
The Molecular Orientation and Mechanical Properties of 
Poly (ethylene Terephthalate) Under Uniaxial Extension 

C. 1. CHANC,' W. Y. CHIU,*', K. H. HSIEH,' and C.-C. M. MAZ 

'Department of Chemical Engineering, National Taiwan University, Taipei, Taiwan, Republic of China; and 
2Departrnent of Chemical Engineering, National Tsung Hua University, Hsin-Chu, Taiwan, Republic of China 

SYNOPSIS 

The molecular orientation, induced crystallization, and mechanical properties of amorphous 
poly (ethylene terephthalate) (PET), stretched at different temperatures and strain rates, 
were studied. The results indicate that the orientation parameter [ P2 (cos O ) ]  of oriented 
PET varies strongly with both temperature and strain rate, but the strain-induced crys- 
tallinity seems dependent on temperature only. It was also found that as draw ratio increased, 
the Young's modulus, yield stress, and necking ratio were greatly improved in the stretching 
direction, but slightly declined in the transverse direction. A rubber network model was 
used to make a quantitative description of the orientation development with draw ratio. 
0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

Many studies '-14 have been performed on the 
development of molecular orientation, induced 
crystallization, and mechanical behaviors in 
poly (ethylene terephthalate) (PET)  under exten- 
sion, because of the importance of PET in the man- 
ufacture of fibers and films. It is reported that these 
three properties are closely related with one another 
when amorphous PET is stretched between its glass 
transition temperature ( T,) and normal crystalli- 
zation temperature ( T,) . Generally, these properties 
and their relationships are strongly influenced by 
the draw ratio ( A ) ,  temperature ( T) , and strain rate 
(e)  .4 When the polymer is stretched, their molecular 
chains become aligned with the draw direction by 
its entanglement with neighboring chains. Between 
Tg and T,, the thermal relaxation rate of molecular 
chains competes in opposition to strain rates applied 
to the polymer. Molecular orientation and strain- 
induced crystallization can be generated and further 
increased only when the rate of strain surpasses the 
thermal relaxation rate. 

* To whom correspondence should be addressed. 
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A variety of methods, based on optical birefrin- 
g e n ~ e , ~ . ~ J l  spectroscopy,2~"J3 fluorescence, 11,14 X-ray 
scattering, 2,3,8~11 and light scattering,6-8 have been 
used to investigate the structural development of 
extended PET. Ward and made use 
of various structural techniques to measure the de- 
gree of the molecular alignments of stretched PET 
and found that the values of the orientation param- 
eter [ P2 (cos 0 )  ] from different methods were fairly 
consistent. To quantitatively describe the orienta- 
tion development with draw ratio above Tg, the rub- 
ber network model of Roe and Krigbaurnl5 was 
widely ~ s e d , ~ * " , ' ~  especially for the low [P2(cos 0 ) ]  
values. Nobbs et al.l6~l7 later modified this model 
and got fairly good agreement with experimental re- 
sults up to high draw ratio. A number of investiga- 
tions have been performed on the strain-induced 
crystallization during stretching of PET. It is 
known l8 that the mechanism of crystallization 
changes from a three dimensional spherulite shape 
to a one dimensional fibrillar structure as the ori- 
entation increases. In addition, the entropic reduc- 
tion during extension was proposed1' to be related 
to the origin of induced crystallization. LeBourvellec 
and coworkers20 systematically investigated the 
strain-induced crystallization during the stretching 
of PET above Tg. They found the crystallinity in- 
duced is dependent clearly on temperature but not 
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so much on strain rate. On the part of mechanical 
properties, extensive studies 7,9~10321,22  have been un- 
dertaken. It was found that the anisotropy of the 
mechanical properties of stretched PET was strongly 
influenced by the molecular orientation and crys- 
tallinity. A number of models, such as the aggregate 
model" and the composite model,10,22 have been 
proposed to correlate the orientation and morphol- 
ogy of stretched PET with its mechanical behaviors. 

The present work reports on the development of 
molecular orientation and induced crystallization of 
isotropic amorphous PET at different constant 
strain rates and temperatures between Tg and T,. 
The modified rubber network model, originally pro- 
posed by Nobbs and Bower, 13*16*17 is used as the de- 
formation mechanism to explain phenomenally the 
variation of the orientation parameter [ P2 (cos 0 )  ] 
as a function of draw ratio. The Young's modulus 
and yield stress of a series of extended PET samples 
were also measured to investigate the effect of mo- 
lecular orientation on the mechanical properties of 
oriented PET. 

EXPERIMENTAL 

Specimen Preparation 

The starting material is crystallized PET granules 
with an intrinsic viscosity of 0.5, which were kindly 
supplied by Far-East Textile Company, Shinju, 
Taiwan. Before use, the starting material is always 
dried for 24 h in an oven at  constant temperature 
130°C. The procedure of specimen preparation is as 
follows: First, the stainless mold with inner size 12 
cm/ 12 cm/0.06 cm was fully loaded with dried gran- 
ules and was covered on both sides with aluminum 
sheets, and was then hot-pressed at 280°C for 5 min. 
After PET fully melted, the mold was quickly 
quenched by placing it in ice water for about 20 min. 
Finally, the polymer plates were taken out of mold 
and kept in 80°C for 6 h to eliminate internal stress. 
Examination by the wide angle X-ray method 
showed the prepared plates to be amorphous and 
unoriented. 

Prepared amorphous PET plates were cut into 6 
cm/5 cml0.06 cm small plates. The direction with 
the length of 6 cm was chosen as the stretching di- 
rection. Perpendicular to that direction, a series of 
straight parallel lines with 2 mm spacing were drawn 
on the plates. The extension of the specimen was 
performed in a hot-air oven by an Instron tensile 
testing machine ( RTM-lT, Orientec) under con- 
stant temperatures and strain rates. Before stretch- 
ing started, the plate was warmed up to the operation 

temperature by holding it with two Instron clamps, 
5 cm apart from each other, in the oven for 5 min. 
After attaining the extension length, the stretched 
plate was cooled quickly by contact with ice-cold 
steel plates in order to freeze its morphology and 
orientation. The draw ratio can be calculated from 
the distance of the originally marked lines. In this 
study, operation temperatures ranged from 70°C to 
100°C and strain rates were from 0.000333 s-l to 
0.166667 s-l. 

Finally, the central portions of the stretched 
plates, with uniform draw ratio, were tailored into 
smaller samples for different characterizations. 

Molecular Orientation Determination 

From the measurements of the refractive indices of 
the samples for light polarized with the electric vec- 
tor parallel to draw direction, n,, and normal to this 
direction, n,, the second order orientation parameter 
[ Pz (cos 0 )  1, defined as f [ 3 ( cos20) - 11 was obtained 
by using the relationship": 

where 4: = (n: - l ) / ( n :  + 2 ) ,  i = x, z .  A a  is the 
difference between the electronic polarizabilities of 
a polymer structural unit parallel and perpendicular 
to the chain axis, and a. is the isotropic polariza- 
bility. The value Aa/3ao can be measured from the 
highly oriented PET. However, instead of measuring 
in this experiment, the value 0.105 was adopted from 
the paper of Cunningham and coworkers." 

An Abbe refractometer (3T, Atago), with mono- 
chromatic light (wavelength 589 nm) , was used to 
measure the refractive indices n, and n, by placing 
the oriented plates along stretching and transverse 
directions. Chemicals with a high refractive index, 
a-Bromonaphthalene ( n  = 1.65) and methylene io- 
dide ( n  = 1.74), were used. In order to enhance the 
resolution, two additional polarized filters were used 
with the refractometer. 

Crystallinity Determination 

The crystallinity X (volume percent) is calculated 
from the density of polymer samples by the following 
equation: 

x=" P - P  
P c  - Pa 
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The density of amorphous phase pa is taken to be 
1.335 g/cm3 and that of crystalline phase p c  as 1.455 
g / ~ m . ~ , ~  

The density of stretched plates ( p ) was measured 
by the pycometric method using the following equa- 
tion: 

PWWI 
= wo + w, - w, (3) 

where pw = density of water ( 1 g/cm3), Wo = weight 
of pycometer filled with water, W, = sample weight, 
and W, = weight of pycometer with sample and wa- 
ter. Approximately 1 gram of polymer sample was 
used in each measurement and the accuracy is about 
0.002 g/cm3. 

Young's Modulus and Yield Stress Measurement 

The stretched plates, for which orientation had been 
measured, were cut into dumbell shape and were 
drawn in the Instron tensile testing machine at room 
temperature. This tensile test is according to the 
ASTM D638 method with a constant strain rate 
0.01667 s-I. Young's modulus and yield stress were 
then calculated from recorded load-elongation 
curve. 

'.55i 1.53 1 2 3 4 5 

Draw ratio ( A )  

Figure 1 The refractive index vs. draw ratio. At 70°C 
and 0.00033 s-l: (m) n,, (0 )  n,; a t  100°C and 0.1667 s-l: 
( A )  n,, (A) n,. 

I 

Draw ratio (1) 

Figure 2 The refractive index (n ,  and n,) vs. draw ratio 
at 80°C. ( A )  0.001 s-l, (0 )  0.0033 s-l, ( A )  0.01 s-', (0) 
0.033 s-l. 

RESULTS AND DISCUSSION 

Molecular Orientation 

Four temperatures, between Tg and T,, were selected 
for the stretching of the PET specimen. They were 
70"C, 8OoC, 9O"C, and 100°C. We found that tem- 
perature had a significant effect on the chain mo- 
bilities, and the strain rates were adjusted for dif- 
ferent operation temperatures. At 70°C ( glass-tran- 
sition region), a very low strain rate is required for 
PET to be stretched to high draw ratio without the 
occurrence of necking, and we used the rate 0.00033 
s-' to obtain highly oriented samples. At  100°C 
( liquid-flow region), even under the highest strain 
rate, 0.16667 s-', that the Instron machine could 
reach, there was still no significant orientation gen- 
erated. The measurement of the refractive indices, 
n,, n,, at these two temperatures and strain rates 
are shown in Figure 1. A t  80°C (rubber-pseudopla- 
teau region), four different strain rates were used, 
and the values of measured refractive indices were 
plotted in Figure 2. 

The refractive index of unoriented amorphous 
PET was measured at 1.571. The refractive index, 
nz, along the stretching direction, increased with 
draw ratio and could rise up to 1.665 at  70°C with 
e = 0.00033 s-I. The value n,, perpendicular to the 
stretching direction, however, decreased slowly with 
draw ratio and could reach around 1.54. 
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We substituted the value of refractive indices into 
eq. ( 1 ) and calculated the second order orientation 
parameter [ P2 (cos 0 )  3 of each sample. These values 
are labeled in Figures 3 and 4. Figure 3 shows the 
induced orientation at two temperatures: 70°C and 
100°C. Figure 3 illustrates how temperature affects 
the relaxation rate of the PET molecular chains. At 
70"C, [ P2 (cos 0 )  ] steadily increases up to 0.57 at  
draw ratio 3.9 under very low strain rate. However, 
a t  100°C and high strain rate, [ P2 (cos 0 )  ] always 
stays around 0.04 without significant change, which 
implies thermal relaxation rates of chains are faster 
than the strain rate. Figure 4 shows that at 80°C, 
the orientation steadily increased with draw ratio 
under these four strain rates. Though the effects of 
strain rate on the rate of the [ P2 (cos 0 )  ] increment 
with draw ratio do not look obvious, it is apparent 
that the orientations at  higher strain rates are gen- 
erally higher. For example, a t  a draw ratio equal to 
3.8, [ P2 (cos 0 )  ] is 0.31 at  e = 0.001 s-', but becomes 
0.47 at  e = 0.033 s-'. 

It is of interest to find a model to describe the 
trend of orientation increment with draw ratio under 
different strain rates and temperatures. During the 
deformation of noncrosslinked polymer, the dis- 
placement of a molecular chain is entangled with its 
neighboring chains by knots and other ways. The 
rubber network model l5 describes this mechanism 
as the deformation of a crosslinked network of the 
chains with N statistical segments. The number N 
is a parameter,23 which depends on the number of 
knots and entanglements between chains. Nobbs 
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Figure 3 [P2(cos 8 ) ]  vs. draw ratio. ( 0 )  at 70"C, 
0.00033 s-'; (-) fitting through all draw ratios, N 
= 6; (+) at 1OO"C, 0.1667 s-'. 

1 2 3 4 
D r a w  rat io (h) 

Figure 4 [ P2 (cos 8)  ] vs. draw ratio at 80°C. (0) 0.001 

fitting through all draw ratios, N = 11, 9.6, 8.4, and 7,  
respectively. 

s-', (4)  0.0033 s-', (0) 0.01 S-', ( 0 )  0.033 S-', (-) 

and Bower l7 found that this model is not applicable 
when X approaches (N) and they modified the 
model. The relations of [ Pz (cos 0 ) ]  to draw ratio 
( A )  were proposed by Nobbs and Bower 17: 

5N  

25 N2 3 3X2 

+YX6 35 N3 +- 5 - - 5X3 

for X 2  < N (4a) 

128N0.5 
175X 

[PZ(COS 0 ) ]  = 1 - ~ for X 2  > N (4b) 

where N is the adjustable parameter. 
We used the above expressions to fit the experi- 

mental [ Pz (cos 0 )  ] values for the whole range of 
draw ratio by changing the parameter N, and the 
results were shown as the curves in Figures 3 and 
4. At 70°C and at strain rate 0.00033 s-l, data can 
be fit well by the curve N = 6. At 8O"C, data are in 
the range between curves of N = 7 and N = 12, and 
N = 11,9.6,8.4, and 7 could represent the trends of 
[P2(c0s S)] at e = 0.001, 0.0033, 0.01, and 0.0333 
s -', respectively. 

These calculations are shown as solid curves in 
Figures 3 and 4. 
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Crystallinity 

To study the effects of temperature and strain rate 
on the crystallinity induced, we measured the density 
of a series of PET plates extended to various draw 
ratios a t  80°C with different strain rates. Figure 5 
illustrates the values of induced crystallinity as a 
function of draw ratio a t  different conditions. The 
initial density of the unoriented amorphous PET 
specimen was about 1.338-1.339 g/cm3, which is 
equivalent to 3% crystallinity. At 80°C, the PET 
crystallizes at draw ratio greater than about 2. The 
start of crystallization shifts successively toward 
higher draw ratio when the strain rate decreases. 
These results are similar to those found by Le- 
Bourvellec and coworkers, 2o even though they de- 
termined the density of PET using a different equa- 
tion, which is p = 4.017 ( n 2  - 1 ) / ( n 2  + Z ) ,  where 
n is the average refractive index of the sample. 

If we plotted crystallinity as a function of ori- 
entation in Figure 6, within the limit of experimental 
error, the effects of strain rates could not be clearly 
observed. Similar results have been r e p ~ r t e d ~ , ~ ~  and 
it is proposed that this lack of the dependency of 
crystallinity on strain rates is caused by the com- 
petition of two effects: the time of crystallization 
and the rate of crystallization. 

The dashed line in Figure 6 is the linear fitting 
of the data a t  80°C. Its slope represents the value 
of {dX/d[P2(cos 1 9 ) ] } ~ .  It is 0.38 at 80°C. Le- 
Bourvellec et al.24 found similar values, but they 
made use of the fluorescence technique instead of 
the refractive index to measure [ P2 (cos 0 )  3 .  

0.25 I 

O f  I 2 ' ' 3 ' I 4 I '  5 ' I 6 ' I 7 ' 
Draw r a t i o  (h )  

Figure 5 The crystallinity from density measurement 
vs. draw ratio. At 8 O O C :  (A) 0.0033 s-*, (0 )  0.01 s-', ( 0 )  
0.033 s-l. 

Of! I Oll  ' 0.: ' 03 ' 0:4 ' O(5 C 
<p,(cose)> 

Figure 6 The crystallinity from eq. ( 3 ) vs. [ P2 (cos 0 )  1.  
At 8OoC: ( * )  0.0033 s-', (A) 0.01 s-', (R) 0.033 s-', 
( - - - - ) linear fitting with slope 0.38. 

Mechanical Properties 

The load-elongation curves, shown in Figure 7, rep- 
resent the general results of our tensile test of ori- 
ented PET samples at room temperature, which is 
about 25°C. The Young's modulus and yield stress 
were measured. In addition, we also used the ratio 
of the stresses right after and before the occurrence 
of necking as a representation of the extent of neck- 
ing. In short, this stress ratio is defined as C /  Y with 
C and Y illustrated in Figure 10. 

Elongaiion 

Figure 7 
mer in the stretching direction. 

The load-elongation curves of oriented poly- 

I 

Young's Modulus 

Figure 8 shows Young's modulus along the stretching 
direction ( E , )  as a function of draw ratio under dif- 
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I I I I I I I I 

2 3 4 5 
Draw rat io (A) 

Figure 8 
80°C. ( A )  0.0033 s- ' ,  (0) 0.01 s- ' ,  (0 )  0.033 s-I. 

The Young's modulus ( E , )  vs. draw ratio a t  

properties of PET mainly depend on the molecular 
orientation, at least under the same temperature. 

Figure 10 shows Young's modulus in directions 
with angles ( 0 )  from the stretching direction. All 
curves show that modulus steadily rises from 0 
= go", which is the perpendicular direction, to 0 
= 0", which is the stretching direction. The me- 
chanical anisotropy becomes larger as the draw ratio 
increases. Comparing data at each angle, a modulus 
increase and decrease at 0 = 0" and 0 = 90' with 
draw ratio, respectively, is apparent. However, no 
specific trend can be found at other angles, which 
may result from the balance of E, and E x ,  where Ex 
is the modulus in the perpendicular direction. 

ferent strain rates at 8OOC. Young's modulus, E, ,  
rises steadily from 1.65 GPa up to about 5 GPa. 
However, there are slight differences of E, among 
different strain rates, The values of E, at  higher 
strain rates are generally higher than those at lower 
strain rates. However, those differences disappear 
when the data of Young's modulus are plotted 
against the orientation parameter [ P2 (cos 0 )  3 ,  
shown in Figure 9. This implies that the mechanical 

Yield Stress 

Figure 11 shows yield stress as a function of draw 
ratio at 0.001 s-l and 80°C. The tendency of change 
of yield stress with extension ratio is found to be 
similar to that of Young's modulus. Yield stress in- 
creases with extension ratio from 5.3 MPa for iso- 
tropic PET to about 15 MPa at X = 4.2. However, 

0 'I 0 0.i 0.2 0.3 0.4 0.5 0.6 

< p 2 ( c o s e ) >  

Figure 9 
80°C. ( A )  0.0033 s-', (0) 0.01 s- ' ,  (17) 0.033 s-'. 

The Young's modulus ( E , )  vs. [P2(cos O ) ]  at 

OO 'L+-- 30 60 9 

Angle from stretching direction (8) (degree) 

Figure 10 The Young's modulus a t  different angles 
from stretching direction vs. draw ratio. Oriented samples 
were prepared at  80°C and at 0.01 s-'. ( 0 )  unstretched, 
(A) X = 2.35, (0) X = 3.35, (m) X = 3.9, ( A )  X = 4.4. 
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no obvious change can be observed for yield stress 
in the transverse direction. 

Stress Ratio 

There is an abrupt decrease of stress after the yield 
point, due to the occurrence of necking. The stress 
ratio, as defined above, could be an indication of the 
extent of necking and this value is calculated for a 
case at 0.01 spl and at 8OoC, which is illustrated in 
Figure 12. The stress ratio before stretching is 
around 0.65. The stress ratio increases gradually, 
with draw ratio in the stretching direction, but it 
remain almost unchanged in the transverse direc- 
tion. 

CONCLUSIONS 

This investigation revealed that the orientation pa- 
rameter [ P2 (cos 0)  ] of oriented PET varies strongly 
with both temperature and strain rate, but the 
strain-induced crystallinity seems dependent on 
temperature only. Therefore, the stretched PET 
samples, even with identical orientation, may have 
different morphological structures, which differences 
can be caused by the temperature used. As the ori- 
entation of extended PET increased, the mechanical 

Draw ratio (A) 

Figure 11 The yield stress vs. draw ratio. Oriented 
samples were prepared at 80°C and 0.01 s-l. (0)  exper- 
imental values along stretching direction, (m) experimen- 
tal values perpendicular to stretching direction. 

I 2 3 4 5 
Draw ratio (A) 

0.5 

Figure 12 The stress ratio vs. the draw ratio. Oriented 
samples were prepared at  80°C and 0.01 s-'. (0) exper- 
imental values along stretching direction, (m) experimen- 
tal values perpendicular to stretching direction. 

properties in the stretching direction could be greatly 
enhanced, but those in the transverse direction re- 
mained unaltered or they declined slightly. 
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