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It is well known that crystallization can be induced in amorphous poly(ethy1- 
ene terephthalate) (PET) by orientation below the isotropic crystallization 
temperature. The magnitude of the strain necessary for crystallization varies 
inversely with molecular weight because of relaxation. However, lower molec- 
ular weight PET might be expected to crystallize at a lower extent of 
molecular orientation, since the crystallization rate also varies inversely with 
molecular weight. Chain conformations were measured during low temperature 
drawing of PET of various molecular weights. The molecular configuration 
associated with strain induced crystallization was found to be independent of 
chain length. The onset of orientational crystallization was associated with a 
particular conformation, and this critical trans/gauche ratio was equivalent for 
PETS of various molecular weights. The drawing behavior is thus in accord with 
theory concerning the transition of flexible chain polymes from isotropy to an 
ordered state. This result is congruent with previous studies suggesting the 
presence of extended chain crystallinity in amorphous PET after low tempera- 
ture drawing. 

INTRODUCTION 

he configurational differences between flexible T chain and rigid rod polymers underlie their dis- 
tinct crystallization behaviors. To minimize the ex- 
cluded volume, rigid polymers spontaneously orient 
(1). Only minor longitudinal adjustments from 
within the nematic state are then necessary to bring 
the atoms into registry, giving rise to formation of 
extended chain crystallites (2, 3). The exceptional 
strength and stiffness of materials comprising rigid 
rod polymers result from the inherent connectivity 
of such a crystalline structure. The crystallization of 
flexible chain polymers, requiring large conforma- 
tional rearrangements and a significant heat of fu- 
sion, is accompanied by extensive back-folding; con- 
sequently, the mechanical properties are limited by 
the absence of crystal phase continuity. The use of 
orientation to augment the performance of flexible 
chain polymers reduces the dimensional stability of 
such materials. 

It has long been recognized that extended chain 
crystallization of flexible chain polymers is a poten- 
tial route to higher performance materials (4-6). 

The excess free energy of folded chain crystalliza- 
tion decreases with the degree of molecular exten- 
sion, whereby back-folding becomes more difficult 
as a chain molecule is extended. At a sufficient 
degree of uncoiling, extended chain crystallization 
becomes favored (2, 3, 6-8). 

Poly(ethy1ene terephthalate) is one of many poly- 
mers for which an improved combination of stiff- 
ness, strength, and dimensional stability would be 
technologically attractive. A variety of approaches 
has been explored toward this end, including high 
speed spinning (9- 1 l),  high pressure crystallization 
(12, 13), high pressure extrusion (14- 16). high tem- 
perature crystallization ( 17). and zone annealing 
(18-2 1). Inferences regarding the morphology ob- 
tained by these methods typically rely on post- 
processing structural studies in combination with 
process and property correlations. At least some of 
these investigations have provided indications of ex- 
tended chain crystallinity in the PET (9, 11, 12, 

From a fundamental viewpoint it is advantageous 
to employ a controllable process in attempting to 
assess the existence and nature of extended chain 

14- 19). 

crystallization in flexible chain polymers. Because of 
its slow crystallization rate, PET can be quenched 
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transition temperature to yield an amorphous, but 
highly crystallizable, material. The randomly coiled 
molecules can be subsequently extended mechani- 
cally at temperatures too low for normal (i.e., folded 
chain) crystallization. The “induced rigidity” ef- 
fected by the stretching may engender extended 
chain crystallization in the manner of rigid rod poly- 
mers (2, 3, 6-8). From statistical mechanics consid- 
erations, predictions have been made concerning 
the degree of rigidity necessary to stabilize the 
nematic state (2, 3). At a given volume concentra- 

tion, the axial ratio (or aspect ratio) of the molecules 
determines the relative stabilities of the isotropic 
and nematic phases. A discontinuous first order 
transition from complete isotropy to partial order is 
predicted with increase in axial ratio. This should be 
accompanied by a transition in the mode of crystal- 
lization from folded to fully chain extended. 

Low temperature drawing experiments have been 
carried out extensively with PET. Although many of 
the resulting morphological features have been ex- 
amined (16, 22-27), this information is not neces- 
sarily informative regarding the existence of an ex- 
tended chain crystal structure. This is particularly 
true if substantial folded chain crystal overgrowth 
exists, such that the significance of average struc- 
tural parameters is obscured. In this situation nei- 
ther the crystal dimension along the chain axis, the 
fiber long period,nor the infrared fold band intensity 
can directly substantiate the existence of extended 
chain crystallinity. 

When amorphous PET was uniaxially extended at 
room temperature (the glass transition temperature, 
Tg , equals 70°C),  light scattering measurements in- 
dicated the presence of a “shish kebab” morphol- 
ogy, that is, an extended chain crystal core sur- 
rounded by folded chain lamellae (25). Such draw- 
ing conducted at slightly above Tg (but below the 
isotropic crystallization temperature), produces a 
fibrillar morphology superposed on a “rodlike su- 
perstructure,” the latter aligned perpendicular to 
the stretching direction (25, 26). Although the 
greater degree of crystallinity at higher temperature 
masks the structural details, this behavior is consist- 
ent with models predicting orientational crystalliza- 
tion forming an extended chain framework, followed 
by development of folded chain overgrowth (28-30). 

Drawing at slightly above Tg is the first step of the 
“zone annealing” method reported to produce PET 
fibers of high modulus (18-21). Elongation at 90°C 
of initially amorphous PET, followed by annealing at 
higher temperatures, produces fibers whose proper- 
ties suggest the existence of fully extended chain 
crystals (18, 19). A similar process was utilized to 
produce PET fibers described as comprising ex- 
tended chain crystals and having a remarkably high 
modulus (33 Gpa!) (31). 

Although the results of these low temperature 
drawing experiments may imply extended chain 
crystallization of the PET, such conclusions are ar- 
guable. Alternative explanations for the structure 

and properties have been proposed (23, 32). Low 
temperature drawing may simply produce conven- 
tional folded chain crystallization, transpiring at a 
greatly accelerated rate because of the orientation 
(33-35). The morphology of oriented semicrystalline 
PET is too complicated to allow definitive conclu- 
sions regarding this critical aspect of the structure. 
An alternative approach toward this problem is 
useful. 

Molecular weight effects per se are secondary with 
regard to nematic behavior (36). In fact the forma- 
tion of an ordered phase,with consequent extended 
chain crystallization, is predicted to transpire at a 
critical value of the chain axial ratio, independently 
of molecular weight (2, 3, 36). Conversely, if the low 
temperature drawing of PET is governed by the rate 
of folded chain crystallization, the strong depend- 
ence of crystallization rate on molecular weight (37, 
38) would confer a molecular weight depend- 
ence to the process. The intention of the present 
study is to determine the conformational state asso- 
ciated with strain induced crystallization of PET. 
From the molecular weight dependence of this chain 
configuration, conformance to expectations for a 
liquid to nematic phase transition can be eval- 
uated, and hence the probability of extended chain 
crystallization assessed. 

EXPERIMENTAL 

The additive-free PET was obtained from the 
Goodyear Tire and Rubber Co. The polymers had 
intrinsic viscosities (I.V.) of 0.59, 0.84, and 1.04 
dl/g, respectively, which corresponds to a molecular 
weight range of 40,000 to 80,000. The PET was 
dried at 130°C in vacuum for 48 h, prior to being 
molded into films (50 pm thick) at 280°C under 
pressure. The films were quenched in an ice water 
bath to suppress crystallization. An absence of ini- 
tial crystallinity was confirmed by wide angle X-ray 
scattering measurements, obtained using a Philips 
2.5 kW generator with Cu target and Statton cam- 
era, and from the sample mass densities. The latter 
were measured in a density gradient column filled 
with carbon tetrachloride and ethanol. 

The films, initially unoriented as inferred from a 
lack of birefringence, were uniaxially extended in an 
Instron 1135 at a nominal strain rate of 3 x 
sec-‘. The drawing was conducted at 85”C, a tem- 
perature at which thermal (unoriented) crystalliza- 
tion is immeasurably slow. It has been shown that 
the strain induced crystallization behavior of PET is 
essentially independent of temperature over the 
range of 75 to 95°C (39). After drawing, test speci- 
mens were immediately removed from the environ- 
mental chamber and air cooled to room tempera- 
ture. The strain was determined from fiducial marks. 

FTIR measurements were made using a Perkin- 
Elmer 1800 spectrophotometer. Unpolarized spectra 
were obtained at 2 cm- resolution in single beam 
ratio mode. The spectra were analyzed by fitting 
Lorentzian profiles to the five absorption bands pres- 

POLYMER ENGINEERING AND SCIENCE, MID-OCTOBER 1991, VOl. 37, NO. 19 1435 



C. M. Roland and M. F. Sonnenschein 

ent over the range of 930 to 760 cm-’ (40, 41). A 
representative IR spectrum and its nonlinear least 
squares best-fit curve are displayed in Fig. 1 .  The 
integral intensities obtained by curve fitting the 
overlapping bands are quantitatively different from 
band intensities estimated using the “pseudo- 
baseline” approximation (13, 41). 

RESULTS 

A simple comparison can be made between the 
equilibrium chain dimensions of PET and the criti- 
cal value of the chain axial ratio below which config- 
urational isotropy is favored. The minimum axial 
ratio for a stable nematic phase in a neat liquid is 
6.7 (3 ) .  This can be compared to the axial ratio of a 
PET molecule, calculated as the ratio of its Kuhn 
segment length, I,, to the chain diameter. The latter 
is given by 

where rn is the monomer unit molecular weight, p 
the mass density, and N is Avogadro’s number. The 
mean square end-to-end distance for PET is 

where n ( =  6) and 2 ( =  2.7 A) are, respectively, the 
number and average projection length of the virtual 
skeletal bonds (42). The Kuhn segment length must 
be consistent with both Eq 2 and the length of a 
PET chain unit in the trans configuration, which is 
determined to be 10.9 A. This yields 1,= 16.2 A; 
hence the axial ratio 

1, 
- = 3.5 
d (3) 

U 

m .  
a 
0 

is found to be less than 6.7. Theory correctly 
predicts the isotropy, and thus folded chain 
crystallinity, of unoriented PET. 

When PET is drawn at 85°C the chain axial ratio 
assumes values higher than 3.5, and these are 
maintained while the polymer is below its glass 
transition temperature. The equilibrium configura- 
tion is at least partially recovered when the drawn 
film is subsequently exposed to temperatures above 
Tg (Fig. 2). Initially the shrinkage increases with 
strain, reflecting the greater molecular anisotropy. 
At higher strains, however, the shrinkage is reduced 
as development of a crystalline phase stabilizes the 
morphology. This effect has been used as a measure 
of the extent of crystallinity in PET (33). 

As shown in Fig. 3, the density also increases 
during drawing, even at strains for which PET re- 
mains amorphous (as judged by X-ray scattering). 
The simple proportionality between the amorphous 
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Fig. 2. The shrinkage measured after 85°C drawing of 
amorphous PET to various elongations (1.V. = 0.59 em., 
0.84 000, and 1.04 ***, respectively). 

i 
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Fig. 3. The mass density measured for PET films [I.V. = 
0.59 me., 0.84 000, and 1.04 ***, respectively) drawn 
to the indicated strains at 85°C. The initial straight lines 
are least squarespts to the lower strain data. Orienta- 
tional crystallization occasions the deviation from linear- 
ity. The intermediate I.V. Jllm has an initially lower den- 
sity due probably to the presence of voids. 

W A V E N U M B E R S  

Fig. 1 .  The FTIR spectrum measured for an amorphous 
PET film (I. V .  = 1.04) drawn to an extension ratio of 2. 
The curve is the best-fit calculation assuming Lorentzian 
line shapes. The trans and gauche bands used for deter- 
mination of the rotameric composition are centered at 
846 cm-  ’ and 898 c m -  ’ respectively. 

1436 POLYMER ENGINEERING AND SCIENCE, MID-OCTOBER 7997, Yo/. 31, No. 19 



Onset of Orientational Crystallization in PET 

density of PET and its orientation has been de- 
scribed previously (9). Strain induced crystallization 
causes an increase in slope of the density vs. strain 
relationship (Fig. 3) .  

The wide angle X-ray scattering from the PET 
after various extents of drawing are similar to previ- 
ously reported results (16, 25, 26). The diffraction 
patterns reveal the development of significant order 
prior to the appearance of the sharp reflections asso- 
ciated with a crystalline state. The existence in 
stretched PET of a mesophase, described as a 
paracrystalline or highly oriented amorphous phase, 
has often been noted (16, 43-46). The transition 
from isotropy to a condition of partial order is pre- 
dicted to be abrupt and discontinuous (3, 6, 7, 8). 
This ordered phase is responsible for the sponta- 
neous onset of strain induced crystallization. 

The chain extension effected by the drawing, how- 
ever, is partially countervailed by relaxation. The 
lower molecular weight polymer relaxes faster at 
85°C. This is a consequence not only of shorter 
chain length per se, but also of a slightly lower Tg 
(about 3" in going from an I.V. of 1.40 to an I.V. 
equal to 0.59). This influence of chain length on the 
degree of molecular extension attained at a given 
macroscopic extension is illustrated in Fig. 4. Dur- 
ing stretching of the PET the population of trans 
conformers is seen to increase relative to that of the 
gauche rotamers; however, the effect is amplified at 
higher molecular weights. Accordingly, orienta- 
tional crystallization in the lower molecular weight 
PET requires higher levels of macroscopic strain. A 
decrease in shrinkage measured for the film (Fig. 2) 
and a marked increase in density with strain (Fig. 3 )  
both reflect the onset of crystallization. These occur 
at higher macroscopic strain in the lower molecular 
weight PET. 

Of primary interest here is the molecular confor- 
mation associated with the onset of crystallization. 
The onset of crystallization was determined from 
Fig. 2 as the strain associated with a marked de- 
crease in shrinkage. This point was particularly evi- 
dent in derivative curves (not shown) for the data. 
The strain at which crystallization commences was 
also deduced from the density measurements in Fig. 
3. The density of amorphous PET is a linear func- 
tion of the amorphous orientation (9); the deviation 
from linearity provides an indication of the onset of 
crystallization. 

Although this crystallization is manifested in the 
shrinkage and density of the drawn films, the rela- 
tionship of these quantities to crystallinity is com- 
plex. In this regard, it is noted that the degree of 
crystallinity in PET varies widely as measured by 
density, X-ray, calorimetry, and NMR (45). While a 
determination can be made of the strain at which 
crystallization is induced from either shrinkage and 
density measurements, equivalent results from 
these two methods are neither expected nor ob- 
tained. Nevertheless, either determination enables 
the conformation of the PET associated with the 

inducement of crystallization to be ascertained. Us- 
ing Fig. 4, the relative intensities of the trans and 
gauche absorption bands at the macroscopic strain 
identified with the onset of strain induced crystal- 
lization could be determined. These numbers, which 
are proportional to the respective rotameric state 
populations, are listed in Table I .  

It is seen that within the experimental error, there 
is no dependence on molecular weight in the degree 
of chain extension necessary to effect crystallization 
by low temperature drawing. 

This equivalency for various molecular weights of 
the chain conformation at the onset of crystalliza- 
tion conforms to the predictions of polymer liquid 
crystal theory (2, 3). The induced rigidity of the PET 
confers a larger axial ratio. When the molecular 
extension exceeds a critical value [equal to 6.7 
in the Flory model (3)], nematic phase behavior 
prevails and thus governs the crystallization proc- 
ess. The orientational crystallization behavior is 
consistent with the formation of extended chain 
crystallites. 

As  noted above, the rate of normal (i.e., folded 
chain) crystallization increases with molecular ori- 
entation, although in PET the effect is reduced at 
temperatures in the vicinity of the drawing tempera- 
ture used herein (34, 35). Once crystallization, os- 

57r , , , , , , , , , I , , , 

,.a": 
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S T R A I N  ( % I  

Fig. 4. The intensity of the trans absorption band at 846 
em- divided by the sum of the intensities of the trans 
and the gauche band (at 898 crn ~ ') for PET drawn to 
various strains. The integral intensities were calculated 
from the Lorentzian profiles obtained by fitting the meas- 
ured FTIR spectra (see Fig, 1). The symbols are as defined 
for Figs. 2 and 3. 

Table 1. Rotarneric Population at Onset of Crystallization. 

Relative Trans Absorption (%)" 
Determinationb 0.59' 0.84' 1.04' 

Shrinkage 
Density 

36 39 35 
40 37 38 

'Integral area of trans absorption peak (at 846 cm-' )  divided by sum of 
integral intensities of trans and gauche absorption bands (the latter at 898 
cm-'), measured at the strain associated with the onset of crystallization. 
The intensities are obtained by fitting Lorentzian functions to the overlapping 
bands. 
bMethod used to ascertain the onset of orientational crystallization. 
'Intrinsic viscosity in dllg. 
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tensibly in the extended chain configuration, com- 
mences, an ensuing development of substantial 
folded chain crystalline overgrowth is expected if 
sufficient temperatures are maintained [ 19, 24, 
28-30). In the infrared spectra for the drawn films 
there was no observable absorption at 988 cm-’ 
attributable to the fold conformation (47). This is at 
least consistent with extended chain crystallinity. 

The crystallization rate also increases inversely 
with molecular weight. This is a consequence of 
enhanced mobility, which is directly reflected in the 
faster relaxation of the lower molecular weight PET 
seen in Fig. 4. If the strain induced crystallization 
observed here were attributable to an orientational 
enhancement of the folded chain crystallization rate, 
the lower I.V. PET would crystallize more readily. 
Crystallization would transpire at a lower extent of 
molecular orientation (although, because of relax- 
ation, this might require a larger macroscopic 
strain). Contrarily, and hence incongruent with the 
onset of folded chain crystallization, the molecular 
configuration associated with strain induced crystal- 
lization is found to be independent of molecular 
weight. 

A direct comparison of the experimentally meas- 
ured chain conformation upon crystallization to the 
predicted level of trans rotamers necessary for rigid 
rod behavior [37% according to the Flory theory (2, 
3)]  is unwarranted given the approximate nature of 
the model. The Flory value was deduced by assum- 
ing an idealized chain on a cubic lattice, and thus 
provides a crude description of rods in the nematic 
state (2). 

SUMMARY 

Results of previous studies on the low tempera- 
ture drawing of PET have been reconciled by the 
suggestion that an intermediate, highly ordered 
amorphous phase exists. The premise of a liquid 
crystalline phase transition is supported by the pres- 
ent finding that the molecular conformation associ- 
ated with the onset of crystallinity during low tem- 
perature drawing is independent of chain length. 
This invariance to molecular weight is inconsistent 
with a simple orientation-enhancement of the crys- 
tallization rate, for which a higher degree of molecu- 
lar extension would be expected for the higher I.V. 
PET (given its slower crystallization rate). The highly 
oriented mesophase serves as the precursor for ex- 
tended chain crystallization. Orientation prior to 
crystallization is the prerequisite for suppression of 
the backfolding that normally accompanies crystal- 
lization of flexible chain polymers. 

The slow, low temperature drawing experiments 
described here illustrate the concept of extended 
chain crystallization of flexible chain polymers; 
however, the higher deformation rates of more prac- 
tical processes may cause departures due to 
nonequilibrium effects. Notwithstanding this possi- 
bility, high speed fiber spinning (9- 11). zone anneal- 
ing (18, 19), and high pressure extrusion (14-16) 

technologies likely represent actual implementa- 
tions of the phenomenon. 
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