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Summary

The limits of extensibility and orientation of poly
(ethylene terephthalate) (PET) films are studied in
drawing tests below and above the glass transition tem-
perature. The behaviour of the polymer is compared with
that of a stable network formed by the entanglements of
chains, particularly concerning the limiting properties
achieved in stretching. The influence of pre-deformation
(hot and then cold drawing or inversely) on maximum ex-
tensibility is also reviewed.

Introduction

In previous papers (ALLISON et al, 1966, 1967; FOOT
et al, 1975; RIETSCH et al, 1979; ENGELAERE et al,1980),
the study of poly{ethylene terephthalate) (PET) fibers
and films has conducted to think that the deformation
of this polymer, just above the glass transition tempe-
rature, may be relatively well assimilated to that of a
permanent network formed by the entanglements between
the linear chains. Moreover, the natural draw ratio ob-
served in cold drawing, has been related to the maximm
extensibility of such a network structure.

However recent results (ENGELAERE et al, 1982;CAVROT
et al) show that both pre-orientation and molecular
weight affect the natural draw ratio, certainly due to
a progressive desentanglement of the chains more easily
as the molecular weight is lowered. So to test the wva-
lidity of the concept of network structure we are con-
cerned in the present paper with the limiting extensi-
bility attainable by different drawing procedures, the
associated birefringence in the plane of the films
(which is a measure of the orientation of both amorphos
and crystalline phases) and shrinkage force (assimila-
ted to the entropic force due to the recovery of the
amorphous phase orientation (RIETSCH et al, 1979; DE
VRIFS et al, 1977; PERENA et al, 1980).

Experimental
Drawing procedures
Dumb-bell shaped samples 5.15 mm in width and 20 mm
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in length were used from initially amorphous PET sheets
of 200 uym in thickness. The films, kindly supplied by
Rhéne-Poulenc Industries laboratories, were characteri-
zed by different intrinsic viscosities, measured in so-
lution in ortho-chlorophenol at 23°C, i.e. 0.61; 0.69;
0.75 and 0.78 ml.g-1.

Each sample was marked along its centre line with a
series of circular ink spots equispaced at a distance
of 0.5 mm to permit strain measurements.

Different deformation processes have been performed
in tension, up to the rupture of samples, at a constant
crosshead speed (1 mm.mn~l, i.e. an initial strain rate
of 5.107% s-1) low enough to approach isothermal dra-
wing conditions :

(i) hot drawing at T = 80°C. The draw ratio is de-
fined by *g = L/Lg Wwhere L and Lp are the fi-
nal and original length respectively

(ii)cold drawing at ambient temperature, the draw ra-
tio is termed Ag

(iii) homogeneous pre-orientation at 80°C up to the 1li-
miting draw ratio, followed by the residual neck pro-
pagation at 20°C

(iiii) cold drawing at T = 20°C, extended over the gau-
ge length of the sample fcllowed by an homogeneous dra-
wing at 80°C.

For these two-stage processes, the final draw ratio
can be write as :

AT = AH.XC

After hot drawing, the samples were always gquickly coo—
led and the measurements of draw ratio and orientation
(by means of the birefringence, &n, in the plane of the
films) made at ambient temperature. Reheating at cons-
tant length was also tested on all types of deformed
samples. In this test a shrinkage force is generated
in the vicinity of the glass transition temperature,
which is generally attributed to the entropic force ne-
cessary to maintain the elastic deformation of the amor—
phous material, at least in a model of deformation of

a rubber network (TRELOAR, 1958). In the tables, the
results are reported as shrinkage stress, o, i.e.
shrinkage force per unit strained cross-section.

Results and discussion

For the four different series, the results (repor-
ted in Tables 1 to 4) represent average values from
three samples, with a maximum dispersity of 5 %, to
take account of the relative dispersion observed in
the breaking phenomenon.

Hot drawing

The results collected in Table 1 show a marked in-
fluence of the molecular weight M. As the chain length
decreases (smaller values of M), a significant desen-
tanglement occurs - for the imposed temperature and
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strain-rate - and the final orientation is much lower
than the maximum birefringence of the fully extended
chains, 4An = 0.235 (FOOT et al, 1975).
max
TABLE 1

Ultimate properties for homogeneous drawn-samples,at T=80°C

viscosities 0.61 0.69 0.75 0.78
mi.g
molecular
weight ﬁ; g. 18200 22200 24600 25800
draw ratio AH 6.83 6.81 6.32 6.06
birefringence An 0.111 0.149 0.180 0.197
shrinkage stress ¢ | 12.0 22.5 28.5 31.0
10 pascals

The non negligible disorientation of short chains
leads to an increase in the extension ratio Ag with re-~
latively small values of the shrinkage stress, which
proves a decrease in the number of active chains in
the rubberlike deformation.

Cold drawing
Below the glass transition temperature, the effect
of molecular weight is much more attenuated (Table 2).

TABLE 2
Ultimate properties for cold-drawn samples at T = 20°C

viscosities 0.61 0.69 0.75 0.78
ml.g-1
draw ratio A 4.39 4.29 4.13 4.12

shrinkage stress ©
106 pascals

birefringence An 0.234 0.230 0.225 0.227

18.0 16.6 17.3 15.8

The natural draw ratio decreases slowly with increa-
sing molecular weight; this result has been already
mentioned (FOOT et al, 1975) these authors concluded
that an increase in M, is equivalent to an increase in
effective points of entanglement. Moreover, the values
observed for A, are comparable to the calculated Lmits
of exten51b111ty which can be deduced from the gaussian
behaviour in hot drawing, in the hypothesis of a stable
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network structure (BHATT et al, 1976; CAVROT et al).
This idea is reinforced by the high values of birefrin-
gence, although this measure also contains the orienta-
tion of the strain induced crystalline regions.

Two-stage deformation

This section relates the results of two series of
two stage drawing. The first one corresponds to a pre-
orientation by hot drawing up to the rupture limit fol-
lowed by cold drawing (Table 3). The second inverts the
order of the deformation stages (Table 4).

TABLE 3
Ultimate properties for two-stage deformation
hot drawing followed by cold drawing

viscosities
ml.g-1 0.61 0.69 0.75 0.78

homogeneous
draw ratio iy 6.83 6.81 6.32 6.06
total draw- 6.90 7.40 6.63 6.58
ratio AT

Ae =>\T/AH 1.01 1.09 1.05 1.09
total birefrin-

gence An 0.110 Q0.151 0.189 0.191
shrinkage stress

G 106 pascals 10.4 25.5 30.9 24.8

In the first procedure (Table 3) it can be seen that
the cold drawing contribution has not a substantiate
effect on final properties. This fact asserts the idea
that, the maximum extensibility available by propaga-
tion of a neck is closely linked to the network struc-
ture existing previously in the polymer.

The table 4 shows a marked increase in birefringence
and shrinkage stress. This reflects probably a larger
number of effective entanglements, especially for the
lower molecular weights, for which the slip of short
molecular sequences could be trapped by the crystalli-
sation induced by cold drawing. The corresponding re-
sults for the birefringence are significantly higher
than the maximum values deduced from the aggregate mo-
del (FOOT et al, 1975; DE VRIES et al, 1977)

(Mpayx = 0.235). However our results are more consis-
tent with the value reports by DUMBLETON (1968) for
the amorphous phase AMp., = 0.275).
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TABLE 4
Ultimate properties for two-stage deformation :
cold drawing followed by hot drawing

viscosities 0.61 0.69 0.75 0.78
ml.g

cold drawing Ac 4.39 4.29 4.13 4.12
total draw 5.16 4.83 4.91 4.76
ratio Am

Ag = Ap/hg 1.18 1.13 1.19 1.16
total birefrin- 0.256 0.245 0.247 0.248
gence An

shrinkage stress 44.7 40.8 37.3 33.4

g 106 pascals

In conclusion for the all deformation processes stu-—
died, the 1limit of extensibility seems to be directly
controlled by the network structure preexisting in the
material. However above the glass transition tempera-
ture, and because the polymer is not chemically cross-
linked, partial desentanglement can occur which is tem-
perature and strain rate dependent. It will be interes-
ting to confirm these observations by means of the ana-
lysis of the crystalline structure and degree of reco-
verable deformation which represents the state of
orientation of the amorphous phase in the concept of
the extension of a rubberlike network.
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