,

(ni + 2) - 3 x> - ¢x

where N is the concentration of absorbing species/unit
volume and ¢, and ¢, are the volume polarizabilities.

Following the procedures outlined in a previous pa-
per®, the refractive index measurements were used to
confirm that these films possess transverse isotropy. Then
¢, and ¢, can be used to find two quantities of immediate
physical interest. First, the concentration of absorbing
species/unit volume is proportional to ¢o=3%¢, +2¢,).

Secondly, the orientation of the absorbing species can
be defined by an orientation function { P,(6));, where 0 is
the angle between the symmetry axis of an absorbing unit
(assumed to be transversely isotropic) and the draw
direction. The quantity { P,(6));. =3(3(cos*8),, —1) then
defines the mean value of P,(#) determined by infra-red
spectroscopy for the aggregate of absorbing species in the
drawn sample.

It was shown in the previous paper® that

¢z — ¢x
¢.+2¢,
where P,(0,,)=%3cos?d,,— 1) is determined by the angle

6,, which the direction of the dipole moment change
makes with the symmetry axis of the absorbing species.

=P,(0,,XP,(0))i.

X-ray measurements

Wide-angle X-ray diffraction measurements of crystal-
line orientation were carried out using a Phillips diffracto-
meter equipped with a quartz monochromator. To de-
termine quantitative values for the crystalline orientation
function f,, azimuthal scans of the 105 reflection were
performed. The data was obtained and processed in the
laboratories of ENK A BV, Arnhem, Holland, using fitting
procedures described by Heuval and Huisman el-
sewhere!%1!, We are indebted to Drs Heuval and Huis-
man for their assistance in carrying out these measure-
ments. For the lowest draw ratio samples, the crystallinity
was too low to permit accurate determination of the
crystalline orientation function. The values for f, included
in Tables 1 and 2 were therefore deduced from data on
fibre samples prepared in an identical fashion to the films.

RESULTS AND DISCUSSION

General features of drawn films

Figures la and b show plots of birefringence as a
function of draw ratio for single-stage and two-stage
drawing at 80°C and 85°C respectively. In all cases there is
a steep initial rise in birefringence at low draw ratios
followed by a region of much lower slope at high draw
ratios. At a given draw ratio, the two-stage drawn samples
always show a lower birefringence than the corresponding
single stage samples. This can be attributed to the loss of
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Table 1 Calculated data for PET film drawn at 80°C

Sample*  (P,{8)opt Xcryst (Py(8V¢cryst Xtrans Xgauche (P2{6Dtrans  Xoaorph (P, <e)>g',g'g,srph
Single-stage drawing:

3.0/80 0.320 0.04 0.92 0.36 0.64 0.63 0.32 0.59
3.5/80 0.440 0.10 0.92 0.44 0.56 0.78 0.35 0.72
4.0/80 0.554 0.15 0.92 0.54 0.46 0.87 0.39 0.85
4.5/80 0.667 0.19 0.93 0.60 0.40 0.94 0.41 0.94
5.5/80 0.756 0.30 0.93 0.72 0.28 097 0.42 1.00t
6.0/80 0.790 0.34 093 0.76 0.24 0.99 0.42 106317
Two-stage drawing:

3.0/80 0.220 0.01 0.82 0.30 0.70 0.61 0.29 0.60
3.5/80 0.310 0.02 0.89 0.34 0.66 0.81 0.32 0.81
4.0/80 0.425 0.05 0.90 043 0.57 0.91 0.38 091
4.5/80 0.510 0.10 0.90 0.49 0.51 0.96 0.39 0.98
5.5/80 0.640 0.19 0.91 0.62 0.38 0.99 043 10217
6.0/80 0.660 0.21 0.91 0.66 0.34 1.00 045 1047
6.5/80 0.700 0.23 091 0.70 0.30 1.00 047 1047
7.0/80 0.730 0.24 092 0.72 0.28 1.00 0.48 1047
* As usual designation 3.0/80 indicates that the sample has been drawn to a total draw ratio of 3.0 at draw temperature of 80°C

t Calculated values, actual value cannot exceed unity

Table 2 Calculated data for PET film drawn at 85°C

Sample (PL(8Dgpt Xeryst (Py8)cryst Xtrans Xgauche (P2 0D ¢rans x;{;’,’c',‘,ph (P, (0));{,“’1’(')5',%
Single-stage drawing:

3.0/85 0.259 0.02 0.90 0.33 0.67 0.48 0.31 0.45
3.5/85 0.371 0.06 0.91 0.39 0.61 0.66 0.33 0.61
4.0/85 0.449 0.14 092 0.49 0.51 0.74 0.35 0.67
4.5/85 0.648 0.19 0.92 0.59 0.41 0.86 0.40 0.83
5.5/85 0.774 0.23 0.93 0.71 0.29 0.88 0.48 0.86
6.0/85 0.815 0.27 0.93 0.75 0.25 0.90 0.48 0.88
Two-stage drawing:

3.0/85 0.112 0.00 0.83 0.25 0.75 0.69 0.25 0.69
3.5/85 0.163 0.01 0.83 0.26 0.74 0.72 0.25 0.72
4.0/85 0.222 0.02 0.85 0.29 o 0.80 0.27 0.80
4.5/85 0.325 0.03 0.85 0.35 0.65 0.90 0.33 0.88
5.5/85 0.496 0.08 0.87 0.50 0.50 0.99 0.42 1007
6.0/85 0.562 0.12 0.91 0.55 0.45 1.00 0.43 1027
6.5/85 0.600 0.14 0.92 0.57 0.43 1.00 0.43 10217
7.0/85 0.720 0.18 0.93 0.64 0.36 1.00 0.46 10037

T Calculated values, actual value cannot exceed unity

orientation which occurs when the two-stage drawn
samples are being brought to temperature equilibrium in
the Instron after the first drawing stage, prior to the
second drawing stage. The curves for the two processes
can in fact be brought into coincidence in an empirical
fashion if it is assumed that the effective draw ratio in the
two-stage process Aegecive=0.7 Apeua, Where A, is the
total draw ratio in this process. This is shown in Figures Ia
and 1b.

In Figure 2 the densities are plotted as a function of
draw ratio for drawing at 85°C. The curves are sigmoidal,
with a very rapid rise in a comparatively narrow range of
draw ratios. This rise marks the onset of crystallinity and
occurs at a much higher (total) draw ratio in the two stage
drawing process. Similar results are obtained for drawing
at 80°C. Again the curves for the two processes may be
brought together by the empirical assumption of 4
=0.7 )'actuah

Figure 3 shows the modulus as a function of draw ratio
for films drawn at 80°C. It can be seen that these curves are
also sigmoidal in shape, and that the rise in modulus also
occurs at a higher total draw ratio in the two-stage
drawing process. Moreover, it appears from Figure 3a

effective

that the final saturation level of modulus may be greater
for two-stage drawing than for single stage. These curves
are different in shape and Figure 4 shows that they cannot
be brought into coincidence by the empirical procedure of
an effective draw ratio.

We will therefore consider the structural differences
between films drawn by the two routes in order to
examine possible explanations of these modulus
differences.

Infra-red measurements

In previous infra-red studies on one-way films, it was
shown that there was a unique relationship between the
proportions of trans and gauche conformers and the
overall orientation’. Figure 5 shows that this result is
confirmed for the present films, and is independent of the
drawing process. It is also found, as illustrated in Figure
6a and 6b that the development of trans orientation is
much more rapid than the overall orientation. Although
the maximum value for P,(05)(Py(0));qns is similar
(~0.5 for both single stage and two-stage drawing, it does
appear that the two-stage drawing process does produce
samples with slightly higher values of infra-red orien-
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Figure 1 Birefringence versus draw ratio for drawn films: A,
single-stage; A, two stages; W, two stages; draw ratioggective =
0.7 draw ratio,,, (a) draw temperature 80°C (b) draw

temperature 85°C
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Figure 2 Density versus draw ratio for film drawn at 85°C: A,
single-stage; A, two stages; W, two stages; draw ratiog; = 0.7
draw ratio,,,

tation for a given (P,(6)),,. This is borne out by a
comparison of X zs{ P2(0) ) yans as a function of { P,(6)),.
Absolute values of ( P,(0)),,.,s were calculated following
the procedure of a previous publication’. The values of
P,(07%) P,(0))1rans can be extrapolated to give a con-
stant value for high overall molecular orientation, where
it can be assumed that (P,(8))—1. The results of the
present study are consistent with the previous work in this
respect so that a value for 8%°* of 32° can be assumed. As
discussed in a previous paper, if the gauche conformers
can be assumed to be isotropic
{P20)Yopt =X trans{ P 2(0) Vtrans» Figures 7a and 7b show that
although this equality holds to a good approximation for
all the present samples, the two-stage drawn samples are
significantly different from one stage drawn samples.

In several previous publications’-®12 it has been
shown that the development of orientation in hot drawn
samples correspond very well with the deformation of a
rubber-like network so that

where N is the number of random links between network
entanglement points. Figures 8a and 8b show that this
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Figure 4 Modulus versus draw ratio for draw temperature 80°C:
A, single stage; A, two stages; W, two stages with draw ratiog
= 0.7 draw ratio,,
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Figure 5 Gauche/trans content versus {P;(8) ), Circles for
draw temperature 80°C, triangles for draw temperature 85°C; full
symbols single-stage, open symbols two stages
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draw, (b) two-stages draw: @, draw temperature 80°C; A, draw
temperature 85°C
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relationship holds for these samples up to a limiting draw
ratio which increases with increasing draw temperature.
At 80°C the limiting draw ratio is ca. 4 for single stage
drawing and ca. 4.5 for two stage drawing. Values of N of
about 6 and 8 respectively are obtained from the slopes of
these plots for single stage and two-stage drawing re-
spectively. The single stage drawing results correspond
very well with previous work’. At 85°C the limiting draw
ratio is ca. § for single stage drawing and ca. 7 for two-
stage drawing with corresponding values for N of about 7
and 14 respectively. To a first approximation the limiting
extensibility of the network relates to N*, so that these
results are consistent in a general sense with the two-stage
drawing process relating to a looser network. It is also
clear from the results shown in Figure 2 that very
appreciable crystallization occurs at draw ratio ~3 for
single stage drawing and ~ 5 for two-stage drawing. This
implies that the mechanism of drawing is more complex
than the deformation of the original molecular network at
draw ratios below which the (P,(6)),,, vs. (42— A7) plots
cease to be linear.

In this paper the infra-red data can be analysed one
stage further than in previous publications. Taking the
infra-red and X-ray data together we can consider that
there are three components of structure, the crystalline
trans conformers, the amorphous trans conformers and
the amorphous gauche conformers. The trans/gauche
ratio can be estimated from the infra-red measurements,
and the crystallinity (which gives the crystalline trans
content) has been determined from the density measure-
ments, using the empirical method of Heuval and Huis-
man'!®!? which adjusts the amorphous density to allow
for increasing amorphous orientation. This correction is
similar but smaller numerically than that proposed by
Nobbs, Bower and Ward!2. In view of the comparatively
low crystallization of these materials, these small differ-
ences do not significantly affect any of our conclusions.

On this scheme, values can be calculated for
(P3(0))immehouss ON the basis that (P,(0))a is just

{P3(0)) s> determined from the X-ray orientation data
on the (105) reflection. We have

trans __ . trans trans __ trans
X - xcrysl + Xamor = xcrysl + Xamor (1)

and
X3P ()7 = X eyt P2 (0) Deryst + Xirams( P, (6) ;',333(2)

where (P,(0))™™ is the orientation average of all the
trans material including both crystalline and amorphous
phases.

The fraction of trans material x™** is found from the
trans/gauche ratio and x5 =X, from the density
measurements. The quantity x7** may then be obtained
using equation (1).

(P,(6))"*™ is determined from the infra-red measure-
ments, and (P,(0))., from the X-ray diffraction
measurements. Then { P,(6))%" is calculated using equa-
tion (2). The results of these calculations are summarized
in Tables | and 2. It can be seen that the values of
{P,(0))rans for the two-stage drawn materials tend to be
greater than those for the one-stage drawn materials,
especially if compared at comparable values of { P,(0)),,
in the range 0.2 to 0.5. The two-stage drawn materials
contain a considerable proportion of trans conformers
which are apparently completely aligned, and a major
fraction of these are in the non-crystalline regions.

Orientation of the crystalline and amorphous regions

The crystalline regions are always comparatively highly
oriented (Tables 1 and 2) with values for f, = (P3(6) rys Of
about 0.90 being obtained even for lower levels of
crystallinity.

An amorphous orientation function f, can be calculated
in two ways. First, from the combination of birefringence
and X-ray diffraction data, we have

An= xcrystchﬁc + (1 - xcryst)j;Aﬂa (3)

where AR, and AA, are the maximum birefringences of the
crystalline and amorphous phases respectively and x,,,, is
the fraction of crystalline material.

An—x .. f. AR
T — cryst) ¢ Mte
hus f; (1 - xcrys!) Aﬁa (4)

Secondly, we have

xamor<P2 (0)>amor = (1 - xcrysl)<P2(0)>amor

= x;:::: <P2(6)>;::g: +xgauche<P2(0) >gauche (5)

On the assumption that (P;(6) g4, =0, it then follows
that

trans
X,

./;=<P2(0)>amor='i—imi“<P2(9) gr:gf (6)

T Acryst

Whereas equation (6) can be calculated directly from all
the available data, the evaluation of equation (4) requires
the values of Afi, and AA,. For the purposes of this paper it
was assumed that AA.=0.235 and AA,=0275. These
values are consistent with our previous work and recent
publications'3~ !5, The results of the calculations are
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shown in Figure 9, where the broken line represents the
1:1 relationship between the two calculated values of f,.
Although there do seem to be small but significant
differences between the results for the single and two-stage
drawing processes, the overall correlation is very good

) 150
indeed.

Modulus measurements

Figure 3 shows that the two-stage drawn samples could
achieve higher moduli than those for the single stage

jul
drawn samples. A most revealing plot is obtained by s
considering the relationship between final modulus and 3 00
final crystallinity, which is shown in Figures 10a and 10b. 2
The curves for single stage and two-stage drawing are 3

clearly separated and it appears that the modulus reaches
its limiting value for both processes as the crystalline
fraction becomes greater than about 0.35. The higher
values of modulus achieved by the two-stage drawn
materials appear to be related to the lower levels of 50
crystallinity in the latter as the molecular orientation
develops. This links with the observation of the higher
orientation of trans conformers in the amorphous regions
in the two-stage drawn materials.

Three possible correlations of the modulus with the
structural measurements are presented in Figures 11, 12
and 13. First, there is the correlation between modulus o oY oF a3 A as
and X, ns( P2(6)) yrans» Which is seen to be very good indeed, '
and apparently gives a unique relationship for all samples
studied here, irrespective of the drawing process or its Figure 10 Modulus versus crystallinity Xz,,s; (a) Draw
temperature. Secondly, Figures 12 and 13 show that there temperature 80°C, (b) draw temperature 85°C: @, single-stage
is not a unique relationship between modulus and the draw; A, two-stage draw

Xcryst
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stage draw; triangles, two-stage draw; open symbols, draw
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amorphous orientation f,, or between modulus and
xsens( P, (6) e

It is therefore concluded that the modulus in drawn
PET depends primarily on the molecular chains which are
in the extended trans conformation, irrespective of whe-
ther these chains are in a crystalline or amorphous
environment. The greater effectiveness of the two stage
drawing process appears to arise from the much lower
crystallinities developed in the two stage process for a
given degree of molecular orientation. This enables a S0r
higher degree of trans orientation to be achieved and is
probably associated with the greater extensibility of the
molecular network. These results confirm the known
correlation between modulus and birefringence in drawn
PET, and elaborate this correlation at a structural level.

100+
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e ]
CONCLUSIONS O 05 o

fy trom <A, (B)>420¢
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present studies confirm the previous conclusion, based on temperature 80°C, (b) draw temperature 85°C
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a much narrower range of samples, that the contribution
to the orientation from the gauche conformers is very
small.

(2) The orientation of the amorphous regions in drawn
PET samples has been obtained from infra-red measure-
ments. The results are shown to be in good agreement
with values obtained from a combination of birefringence
and X-ray diffraction measurements.

(3) The orientation produced in a given drawing process
reaches its limiting value when crystallization occurs. Up
to the region where this limiting value is approached,
drawing corresponds to the stretching of a molecular
network. The extensibility of the network can therefore be
increased, and hence the modulus of the drawn material,
by two-stage drawing where a looser network is obtained
and the onset of crystallinity is delayed to higher overall
draw ratios. In this connection, it has been shown that the
two-stage drawn samples always possess a higher content
of amorphous trans conformers than the single stage
samples, which assists the achievement of a higher overall
contribution from molecular chains in the trans
conformation. :

(4) There is an excellent correlation between the
modulus of drawn PET and the total contribution to the
molecular orientation from the trans conformers, irres-
pective of crystallinity. This correlation is a unique one for
all the samples examined. The correlation between mo-
dulus and parameters based on amorphous orientation is,
on the other hand, poor. A possible explanation is that the
drawn PET is essentially a frozen molecular network

-where the molecular chains associated with oriented

amorphous trans conformers are as effective as molecular
chains in the oriented crystalline regions in contributing
to the modulus. The higher modulus of the two-stage
drawn samples appears to be associated with the achieve-
ment of a higher contribution from amorphous trans
conformations of the chains before crystallization occurs
and locks the molecular network.
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