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Thin sheets of poly(ethylene terephthalate) were stretched biaxially over a wide range to 
temperatures below the melting point of the polymer. The linear shrinkage occurring at 
temperatures between 85 and 100 ~ decreased with increasing draw temperature and draw ratio. 
Specimens taken near the edges of the drawn sheets, which had been subjected to in-plane shear 
deformations, were found to exhibit linear shrinkage 5-8 times lower than those taken from the 
middle of the sheet. Subsequent experiments, using purpose-built clamps to achieve a more 
uniform state of shear in both directions of the biaxially drawn samples, confirmed the universality 
of the principle of shrinkage suppression by the superposition of shear deformations. X-ray 
diffraction studies revealed that the phenomenon was not related to differences in type of 
orientation of the crystals. The information from the X-ray diffraction studies and data from 
thermal analysis have led to the conclusion that the enhanced dimensional stability of biaxially 
drawn sheets subjected to superimposed shear deformations results from a combination of 
a higher rate of stress-induced crystallization and a reduction in the level of orientation within the 
amorphous phase. 

1. I n t r o d u c t i o n  
The possibility of inducing orientation of amorphous 
and crystalline domains by biaxial stretching opera- 
tions is the predominant factor responsible for the 
development of polyethylene terephthalate (PET) 
films and bottles [1-4]. Alongside the industrial de- 
velopments over the last 40 years or so concerned with 
the efficiency of biaxial drawing operations, there have 
been extensive studies aimed at elucidating the influ- 
ence of process variables on properties [5-15]. 

The mechanism associated with the alignment of 
crystallites and molecules in the biaxial stretching of 
PET products is unique in so far as the polymer has 
initially a rather low level of crystallinity and, there- 
fore, crystallization and orientation phenomena take 
place simultaneously during the drawing process. 
Since such a mechanism precludes the necessity of 
having to break down any spherulitic entities present 
within the material, there are fewer constraints to the 
alignment of crystals during drawing and, as a conse- 
quence, lower levels of internal stresses are set up in 
the final products. This results in a high degree of 
dimensional stability at ambient temperatures but, 
since the polymer may not reach its maximum level of 
crystallinity during drawing, further crystallization 
can occur when it is subsequently heated above its Tg. 
Added to the molecular motions associated with re- 

laxation of orientation, this may cause large retrac- 
tions along the drawing directions [16-20]. 

In work reported elsewhere [16] it was shown that 
linear retraction at temperatures above 85 ~ of sam- 
ples drawn monoaxially, under different conditions, is 
directly proportional to the heat of crystallization, 
which extrapolates to Zero for samples that are dimen- 
sionally stable. Accordingly the heat of fusion was 
found to increase for samples exhibiting lower shrink- 
age, reaching a maximum corresponding to the value 
obtained for samples which were dimensionally stable, 
such as those that were annealed under constraints at 
temperatures sufficiently high to promote rapid ther- 
mal crystallization. 

In the production of films and fibres dimensional 
stability is induced, in fact, through annealing opera- 
tions and is facilitated by allowing a small amount of 
retraction to take place. In the production of bottles, 
on the other hand, there are major engineering restric- 
tions in performing in-line annealing operations. Con- 
sequently shrinkage remains a major problem for 
applications where bottles are exposed to high tem- 
peratures, such as in sterilization and filling with hot 
liquids. 

To this end a study was carried out to examine 
stress-induced crystallization phenomena resulting 
from the superimposition of in-plane shear deforma- 
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tions in the stretching of PET sheets. This state of 
deformation could be adopted in a bottle blowing 
process whereby a torsion would be added to the axial 
stretching operation carried out on the preforms, prior 
to or during the pressurization stage of the expansion 
process. 

2. Experimental procedure 
Sheets of PET 0.8 mm thick, produced by extrusion 
using a high molecular weight polymer grade (Intrin- 
sic Viscosity (IV) = 0.8), were cut into 50 mm x 50 mm 
square sections. On one surface were scribed grids 
5 mm square (Fig. la), and a variety of slits were cut 
out at the corners to produce different gripping geo- 
metries. 

A specially constructed biaxial stretching device 
was fixed to a tensile testing apparatus, fitted with an 
environmental chamber heated by recirculated hot air. 
As the clamps of the stretching jig were only capable of 

extending to twice the original distance between 
clamps along both axes, larger draw ratios were 
achieved by cutting out specimens in the shape of 
a Maltese cross with the gripping area extended to the 

central section (Fig. 2a). With the specimens shown in 
Figs la and 2a the central regions could be drawn to 
2:1 and 3.5: 1, respectively, in both axial directions 
(Figs lb and 2b). These diagrams show that the corner 
sections of the drawn samples assume a rhomboidal 
geometry, which is indicative of a stretching process 
comprising a combination of extension and in-plane 
shear deformations. In other words, while the central 
sections are subjected to pure biaxial drawing which is 
described by two axial draw ratios X~ x and Xy x (where 
~ = X~), the stretched state of the corner sections has 
to be described by the above axial draw ratios and two 
additional shear ratios XSy and Xsx (see Appendix). 

In order to widen the range of combinations of 
biaxial stretching with shear, specimens were cut out 
to the geometry in Fig. 3a so that the axial movements 
of the clamps along the two perpendicular directions 
would compel the central regions of the specimens to 
undergo biaxial stretching and in-plane shear defor- 
mations, as shown in Fig. 3b. The angle formed by the 
slits with the direction of movement of the clamps had 
to be carefully selected to prevent the central regions 
undergoing simple rotations and subsequently caus- 
ing monoaxial drawing, thus preventing the central 
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Figure 1 Geometry of samples used in balanced biaxial stretching Figure 2 Geometry of samples used in balanced biaxial stretching 
experiments to low draw ratio (DR = 2.0:1): (a) sample (square) experiments to high draw ratio (DR = 3.5:1): (a) sample (Maltese 
before stretching, (b) sample (octohedral) after stretching, showing cross) before stretching, (b) sample after stretching, showing shear 
shear deformations and angles of distortion in the corner regions, deformations and angles of distortion in the corner regions. 
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Figure 3 Geometry of samples used in equally biaxially stretching 
experiments with superimposed in-plane distortions: (a) sample 
before stretching, (b) sample after stretching, showing shear defor- 
mations and angles of distortion in the central regions. 

quenched with a wet cloth before being removed from 
the stretching jig. Photographs of the samples being 
drawn in the biaxial stretching device described 
earlier, representing two typical situations, are shown 
in Fig. 4. 

Approximately 20 mm square specimens were cut 
out from the appropriate regions of the drawn samples 
to calculate the respective axial draw ratios and shear 
ratios according to the definitions given in the Appen- 
dix. These specimens were then immersed in water 
either at 85 ~ or under boiling conditions for 1 rain, 
and their area as well as the shear angles, where 
applicable, were measured using a fine-grid paper 
stencil from which the average linear shrinkage was 
calculated accordingly. In all cases the changes in 
shear angles caused by shrinkage of the samples were 
toosmall  to be measured with any degree of accuracy 
and, therefore, were not taken into account in the 
calculations. 

Differential scanning calorimetry (DSC) was carried 
out on the drawn samples using a Du Pont 2000 
instrument at a heating rate of 20 ~ rain- 1 and under 
a constant flow of nitrogen. Th e percentage of total 
crystallinity was calculated using the value of 
32.5 calg -1 (135.8 Jg -1 )  for a nominal 100% crystal- 
linity while the degree (%) of stress-induced crystal- 
linity was calculated as follows: 

A = % crystallinity (thermal) 

AHf(u) - AH~(u) 
= x 100 

AHf(IO0) 

regions from being stretched to the intended draw 
ratio. Difficulties were also experienced with the in- 
plane shear stretching experiments with respect to 
slippage at the clamps, giving rise to appreciable 
variations. 

In addition to the above, a limited number of bi- 
axial stretching experiments were also carried out 
using the Maltese cross specimens gripped in the two 
perpendicular directions by clamps that protruded by 
different amounts so that a rectangular, rather than 
a square, area would be stretched to equal final distan- 
ces in the two perpendicular directions, thereby giving 
rise to a state of unbalanced biaxial stretching along 
the two drawing directions, respectively 3.5:1 and 
2.0: 1. 

In all cases the specimens were drawn over the 
temperature range 80-125 ~ i.e. above the Tg of the 
polymer but below the temperature at which appreci- 
able thermal crystallization would occur during the 
preheating stage, which was kept constant at 3 min. 
The clamp separation speed was fixed at 
200 mmmin -1 and the samples were immediately 

Figure 4 Biaxial stretching jig fitted to a tensile testing machine: (a) 
balanced biaxial stretching clamps, (b) biaxial stretching clamps 
with superimposed in-plane distortions. 
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where AHc = heat of crystallization in the temper- 
ature-rise scan, AHf = overall heat of fusion, 
A H d l 0 0 ) = h e a t  of fusion at 100% crystallinity, 
(o) = oriented and (u) = unoriented. 
The drawn samples were characterized also by X-ray 
diffraction using a flat camera with Ni-filtered CuK~ 
radiation. The X-ray diffraction patterns were taken 
with the beam parallel and perpendicular to the film 
surface. For diffraction with the beam parallel to the 
film surface, strips of PET film were cut parallel and 
perpendicular to the sides of the drawn sections. For 
identification purposes the three measurement direc- 
tions are designated as "through", "edge" and "end", 
respectively [27]. 

3. Results and discussion 
Plots of percentage linear shrinkage against drawing 
temperature for the central regions of samples bi- 

axially drawn to equal draw ratios in two perpendic- 
ular directions are shown in Fig. 5 and in Table I. 
Both sets of data reveal that linear shrinkage decreases 
with drawing temperature and with increasing draw 
ratio. 

DSC traces of the samples biaxially drawn to 
DR = 3.5:1 at various temperatures are shown in 
Fig. 6. In addition to the glass transition in the tem- 
perature range 65-75 ~ and the melting end'otherm at 
250-255 ~ the thermograms for the samples drawn 
at temperatures below 100 ~ show a shallow exother- 
mic peak, whose maximum shifts to higher temper- 
atures with increasing drawing temperature. An 
analogou~ behaviour has been observed for uniaxially 
drawn films and fibres [16, 21-26]. Similar broad 
exothermic peaks have been associated with crystal- 
lization phenomena of PET in its mesomorphic 
phase [26]. 

The DSC traces for samples drawn at higher tem- 
peratures (110 and 125~ on the other hand, are 
similar to those obtained for the unstretched film 
(Fig. 6). This suggests that the drawing operation at 
these higher temperatures produces low levels of cry- 
stallinity. A similar behaviour was observed for sam- 
ples drawn biaxially to DR = 2:1 (Fig. 7, curves al 
and a2). In this case sharp exothermic peaks are ex- 
perienced even at lower drawing temperatures, i.e. 80 
and 90 ~ indicating that a lower extent of stress- 
induced crystallization has taken place during draw- 
ing (see also DSC data in Table II). 
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Therefore 

C = % stress-induced crystallinity = B - A 

AHf(o) - AHf(u) - [AHr - [AH,(u)]  
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Figure5 Plots of linear shrinkage versus drawing temperature for balanced biaxially stretched samples at two draw ratios: (E]) 2: 1, (~I,) 3.5 : 1. 
(a) Shrinkage at 85 ~ (b) shrinkage at 100 ~ 

T A B L E  I Average linear shrinkage in water at 100 ~ for various representative samples 

Drawing Shrinkage (%) Unbalanced Shear regions of 
temperature Balanced biaxial biaxial balanced biaxially 
(~ stretching a stretching stretched samples 

(Xw = 2.0, EL = 3-5) b (X r = 1.67, Ls = 1.16) ~ 
~. = 2.0 ~ = 3.5 

Central regions of samples 
biaxially stretched with 
superimposed in-plane shear 
(~,x = 1.80, ~'s = 1.14) c 

90 25.1 18.2 20.4 4.8 5.7 
100 21.0 12.6 10.3 3.6 3.4 
110 16.2 8.5 7.8 1.8 2.0 

"L = Average axial draw ratio. 
b Xw = Draw ratio in the width direction, ~L = draw ratio in the length direction. 
~ XT = Average extensional draw ratio in the two principal directions; Ls = average shear ratio, calculated from the average angle of distortion 
from the two drawing directions. 
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Figure 6 DSC thermograms at 20 ~ min- ~ heating rate of samples 
taken from the middle of sheets, balanced biaxially drawn to 3.5 : 1 
at different drawing temperatures: (a) 80~ (b) 90~ (c) 100~ 
(d) 110~ (e) 125 ~ 
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Figure 7 DSC thermograms at 20 ~ min- 1 heating rate of samples 
balanced biaxially drawn to 2.0: 1. (a) Specimens taken from the 
middle region, (b) specimens taken from the shear region; (al, bl) 
drawn at 80~ (a2, bz) drawn at 90~ 

The X-ray diffraction patterns for samples taken 
from the central regions of sheets subjected to a biaxial 
draw ratio of 3.5 : 1 at a drawing temperature of 90 ~ 
are reported in Fig. 8. Fig. 8a was obtained with 
the X-ray beam perpendicular to the film surface 

("through" direction), while Figs 8b and c were ob- 
tained with the X-ray beam parallel to the film surface 
("edge" and "end", respectively). 

Beside some diffuse scattering rings, the X-ray dif- 
fraction pattern for the "through" direction displays 
an intense and nearly complete ring corresponding to 
the (0 1 0) reflection of the triclinic structure of PET 
[28, 29] (Fig. 8a). The two corresponding patterns 
obtained along the "edge" and "end" directions are 
similar to each other, and display the reflections (1 0 0) 
and ( -  1 i 0) on the equator and the (0 1 0) reflection 
on the meridian (Fig. 8b and c). This indicates the 
existence of a type of orientation close to what is 
known as "uniplanar" [30, 31], where the crystal 
plane indexed (1 0 0) containing the planes of the aro- 
matic rings tends to assume an orientation parallel to 
the film surface, while the c axes of the crystals assume 
a random orientation in the plane of the film. A perfect 
uniplanar structure would present only rings on 
Fig. 8a, while Figs 8b and c would be identical. The 
broad diffraction peaks in the patterns in Fig. 8, on the 
other hand, are indicative of a paracrystalline order 
with the crystalline phase. 

By increasing the drawing temperature from 90 to 
100 ~ the "uniplanar" orientation is maintained but 
there is a marked decrease in both level of orientation 
and degree of crystallinity. A further increase in draw- 
ing temperature up to 110 ~ produces an essentially 
amorphous and unoriented morphology, which is 
confirmed by the occurrence of a strong exotherm in 
the DSC scan (Fig. 6d). 

By examining together the DSC data (Figs 6 and 7) 
and the results of the X-ray diffraction analysis (Fig. 8) 
it is possible to provide an interpretation for the 
shrinkage behaviour of biaxially drawn samples, as 
illustrated in Fig. 5, from considerations regarding the 
levels of orientation and crystallinity. For such a pur- 
pose it is reasonable to assume that the decrease in 
linear shrinkage experienced by increasing the draw- 
ing temperature (shown in Fig. 5) is mainly related to 
the corresponding reduction in orientation of the 
amorphous phase. The higher levels of shrinkage for 
samples made at a draw ratio DR = 2.0: 1, relative to 
those for the samples drawn at DR = 3.5: 1, has to be 
associated with the wider crystallization phenomena 
which may occur ,during shrinkage experiments on the 
former samples, since these display a fairly high level 
of orientation in the amorphous phase and a low 
degree of stress-induced crystallinity (see Table II, 
column 5). 

Chandran and Jabarin [32] have shown that the 
upturn in the stress-extension ratio curves recorded 
during biaxial drawing of PET sheets, which is indic- 
ative of the onset of stress-induced crystallization, 
begins to take place at draw ratios just above 3.5 for 
drawing temperatures around 105 ~ decreasing to 
lower draw ratios with decreasing temperature and 
increasing drawing rates. For comparison purposes, 
note that the drawing rates used in the present study 
are considerably lower than those used by the above 
authors. 

Plots of linear shrinkage against drawing temper- 
ature for some of the samples taken from the shear 
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T A B L E  II Typical DSC data biaxially drawn PET samples 

)~r DT AH~ Tc AHf T m Stress-induced 
(X: 1) (~ (cal g ~)b (oc)0 (cal g-~)d (oc)e crystallinity.(%) 

Biaxial drawing 
Central regions 2.0 80 5.59 124.9 9.85 248.1 8.6 
Shear regions ()~s = 1.09) 1.4 80 2.13 106.1 10.90 248.1 22.5 
Central regions 2.0 100 5.09 125.5 8.68 250.5 6.5 
Shear regions (ks = 1.09) 1.4 100 2.98 115.2 10.55 249.2 18.8 

Biaxial drawing with superimposed planar distortions 
ks = 1.14 1.80 80 2.15 96.1 8.74 251.1 15.8 
Xs = 1.14 1.80 100 0.49 116.3 10.58 251.0 26.5 

a DT = Drawing temperature. 
b AH~ = Heat of crystallization in the temperature-rise scan; 1 cal = 4.19 J. 
c Tc = Peak exotherm temperature (cold crystallization). 
d AHr = Overall heat of fusion. 
e Tm= Peak endotherm temperature (melting). 

Figure 8 X-ray diffraction patterns for specimens taken from the 
central region of the sample balanced biaxially drawn to 3.5:1 at 
90~ drawing temperature: directions (a) "through", (b) "edge", 
(c) "end". 

region of the biaxially drawn sheet are shown in Fig. 9 
and Table I (column 5), while the results for samples 
drawn biaxially with superimposed in-plane shear are 
shown in Table I, column 6. Both sets of data indicate 
that biaxial stretching with superimposed shear pro- 
duces a very large reduction in shrinkage. At equal 
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area expansion ratio, in fact, the difference is by a fac- 
tor of 5 to 8. 

Some representative DSC traces for specimens 
taken from the shear region of samples drawn at 
DR = 2: 1 are shown in Fig. 7 and in Table II. These 
data clearly show that, even at low draw ratios, the 
superposition of shear deformation on biaxial stretch- 
ing has the effect of increasing considerably the degree 
of crystallinity in the drawn samples through stress- 
induced crystallization. High degrees of crystallinity 
were also observed for samples drawn biaxially with 
a superimposed in-plane shear, which were found to 
exhibit similar reductions in level of shrinkage. 

However, for samples drawn biaxially at 80 and 
100~ to DR = 3.5: 1, the specimens taken from the 
central and in the shear regions, although exhibiting 
vastly different levels of shrinkage (Figs. 5 and 9) 
display similar thermal behaviour in DSC scans, i.e. 
both samples show shallow crystallization exothermic 
peaks and exhibit a high degree of crystallinity 
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Figure 9 Plots of linear shrinkage at ( ~ )  100~ and (!1,) 85 ~ 
versus drawing temperature for specimens taken from the shear 
(corner) regions of balanced biaxially drawn samples: (a) draw 
ratio = 2.0: 1, (b) draw ratio = 3.5: 1. 

(Table II). Hence the overall level of crystallinity alone 
cannot account for differences in the shrinkage beha- 
viour of samples experiencing multiaxial stresses dur- 
ing drawing. It is instructive to consider, in this 
respect, the relationship between overall degree of 
crystallinity and average linear shrinkage for samples 
drawn monoaxially at DR = 4:1 and those drawn 
biaxially at DR = 3.5:1. Fig. 10 shows that there is 
a clear discrepancy between the two relationships and 
that, at equal levels of overall crystallinity, biaxiatly 
drawn samples can exhibit a substantially lower 
amount of shrinkage. 

The X-ray diffraction patterns for specimens taken 
from the shear region of the sheet subjected to a bi- 
axial draw ratio of 3.5:1 at a drawing temperature of 
90 ~ which were examined with the beam parallel 
to three mutually perpendicular directions (i.e. 
"through", "edge" and "end") are shown in Fig. 1 la-c, 
respectively. These samples display a "uniplanar 
axial" orientation [30, 31], also known as "double 
orientation" [33, 35]. In particular the c axes of the 
crystals are oriented along the main drawing direction 
and (as for the PET samples with a "uniplanar" ori- 
entation) the crystal planes (1 0 0) tend to be oriented 
parallel to the film surface. The pattern obtained along 
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Figure 10 Plots of crystallinity (DSC method) versus linear shrink- 
age at 100~ for ([])  monoaxially drawn samples (DR = 4.0:1) 
[29] and (A) balanced biaxially drawn samples, both at various 
drawing temperatures. 

the "through" direction shows corresponding intense 
sharp reflections with (0 1 O) and ( 0 -  1 1) indexes, 
while for the pattern obtained along the "edge" direc- 
tion there is an intense and highly oriented halo on the 
equator, in the region of the ( -  1 1 O) and (1 0 O) reflec- 
tions. The pattern along the "end" direction presents 
only a well-defined sharp reflection in the meridional 
region, corresponding to the (0 1 O) reflection. It is also 
worth noting that the broad nature of the reflections 
in the patterns of Fig. 11 is indicative of the presence 
of some paracrystallinity, similar to that observed, for 
instance, in rapidly drawn uniaxially oriented samples 
[36-1. 

On increasing the drawing temperature from 90 to 
110 ~ the "uniplanar axial" orientation and the para- 
crystallinity of the drawn samples still persist, but 
there is a marked decrease in the degree of orientation. 
This is shown, for instance, by a comparison with the 
patterns obtained for the "through" direction on sam- 
ples drawn at 90 ~ (Fig. 1 la), at 100 ~ (Fig. 12a) and 
at l l 0~  (Fig. 12b). As for the case of samples taken 
from the central regions of the sheets; the reduction in 
the level of shrinkage on increasing the drawing tem- 
perature, exPerienced by samples taken in the shear 
regions, can be easily accounted for by a correspond- 
ing decrease in orientation. 

However, the different types of crystalline orienta- 
tion taking place in the two situations, i.e. uniplanar 
or uniplanar-axial, respectively, bear no relationship 
with the shrinkage behaviour of these samples. Fur- 
thermore, the samples drawn biaxially with superim- 
posed in-plane shear (Fig. 3), which exhibit a similar 
very low shrinkage to those taken from the shear 
regions of the biaxially drawn samples (Fig. 2) exhibit 
a "uniplanar orientation", i.e. similar to biaxially 
stretched samples which have not been subjected to 
in-plane distortions. The geometry of the drawn sec- 
tions in the middle of the sample is approximately 
equal to that of a square in both cases, the only 
difference being a rotation of the sides (in the second 
case) in relation to the drawing direction. The X-ray 
diffraction patterns are, in fact, similar to those of 
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Figure 12 X-ray diffraction patterns ("through" direction) for speci- 
mens taken from the shear (corner) regions of balanced biaxially 
drawn samples to 3.5:1. (a) Drawn at 100 ~ (b) drawn at 110 ~ 

Figure 11 X-ray diffraction patterns to specimens taken from the 
shear (corner) regions of the samples balanced biaxially drawn to 
3.5 : 1 at 90 ~ directions (a) "through", (b) "edge", (c) "end". 
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Fig. 8 for the central regions of biaxially drawn sam- 
ples, which exhibit a high level of shrinkage. Conse- 
quently, in addition to the degree of crystallinity the 
type and extent of crystalline orientation have also to 
be discounted as major causes for the very large reduc- 
tion in the level of shrinkage brought about by the 
superposition of shear in the drawing process. 

This leads to the conclusion, therefore, that the 
major factor that determines the shrinkage behaviour 
has to be the orientation of the amorphous phase. 
Direct estimates of the extent of orientation of the 
amorphous phase for the samples used in this study 
could not be readily obtained, however, since the 
samples were too thick for standard birefringence 
measurements. 



It is worth noting that annealing the samples under 
constraints at high temperatures, irrespective of the 
type of stretching operation performed, always results 
in very low levels of shrinkage. Higher annealing tem- 
peratures were found to be necessary, however, to 
suppress the shrinkage of biaxially drawn samples in 
comparison to monoaxially drawn samples [37]. 
Since the orientation of the crystalline phase is not 
expected to be affected appreciabl3~ by the annealing 
treatment r38], it is reasonable to assume that the 
reduction in level of shrinkage brought about by an- 
nealing the samples is associated with disorientation 
of the chains in the amorphous phase, and that such 
a process is more hindered in biaxially drawn samples 
than in those drawn monoaxially. 

It is also instructive to note that samples subjected 
to unbalanced biaxial stretching exhibit levels of 
shrinkage that are near to, and even lower than, the 
values recorded for the higher draw-ratio balanced 
biaxially oriented samples. These values are much 
smaller than those exhibited by the lower draw-ratio 
balanced biaxially oriented samples (Table I). 

Correspondingly, the X-ray diffraction patterns for 
the unbalanced biaxially oriented samples were found 
to display the characteristic features of "uniplanar- 
axial" orientation, albeit less pronounced, associated 
with samples taken from the shear regions of the 
biaxially drawn samples. This similarity in type of 
orientation is to be attributed to the planarity of the 
deformations in both situations with a directional bias 
for the alignment of crystals. In other words it is the 
directionality of the imposed stresses that determines 
the type of orientation assumed by the crystals and 
not their origin, i.e. irrespective of whether these are 
shear or normal stresses. 

On the basis of the foregoing discussion it is appar- 
ent that the causes for the somewhat lower shrinkage 
exhibited by the unbalanced biaxially drawn samples, 
relative to the balanced biaxiatly oriented samples, 
have to be associated with the occurrence of a certain 
amount of in-plane shear deformation resulting from 
the non-uniformity of the stretching ratio in the two 
perpendicular directions. Related to this is the obser- 
vation that the DSC traces recorded for the unevenly 
drawn samples displayed only a very shallow and 
broad exothermic peak, with a AHc less than 
1.0 calg -1 (4.2 j g-1) even at the higher drawing 
temperatures, e.g. l l0~ which provides a clear 
confirmation for the occurrence of stress-induced 
crystallization phenomena in the unevenly drawn 
samples. 

Although a quantitative assessment of the effects of 
shear deformations relative to axial extensions cannot 
be entertained with the present results, it is clear that 
without rotation of the axes parallel to the drawing 
direction there cannot be any in-plane shear but only 
simple shear deformations. The latter can, neverthe- 
less, be effective in enhancing stress-induced crystalli- 
zation phenomena. 

Being the result of disorientation of the amorphous 
phase, shrinkage may or may not be accompanied by 
further crystallization depending on the overall degree 
of crystallinity that is already present. 

4. Conclusions 
The main conclusions that can be drawn from this 
work are: 

1. The superimposition of in-plane shear deforma- 
tions in the biaxial stretching of PET sheets enhances 
considerably the dimensional stability as a result of an 
increase in the degree of stress-induced crystallinity. 

2. The predominant factor determining .the post- 
processing shrinkage of biaxially oriented products is 
the extent of orientation in the amorphous phase. 
Shrinkage may be assisted by thermal crystalliza- 
tion phenomena but the latter are not a necessary 
condition. 
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Appendix:  Def ini t ion of draw ratios 
and shear ratios in biaxial stretching 
w i th  planar shear distort ions 
The axial draw ratio in the y direction is 

where 

= E,/Lo 

Z~f = L f ( 1 )  4- Lf (2 )  - -  L f ( o )  

2 

and that in the x direction is 

=  ,/Wo 

where 

Wf = Wf(l") "-}- W f ( 2 ) -  W(f(~ 
2 

The area expansion ratio is 

Final area 
XA = Original area = X~X~ 
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Figure A1 Biaxial s t re tching with p lanar  shear.  
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and the average axial draw ratio is 

+ 

2 
- ( ~ A ) 1 / 2  

The shear ratio relative to the y direction is 

where 

Xsy = sec0y = (1 + tan 20y)1/2 

! t /  0y + 0y 
0y - 

2 

is the average angle of shear for the y direction. 
The shear ratio relative to the x direction is 

Xsy = sec0x = (1 + tan2Ox) 1/2 

where 

0; + 0~ 
0x - -  

2 

is the average angle of shear for the x direction. 
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