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We have studied the evolution of crystalline order during drawing of poly(ethylene terephthalate) at 90°C 
and at strain rates in the range 0.01-2.1 s- ~. The onset of crystallization always occurs at the inflection 
point in the stress-strain relationship, which shifts to higher strain levels and lower stress levels as strain 
rate decreases. Crystallinity develops in two regimes: in the low stress regime (regime 1) crystallinity 
increases more rapidly than in the high stress regime (regime 2). The onset of regime 2 occurs in the region 
of the sharp upturn in the stress-strain relationship, which shifts to higher strain levels as strain rate 
decreases, and at a characteristic level of crystallinity, which is independent of strain rate. We suggest that 
regime 1 involves the formation of a crystallite network which, at the characteristic level of crystallinity, 
has sufficiently crosslinked and reinforced the polymer that further deformation generates large stresses. 
WAXS determinations of lateral crystallite dimensions, normal to the 010 and 100 planes, reveal that 
crystallization in regime 2 involves modest growth of small crystallites (~  2.5-3.5 nm), with preferential 
growth occurring normal to 010. A preliminary investigation of the influence of molecular weight indicates 
that a lower rate of molecular relaxation at higher molecular weight reduces the strain-rate dependent shift 
in the onset of crystallization. 
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I N T R O D U C T I O N  

There have been numerous experimental and theoretical 
studies of strain-induced crystallization of poly (ethylene 
terephthalate) (PET)  T M  and other flexible chain 
polymers 13-24. Mostly these were concerned with 
crystallization of oriented, amorphous material by 
annealing, or of oriented melts by supercooling. Less 
attention has been devoted to the induction of 
crystallinity by application of high strains at temperatures 
above the glass transition. This type of deformation 
generates large orientation-inducing stresses durin9 
crystallization, and is the principal process by which 
semicrystalline fibres and films of PET are formed. 

In the temperature region 80-105°C, which is above 
the glass transition temperature (T  g) but below the 
temperature at which thermally induced crystallization 
becomes significant in unoriented PET, the viscoelastic 
properties of the amorphous polymer are highly 
dependent on strain rate b and temperature T, moving 
from glassy behaviour at low temperatures and high 
strain rates to rubber-flow behaviour at high temperatures 
and low strain rates 1°'12'25 (Fioure 1). The viscoelastic 
properties corresponding to a particular combination of 
temperature and strain rate will influence, in turn, the 
induction and development of crystallinity during 
drawing. However, of the studies concerned with 
structure evolution during drawing of PET in this 

*An abbreviated version of this paper was presented at Speciality 
Polymers '90, 8-10 August 1990, The Johns Hopkins Univeristy, 
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temperature region 10-12,26-34. only a few have attempted 
to investigate systematically the effects of varying strain 
rate and draw temperature 1°-12. In the work reported 
here, we examine in detail the influence of strain level, 
stress level, and strain rate on orientation-induced 
crystallization and crystal growth in PET film drawn at 
90°C. 

EXPERIMENTAL 

Materials 
Details of the undrawn, amorphous PET films used are 

given in Table 1. 
The number average molecular weights were deduced 

from intrinsic viscosity measurements on the polymer in 
solution in o-chlorophenol, using the .M./intrinsic 
viscosity relationship of Ravens and Ward 35. In most of 
the work reported here, the Rh6ne Poulenc film was 
used; the Goodyear  film was used only in the studies of 
the influence of molecular weight. All the films were of 
high clarity ; they did not contain TiO2 or other additives. 

Deformation 
The amorphous film specimen was mounted in the 

jaws of an Instron tensile tester, and heated to a 
temperature of 90°C, which took ~ 20 min. We found 
that no detectable change in film density occurs during 
this heat-up period. Immediately after reaching 90°C, the 
film was drawn at the selected extension rate. At a given 
extension rate, the load-extension curves for the various 
draw ratios investigated could be almost exactly 
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Figure 1 Typical temperature/time effects on the relaxation modulus 
of a polymer of low to moderate molecular weight. The viscoelastic 
region approximately corresponding to the experimental conditions in 
the present study is indicated by the broken line 

superimposed. At the end of drawing, the sample was 
immediately air-quenched by opening the furnace door. 
The nominal strain rates used were 2.08, 0.417 and 
0.0104 s- 1. 

The specimen geometry of the undrawn film is shown 
in Figure 2, together with the horizontal and vertical lines 
used to characterize the deformation. During extension, 
the segments near the vertical edge of the film become 
narrow, whereas the centre segments maintain their 
initial width. Microstructure characterization was carried 
out only on the segments drawn at constant width, which 
is a pure shear deformation. Values of stress (in the draw 
direction) were obtained from the load-extension curves 
at the various draw ratios. 

Density and crystallinity 
The density p of the film specimens was measured at 

23°C in a density gradient column containing n-heptane 
and carbon tetrachloride. The volume fraction crystallinity 
was estimated from 

in which each of the four equatorial reflections (010, T 10, 
100, and amorphous) is described by a Pearson VII 
function. 

Specimens drawn at constant width lack cylindrical 
symmetry because the crystallites have planar as well 
as axial orientation, with the 100 planes tending to align 
parallel to the film surface. To measure the half-width of 
the 010 and 100 reflections reliably, therefore, two 
equatorial scans must be made: one in which the X-ray 
beam is incident on the film surface (through direction), 
and the other in which it is incident on the film edge. 
For the through direction, an intensity profile is obtained 
in which the 010 reflection is predominant (Figure 3a), 
whereas in the edge direction, the 100 reflection has 

Table 1 Details of the PET films 

Density Thickness 
Supplier ~ ,  (kg m-  3 ) (mm) 

Rh6ne Poulenc 19 000 1339 0.147 
Goodyear 21000 1337 0.253 
Goodyear 27 000 1336 0.253 

I i i i I I i I I I I , i amm 
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Figure 2 Specimen geometry of PET film, before and after drawing. 
Only the segments deformed at constant width were used in subsequent 
analysis 

(P - Pa) x - (1) 
(p,-pa) 

with the crystalline density Pc = 1457 kgm -3 and the 
amorphous density p~ taken as the measured density of 
the undrawn film. It cannot be assumed that Pc remains 
constant, but measurement of lattice spacings by X-ray 
diffraction indicates that it does for the range of 
deformation conditions applied in this study. Since our 
intrinsic polarized fluorescence studies 36 show that 
amorphous orientation in the drawn films did not exceed 
0.45, changes in pa due to drawing are expected to be 
negligible 3~-39. 

Crystallite size from wide-angle X-ray scattering 
Wide-angle X-ray scattering (WAXS) analysis was 

performed with a Philips diffractometer in the trans- 
mission mode, using crystal-monochromatized CuK~ 
radiation. Equatorial scans were made in the range 
8-40 °, with intensity data collected every 0.1 ° for a period 
of 10 s. A mathematical profile-fitting procedure was used 
to obtain peak 'half-widths' (full width at half peak 
maximum) for calculation of crystallite size. The 
procedure is similar to that devised by Heuvel et al. 4°, 
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Figure 3 Equatorial WAXS scans of drawn PET film, with the X-ray 
beam incident on (a) the film surface (the through direction) and (b) 
the film edge (the edge direction) 
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Figure 4 Influence of strain rate on the true stress v e r s u s  draw ratio 
relationship for PET film drawn at 90°C: (b) enlarges the low stress 
region of (a) 

the highest intensity (Figure 3b). The profile-fitting 
procedure was applied to both scans, since the half-width 
of the 010 reflection can be most accurately obtained 
from the through direction, and the 100 half-width from 
an edge scan. 

Crystallite dimensions normal to the 010 and 100 
planes were thus obtained using the Scherrer equation 41 
after correcting the peak half-widths for instrumental 
broadening. There is always the possibility of lattice 
distortion contributing to line breadth, but due to lack 
of suitable higher order reflections, the extent of this 
effect, if any, could not be investigated. Since in the 
present study we are concerned only with first-order 
reflections, the contribution of lattice distortion to line 
breadth is likely to be small. 

Specimens for WAXS analysis in the through direction 
were prepared by cutting segments (12mm × 8mm) 
from the centre region of the drawn film, and stacking 
them to form a closely packed laminate 0.5 mm thick. 
Specimens to be analysed in the edge direction were made 
by cutting 'through-specimens' into 0.5 mm strips and 
restacking them to form a laminate about 8 mm wide 
and 0.5 mm thick. Glue was used only on the top and 
bottom edges of the laminates, outside the range of the 
X-ray beam. 

RESULTS AND DISCUSSION 

Crystallization and crystal growth 
Drawing of amorphous, unoriented PET film generates 

stress-strain curves which depend on strain rate and 
drawing temperature. Figure 4 shows true stress versus 
draw ratio 2 for two of the strain rates studied, at a draw 
temperature of 90°C. There is an initial low stress region 
followed by a pronounced increase in stress. Decreasing 
strain rate delays the onset of the upturn, and at strain 
rates somewhat lower than 0.01 s-1 the polymer flows 
to failure with no upturn occurring. These are expected 
phenomena, which have also been observed by 
others lz'2s. Relationships between structure formation 
during drawing and stress-strain behaviour will be 
discussed later, after presenting the results from 
microstructure characterization. 

To monitor the development of crystallinity during 
drawing, film density was measured at different draw 
ratios (Figure 5). As has been observed before, lower 
strain rates delay the onset of crystallization to higher 
draw ratios and reduce the rate at which crystallinity 
increases with draw ratio. These effects arise from the 
greater time available for relaxation of orientation 
during drawing 1°'36. Our study, however, reveals two 
crystallization regimes: in the first regime, crystallinity 
develops more rapidly than in the second, and, at all 
strain rates, the change in crystallization rate occurs at 
a similar crystallinity level (~15%). The two-stage 
nature of the crystallization process was not revealed in 
previous studies1°, probably because the experiments did 
not involve such high strain rates or such high draw 
ratios (at lower strain rates). 

For the constant extension rate experiment, we have 
not found any data in the literature showing crystallinity 
as a function of the stress developed during drawing. To 
do so, however, can simplify matters, as shown in Figure 
6a, where crystallinity is plotted as a function of the final 
stress level in the drawn film. It is apparent that 
crystallinity could almost be considered a single function 
of true stress, with little visible influence of strain rate. 
A closer examination of the data does however reveal 
some significant strain-rate dependence. By enlarging the 
low stress region of the plots (Figure 6b), it becomes 
apparent that the critical stress for induction of 
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Figure 5 Variation of density and crystallinity with draw ratio 2 at 
three strain rates 
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Figure 6 Crystallinity v e r s u s  true stress for strain rates of 0.01 (O) ,  
0.42 ( • )  and 2.1 s -1 ( D ) :  (b)  enlarges the low stress region of (a) 

crystallinity increases with increasing strain rate. This 
result is consistent with our observation, presented 
elsewhere 42, that at higher strain rates, higher stresses 
are required to reach the critical amorphous orientation 
for induction of crystallization. 

In any case, Figure 6 confirms the existence of two 
crystallization regimes and helps to elucidate their nature. 
In regime 1, crystallization is initiated at a stress level in 
the region 3 - 8 M N m  -2, and only small stress 
increments are required to increase crystallinity from zero 
to ~ 15%. An abrupt change in slope in the stress range 
7 - 1 2 M N m  -2 characterizes the onset of the second 
regime: in regime 2, large increments of stress produce 
small increases in crystallinity. We shall sometimes refer 
to regimes 1 and 2 as the low stress crystallization regime 
and the high stress crystallization regime, respectively. 
To obtain more detailed information about micro- 
structural development in these regimes, WAXS was used 
to determine crystallite width in two crystallographic 
directions - normal to the 010 and 100 planes. These 
crystallite dimensions are essentially perpendicular to 
the chain axis. It is well known that in pure shear 
deformation (constant width drawing), the 100 planes 
tend to align parallel to the film surface 34. 

It is evident from Figure 7 that crystallite width normal 
to the 010 planes increases significantly as a function of 
2, and that the rate of growth is higher at the higher 
strain rates. Normal to the 100 planes, crystallite width 

increases relatively weakly as a function of 2 at the higher 
strain rates, and at the lower strain rate, this crystallite 
dimension is essentially independent of 2, appearing to 
have reached some kind of equilibrium size. Clearly, 
stress-induced crystal growth is asymmetric, with 
preferential growth occurring normal to the 010 planes. 
A similar observation has been made in the case of PET 
fibres 3s'42 and PET film drawn in simple extension 42, 
and it is attributable to the existence of stronger 
molecular interactions between the 010 planes than 
between the 100 planes 38. 

It is important to notice that essentially all our 
crystallite size data are in regime 2. Although weak 
crystalline reflections were observable in the WAXS 
scans, crystallite size could not be measured reliably in 
regime 1 due to high amorphous scattering. It is therefore 
uncertain whether crystallization in regime 1 involves 
monotonic crystal growth from nuclei formed prior to, 
or in the early stages of, regime 1 ; or whether it involves 
rapid formation of crystallites of 2-3 nm width on nuclei 
which are continuously forming as the stress increases. 
In the latter case, crystallization would mainly involve 
an increase in the number of crystallites per unit volume 
during deformation, and in the former case the size of 
the crystallites would increase, with relatively little 
change in their number density. 

Figure 8 reveals the stress-dependent nature of crystal 
growth in regime 2. It is apparent that crystallite width 
at the onset of regime 2 is influenced by strain rate, 
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Figure 7 Crystallite width normal  to (a) the 010 planes and (b) the 
100 planes v e r s u s  draw ratio 2. Strain rates are 2.1 (VI), 0.42 ( • )  and 
0.01 s -1 (©) 
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Figure 8 Crystall i te  width n o r m a l  to ( a )  the 010 planes and  (b )  the 
100 planes v e r s u s  t rue stress. Strain rates are  2.1 ( [ ] ) ,  0.42 ( • )  and  
0.01 s -1 ( 0 )  

especially normal to the 100 planes. One can argue that 
at lower strain rates, the greater time available for 
crystallization in regime 1 gives rise to larger lateral 
dimensions at the onset of regime 2. Since the level of 
crystallinity at the onset of regime 2 is about the same 
at all strain rates, this implies that at the low strain rate, 
there are fewer crystallites per unit volume and/or  smaller 
crystallite dimensions in, for example, the chain axis 
direction. We are currently attempting to obtain reliable 
crystallite size measurements along the chain axis, 
although various experimental difficulties are involved. 
For the present, we can infer that the lateral crystallite 
dimensions are enhanced by high stresses and low strain 
rates. Further examination of the influence of draw time 
on crystal growth is given in the following paper 43. 

Stress-strain-structure relationships 
Relationships between structure evolution during 

hot-drawing of PET and stress-strain behaviour are not 
well understood. For example, since PET is not 
chemically crosslinked but does crystallize, one might 
attribute the upturn in stress to the crosslinking and 
reinforcing effect of crystallites. However, the precise 
point on the stress-strain curves at which crystallization 
is initiated has not been previously reported. 

From our data, it is now possible to pinpoint the stress 
and draw ratio coordinates at which crystallization is 
initiated, El, and at which the second crystallization 
regime begins, E 2 (Figure 9). It is interesting to observe 
that, at all strain rates, the onset of crystallization occurs 
at the inflection point in the stress versus draw ratio 
curve, and that the onset of regime 2 occurs in the region 
of the pronounced increase in gradient. This is perhaps 
more dramatically illustrated by a Mooney-Rivlin plot 
(Figure 10): a distinct decrease in slope occurs at the 
onset of crystallization, and the onset of regime 2 
coincides with the starting point of the sharp upturn in 
reduced stress. 

Our present interpretation of these results is as follows. 
There is a precrystallization regime involving deformation 
of an entanglement network, followed by two crystalliza- 
tion regimes which significantly influence stress-strain 
behaviour. The onset of crystallization causes an 
inflection point in the stress-strain curve, and the low 
stress crystallization regime involves the formation of a 
crystallite network. At a characteristic level of crystallinity 
(,-, 15% ), the crystallites have formed a network which 
is sufficiently effective to increase dramatically the stress 
required to deform the polymer. This results in a high 
stress crystallization regime, involving growth of existing 
crystallites and the deformation of a network in which 
crystallites are the predominant junction points. 

This interpretation clearly involves some assumptions 
about cause and effect. For example, it could be argued 
that the onset of crystallization might not cause the 
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Figure 9 True  stress v e r s u s  d r a w  rat io at  three strain rates. The  onset  
of  crystal l ization,  E l ,  an d  the onset  of  regime 2 crystal l ization,  Ee, are  
indicated 

3186 POLYMER, 1992, Volume 33, Number 15 



Development of crystalline order during drawing of PET." D. R. Salem 

f *  (MN/m z) 

6' 

4' 
! 

3 

t 1 E 2 

, - , • i • i - i - , - , 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 

3" 

0 
0.1 

t ~ 2 $ .  1 

\ 

, - , • , • , - , • i 

0.2 0.3 0.4 0.5 0.6 0.7 

Influence of molecular weight 
It would be pertinent to question whether the 

phenomena we have reported here are applicable to 
amorphous PET film in general, or whether the material 
we have studied might be atypical. Figure 11 shows 
density versus draw ratio for three different PET films. 
The Rh6ne Poulenc film, which was used in all the studies 
we have reported so far, has a thickness of 0.15 mm and 
a Mn of 19000. The Goodyear films are both 0.25 mm 
thick and have number average molecular weights of 
21 000 and 27 000. All the films are unfilled and of high 
clarity. Despite the differences in molecular weight, film 
thickness, and, presumably, polymerization conditions, 
it can be seen that for the strain rate of 0.42 s- 1, the data 
for all three films are very close. The only significant 
differences occur in the precrystallization regime, because 
the density of the undrawn Rh6ne Poulenc film is 
1339kgm -a whereas the densities of the undrawn 
Goodyear films are 1336 and 1337 kg m -3. However, if 
we take these values as the true Pa values of the films 
and calculate crystallinity from equation ( 1 ) accordingly, 
a plot ofcrystallinity versus draw ratio (Fioure 12a) shows 
that the data for all three films virtually coincide at all 
draw ratios. We can certainly conclude that the two-stage 
crystallization behaviour is of general applicability to 
the deformation of PET film. 

CRYSTALLINITY 
F i g u r e  10 Reduced stress v e r s u s  2-a at three strain rates. The onset 03- 
of crystallization, El, and the onset of regime 2 crystallization, g2, a r e  (a) 
indicated 
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F i g u r e  11 Density v e r s u s  draw ratio, at a strain rate of 0.42 s -a ,  for 
films of different molecular weights. M,  = 19000 (O) ,  21 000 (11) and 
27000 ( A )  
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inflection point in the stress-strain curve. The inflection 
could arise from reaching the limiting extensibility of the 
entanglement network, which might cause crystallization. 
However, the applicability of 'limiting extensibility' to 
PET deformed above Tg to high extensions seems 
doubtful. At high extensions, the entanglements are likely 
to slip and redistribute stress, rather than form tight 
knots. Further investigation of these questions is a 
continuing aspect of our research on PET, and will be 
discussed in greater detail elsewhere 44. 

2 3 4 5 6 
DRAW RATIO 

Figure 12 Influence of molecular weight on the crystallinity v e r s u s  

draw ratio relationship at strain rates of: (a) 0.42 s - 1, with M,  = 19 000 
(O) ,  21000 (11) and 27000 ( A ) ;  (b) 0.02 s-1,  with ]O' n = 19000 ( A )  
and 27 000 ( [] ) 
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We have also investigated the influence of molecular 
weight at a lower strain rate. Figure 12b shows 
crystallinity versus draw ratio for the films of highest and 
lowest molecular weight at a strain rate of 0.02 s -1. 
Again, the two crystallization regimes are evident for 
both films, but it is apparent that crystallinity is induced 
at a lower draw ratio in the high molecular weight film. 
This probably reflects lower rates of molecular relaxation 
for higher molecular weights; the delay in the onset of 
crystallization with decreasing strain rate is smaller in 
the high molecular weight film, due to reduced relaxation 
of orientation during drawing. A more detailed study of 
molecular weight effects is underway. 

CONCLUSIONS 

During drawing of PET film at 90°C, the onset of 
crystallization always coincides with the inflection point 
in the stress-strain relationship, and shifts to higher draw 
ratios and lower stress levels as strain rate decreases. The 
extent of the draw ratio shift appears to be reduced by 
increasing molecular weight, reflecting a lower rate of 
molecular relaxation. 

Crystallization proceeds in two regimes: a low stress 
regime (regime 1 ) in which stress increases slowly with 
draw ratio, and crystallinity increases relatively fast; and 
a high stress regime (regime 2) in which stress increases 
rapidly and crystallinity increases slowly. The onset of 
regime 2 occurs at a characteristic level of crystallinity, 
which is independent of strain rate. We speculate that 
regime 1 involves the formation of a crystallite network 
which, at the characteristic crystallinity level, becomes 
sufficiently effective to increase dramatically the stress 
generated during drawing. 

The high stresses in regime 2 induce modest increases 
in crystallite width normal to the 010 and 100 planes, 
with preferential growth occurring normal to 010. 
Growth normal to the 010 planes has a stronger 
dependence on the level of strain (and stress) than 
100 growth. For the latter, the time available for 
crystallization seems to play a more significant role. 
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