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ABSTRACT The deformation of poly(ethy1ene terephthalate) was investigated by means of X-ray diffraction 
and small-angle light scattering techniques. The results showed that the deformation mechanism depends 
on the crystallinity of the specimen in the undeformed state. When a specimen with about 43% crystallinity 
was stretched, the crystallite orientation and the superstructural deformation were similar to those of a typical 
crystalline polymer such as polyethylene. That is, the crystal fiber axes were found to orient predominantly 
in the direction of stretching as assessed in terms of the second-order orientation factor, while the deformation 
of the superstructure was well accounted for by an affine deformation mode as shown by the good agreement 
between the experimental and theoretical results of H, scattering patterns. On the other hand, when an 
amorphous specimen with about 3% crystallinity was stretched, the scattering showed a broad four-leaf lobe 
pattern at small azimuthal angles and a sharp narrow four-leaf streak pattern at large azimuthal angles. This 
behavior was analyzed by assuming the existence of a row-nucleated sheaflike structure whose rows are 
preferentially oriented at a particular angle with respect to the stretching direction. In this analysis, the 
H-function proposed by Hoseman was used as a probability of finding the nearest-neighbor particle at a 
displacement vector. The calculated pattern was rather close to the observed one. This agreement implies 
that the row-nucleated sheaflike texture arises with lamellar overgrowth where the rows are preferentially 
oriented at a particular angle with respect to the stretching direction. 

I. Introduction 
The morphology and deformation of poly(ethy1ene 

terephthalate) (PET) under uniaxial stretching are of in- 
terest because wide variations in crystallinity are easily 
accomplished and maintained. Extensive work has been 
reported on the study of the orientation of both crystalline 
and amorphous regions as well as of the deformation of 
the superstructure in regions in the process of strain-in- 
duced crystallization. The deformation mechanism has 
been studied by X-ray d i f f r a~ t ion~ l -~  light scattering,&l0 
infrared,2 and stress-strain4 measurements. These in- 
vestigations have provided a comprehensive view of the 
crystal and amorphous  orientation^^-^ and the super- 
structural deformation mechanismG9 of PET films and 
fibers. Dumbleton and Bowles5 estimated the orientation 
of the crystal fiber axis (the crystal c axis) from that of the 
(105) crystal plane, and Farrow and Bagley3 used the av- 
erage square of the orientation of the (100) and (010) 
crystal planes determined from the distribution of intensity 
of meridional reflections. On the other hand, Misra and 
Steing investigated the difference of the deformation be- 
havior of superstructures drawn below and above the glass 
transition temperature through careful observation of light 
scattering patterns. 

This paper deals with the orientation behavior of crys- 
talline and amorphous regions in relation to the defor- 
mation of superstructures within specimens having two 
different degrees of crystallinities, 43 and 3%) under 
uniaxial stretching. Quantitative estimation of the orien- 
tation behavior for the crystal fiber axes and the amor- 
phous chain segments is carried out in terms of the sec- 
ond-order orientation factor. The orientation factor of the 
crystal fiber axes is obtained from that of five crystal 
planes. The orientation factor of amorphous chain seg- 
ments is evaluated by subtracting the crystalline contri- 
bution from the total birefringence. The deformation of 
superstructures is studied by means of the light scattering 
technique. It is an objective of this experiment to inves- 
tigate the crystallinity dependence of the deformation 
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mechanism of PET films from two viewpoints. One is the 
molecular orientation and the other is the formation of the 
superstructure associated with the lamellar orientation 
mode under strain-induced crystallization. 

11. Experimental Section 
Samples were prepared from 350-pm amorphous PET films 

(about 3% crystallinity) obtained through the courtesy of the Film 
Division of Toray Industries, Inc., Siga. The density measured 
by a pycnometer, with a mixture of n-heptane and carbon tet- 
rachloride as a medium, was found to be 1.338 g/cm3. Elongation 
was done by using two kinds of specimens, the amorphous PET 
and the heat-treated PET (about 43% crystallinity). The 
heat-treated specimen was obtained by holding the amorphous 
PET for 4 h in a nitrogen atmosphere at 210 "C and then slowly 
cooling it to room temperature. This specimen was pretreated 
in a water bath at 90 "C for 30 min and stretched, so as to obtain 
uniform deformation without necking. The amorphous PET films 
were preheated at 95 "C for 15 min and stretched at the same 
temperature to the desired extension ratios without necking. The 
preheating time did not cause an increase of crystallinity, except 
an increase of crystallization occurred when the time was over 
60 min. The degree of crystallinity was calculated by assuming 
the densities of the crystal and amorphous regions to be 1.455 
and 1.335 g/cm2," respectively. 

The orientation distribution functions of the reciprocal lattice 
vectors of the crystal planes were obtained by means of X-ray 
diffraction measurements at 100 mA and 40 kV with nickel-filtered 
Cu K a  radiation. In these measurements, the widths of the 
diverging, scattering, and receiving slits were ' / e 0 ,  ' / e 0 ,  and 0.15 
mm, respectively. The X-ray diffraction measurements were 
carried out for the equatorial direction with respect to the crystal 
planes at a fmd value of Oj, which denotes the polar angle between 
the stretching direction and the reciprocal lattice vector of the 
jth crystal plane. The changes of 0, were carried out at appropriate 
intervals from 0 to 90". The scanning speed with respect to the 
Bragg angle was min-'. After corrections to the observed 
X-ray diffraction intensity (such as air scattering, background 
noise, polarization, and absorption) were applied and the con- 
tribution of the amorphous halo from the corrected total intensity 
curve was subtracted, the equatorial diffraction curve was obtained 
as a function of the Bragg angle 28B. This intensity curve is 
believed to be due to the contribution of the diffraction intensity 
from the crystalline phase. The intensity curve may be separated 
into the contributions from the individual crystal planes on the 
assumption that each peak has a symmetric form given by a 
Lorenz function of 28B. 
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Figure 1. Orientation distribution function for the reciprocal 
lattice vector of the (100) crystal plane obtained from X-ray 
diffraction at the extension ratio of X = 2.0. 
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Figure 2. Orientation distribution functions for the reciprocal 
lattice vector of crystal planes obtained from X-ray diffraction 
at the extension ratio of X = 2.0. 

Light scattering patterns were obtained with a 3-mW He-Ne 
gas laser as a light source. Diffuse surfaces were avoided by 
sandwiching the specimens between the microcover glasses with 
silicone oil of an appropriate refractive index as immersion fluid. 

111. Results and Discussion 
We consider first the case of samples with a degree of 

crystallinity of 43 ?& . Roe and K r i g b a ~ m l ~ - ~ ~  have proposed 
a method that is now widely used to characterize the 
distribution of crystallites in polymer specimens. Basically, 
the method involves the calculation of the orientation 
distribution function of the reciprocal lattice vedors using 
data from X-ray diffraction measurements. From this 
information the crystalline orientation function may be 
determined if the diffracted X-ray intensity from a suf- 
ficiently large number of crystal planes can be accurately 
mea~ured.'~J"'' We tried to apply this method to  our 
stretched samples of PET. Figures 1-6 show the orien- 
tation distribution functions of the reciprocal lattice vec- 
tors of the crystal planes for the sample of 43% crystal- 
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Figure 3. Orientation distribution functions for the reciprocal 
lattice vector of crystal planes obtained from X-ray diffraction 
at the extension ratio of = 2.0. 
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Figure 4. Orientation distribution function for the reciprocal 
lattice vector of the (100) crystal plane observed from X-ray 
diffraction at the extension ratio of X = 3.8. 

linity. Unfortunately, these data are not sufficient to 
obtain the crystallite orientation function because except 
for the five crystal planes (loo), (IlO), (OlO), ( l T l ) ,  and 
(Oil), the intensities of the reflections were too weak for 
accurate measurement. The number of crystal planes 
needed for application of this method increases with the 
complexity of the crystal unit cell, and in the case of tri- 
clinic PET at  least 20 planes are required. For this reason 
we were forced to use an alternative procedure involving 
the estimation of the second-order orientation factor ( F d ) ,  
which is given by the well-known expression 

(1) 

where 0, is the angle between the j t h  reciprocal lattice 
vector and the stretching direction. F24 characterizes the 
crystallite orientation distribution, with variation between 
-1/2 and 1. For random orientation of the j t h  axis, F2B 
is 0, while for complete orientation parallel and perpen- 
dicular to the stretching direction, F20J is unity and -lI2, 
respectively. 

Polar Angle , 0, (degree) 

F2B = '/(3 cos2 0, - 1) 
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Figure 5. Orientation distribution functions of the reciprocal 
lattice vector of crystal planes observed from X-ray diffraction 
at the extension ratio of X = 3.8. 

Table I 
Direction of Coordinate Axes 

direction of Xi ,  Vi, and Ui axes coordinate 
system i =  1 i =  3 

0 - X , X , X ,  normal to film stretching direction 

0-U, U, U, 
surface of film specimen 

crystal c axis of 
poly( ethylene poly(ethy1ene 
terephthalate) terephthalate) 
crystallite crystallite 

crystal a* axis of 

Now, using a procedure described by one can 
shown (see Appendix I) that the second-order orientation 
factor may also be expressed as follows: 

FZ0j = F200p2(cos 0,) + f/3(F201 cos CPj - G2,, sin CPj) X 

P2'(COS 0,) + f/12(F202 cos 2CPj - G202 sin 2CPj)P$(c0s ej) 
(2) 

( 2 4  

(2b) 

(2c) 

and CP are the polar and azimuthal angles of the lattice 
vector Lf. in the Cartesian coordinates O-UlU2U, of the 
structurd unit. Table I shows the geometrical interrelation 
between the Cartesian systems of the structural unit 
O-UlU2U3 and in the specimen 0 - X 1 X 2 X 3 .  Table I1 
shows the values of 8. and C P j  calculated from the unit cell 
parameters proposed by Daubeny et al.I1 By measuring 
the reciprocal lattice vectors for each of the five crystal 
planes (loo), ( T l O ) ,  (0101, (lTl), and ( O i l ) ,  the corre- 
sponding values of FZ0j were calculated from eq 1. Then 
substituting the values of Fmj into eq 2 gives five sorb of 
simultaneous linear equations that can be solved to obtain 
the five unknown coefficients Fm, Fml, Fm, Gml, and Gm 
Finally, with a knowledge of the values of these five 

where 

P ~ ( x )  = (1/2)(3 cos2 x - 1) 

P ~ ' ( x )  = 3(1 - x ~ ) ~ / ~ x  

PZ2(x) = 3(1 - x 2 )  

Table I1 
Crystallographic Parameters for the Five Plane Normals 

Contributing to the Measured Intensity 

1 (oil) 16.42 59.85 254.04 
2 (010) 17.53 90.00 59.44 
3 ( i i o )  22.55 90.00 137.83 
4 (100) 25.71 90.00 0.00 
5 (iii) 27.85 72.66 300.56 

coefficients, the orientation factors for the three principal 
crystallographic axes could be calculated. 

Now we discuss the second-order orientation factor, Fm, 
of the amorphous chain segments. The contribution from 
the refractive index tensor niY of the crystallographic 
structural unit to the principal refractive tensor Nij"o of 
the bulk material is given by 

(3) 

where tki is, for example, the direction cosine between the 
X i  axis and the uk axis. n33c0 and nllCo are the refractive 
indexes along the crystal c axis and along the crystal a* 
axis corresponding to the direction normal to the benzene 
ring. n22m is the refractive index in the direction perpen- 
dicular to the crystal c and a* axes. In order to obtain the 
tensor ( N i y ) ,  it  is necessary to calculate the mean value 
of Nijm by taking the average of the orientation distribution 
function over all the orientations of the structural units. 
Considering the fiber texture of the bulk, the birefringence 
contribution of crystallites to bulk material may be esti- 
mated by assuming nijco = 0 (i # j )  in eq 3 and is given 
by 
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Table 111 
Second-Order Orientation Factor of the Three Principal 
Chrstallmnhic Axes and Ammhoua Chain Semnenta 
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0 20 40’ 
LLU 
10 30 amorphous 

extension chain 

A = 2.0 -0.027 -0.149 0.258 0.142 
A = 3.8 -0.245 -0.265 0.501 0.789 

ratio aaxis b axis c axis segment 

where Fm and Fm are as defmed above. Assuming that 
the birefringence effect of the amorphous phase, &, may 
be estimated by subtracting18 the crystalline contribution 
from the total birefringence, 4, we have 

where X, is the degree of volume crystallinity. 4, is given 

L = Ins” - % ( n P  + nnm)l(Fmm)’ (6) 

by 

where the significance of the various parameters is dis- 
cuaaed below. 

The principal refractive index of the PET crystal is 
estimated in the usual way by assuming the atomic ar- 
rangements within the crystal reported by de Daubeny et 
al.” and the values of the bond polarizabilities according 
to Bunn and de DaubenyIs and by neglecting the uncertain 
effect of the internal field within the crystal and of sec- 
ondary bonds upon the principal polarizabilities. On the 
basis of the principal polarizabilities obtained by the above 
estimation, the principal indices are calculated by the 
Lorenz-Lorenz relation, which is given by Sakaguchi et 
al.” as follows: 

nsm = 1.806 

= 1.733 

nllm = 1.398 (7) 

The density of the crystal region is taken as 1.455 g/cm3. 
The refractive indica of the amorpbous phase, assuming 

rotational ellipsoidal anisotropy around the a* axis, are 
again estimated from the polarizabilities, the difference 
in density from that of the crystalline phase being taken 
into account. This procedure gives 

nsm = 1.3615 

%- = nllm = 1.6874 (8) 

where ns$“ is the refractive index along the axis normal 
to the benzene ring and %m and nllm are the refractive 
indices perpendicular to the above axis. The density of 
the amorphous region is taken as 1.335 g/cm3. Hence, 
since nsm < %=, (F,y”)’ corresponds to the second- 
order orientation factor of the a* axes. In the case when 
the amorphous chain axes orient randomly around their 
own axes, the orientation factors of the other two axes 
perpendicular to the amorpbous chain axis become 
equivalent with respect to the stretching direction. Then 
the orientation factor of the amorphous chain axes may 
be given as follows: 

Fzw” = -2(Fm-)’ (9) 

Table III presents the second-order orientation factors 
of the three principal crystallographic axes and amorphous 
chain segments. The values for the crystal c axes at X = 
2.0 indicate the preferential orientation to the stretching 

( c )  h.1.4 ( f  1 A = 3 . 8  
Figure 7. H. light scattering patterns from the specimen with 
degree of crystallinity 40%. The stretching direction is vertical. 

direction and this tendency becomes pronounced at X = 
3.8. The values for the crystal a axes at A = 2.0 show 
almost random rotation, while the crystal b axes orient 
predominantly perpendicular to the stretching direction. 
However, the orientations of the crystal a and h axes a t  
A = 3.8 become almost the same, showing that these axes 
are preferentially oriented perpendicular to the stretching 
direction. This indicates the transformation of the PET 
structure from a deformed spherulitic m a  fihrous texture. 
The amorphous chain segments at A = 2.0 take a somewhat 
preferential orientation to the stretching direction hut the 
degree of orientation is not as great as that of the crystal 
c axes. By contrast, the amorphous chain segments at A 
= 3.8 attain very considerable preferential orientation and 
the orientational degree is much more pronounced than 
that of the crystal c axes. 

In order to obtain information on the deformation of the 
superstructure, we made low-angle light scattering mea- 
surements on the stretched specimens. Figures 7 and 8 
show H, and V, light scattering patterns, respectively, at 
various extension ratios. The H. scattering patterns a t  
higher elongations have four lobes extended in the hori- 
zontal direction and show a maximum in the polar direc- 
tion along the azimuthal angle of highest intensity. This 
is characteristic of the deformation of spherulitic textures. 
The V, scattering patterns indicate that the optical axes 
are perpendicular to the spherulite radius. 

Figure 9 shows the theoretical results of H, scattering 
patterns calculated on the basis of a two-dimensional 
spherulitic model by assuming an affine deformation of 
the spherulite as well as an affine orientation of the optical 
axes. The theory does not distinguish hetween the crys- 
talline and amorphous orientational components of the 
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Table IV 
Dimensional Changes during the Drawing of PET Films 

0 20 40" 
Gk-l 

Figure 8. V, light scattering patterns from the specimen with 
degreee of crystallinity 43%. The stretching direction is ver t id  

spherulite birefringence, which entails a limitation. The 
inclusion of the contributions from both of these bire- 
fringent sources would involve a fairly large number of 
parameters, the estimation of which would be difficult. 
Incidentally, detailed calculations for a three-dimensional 
spherulite were carried out by SamueIsz1 and van Aartsen 
et a1J2 The former calculationz1 was carried out by in- 
troducing an affine deformation of a spherulitic volume, 
whereas the latter calculationn was made by introducing 
nonaffine orientation of the optical axes in addition to an 
affine deformation of a spherulitic volume. The latter 
treatmentn is essentially the best to analyze deformation 
for small-size spherulites but is somewhat complicated in 
terms of mathematical description. Hence, in the present 
paper, the treatment for a two-dimensional model is 
adopted, as the two-dimensional treatment is not very 
different from the three-dimensional one. The calculation 
procedure is presented in Appendix 11. The patterns ob- 
served in Figure 7 are well accounted for by the calculated 
results in Figure 9. It therefore seems reasonable to con- 
clude that the mechanism of deformation of the spherulites 
in the drawn film corresponds to the assumptions made 
in the model. Judging from the results X-ray diffraction 
and light scattering measurements, the molecular orien- 
tationI6 and spherulitic deformationW are similar to those 
of a typical crystalline polymer such as polyethylene. We 

I d )  A :  2 0  
Figure 9. H. light scattering patterns calculated by assuming 
an affine deformation model. 

now consider the H, scattering patterns of the amorphous 
PET films under uniaxial stretching. 

Figures 10 and 11 show, respectively, the scattering 
patterns at low and high elongations of the amorphous (i.e., 
3% crystallinity) PET films. The patterns in Figure 10 
are elongated in the stretching direction and show a 
maximum in the polar angle direction along the azimuthal 
angle of highest intensity. Misra and Stein9 have previ- 
ously observed this phenomenon for PET films drawn 
above the glass transition temperature. They interpreted 
these patterns as being due to the scattering from sheailike 
textures rather than ellipsoidal spherulites. 

The pattern in Figure 11 shows four broad lobes at small 
azimuthal angles and four narrow streaks at large azimu- 
thal angles. The question can be raised whether this 
multilobed pattern could be associated with a biaxial 
component of stretching that can arise from one-dimen- 
sional stretching of a sample of small length-&width ratio. 
In this connection, Table IV shows the changes in three 
dimensions of the drawn sample, with the extension ratio 
X3 in the stretching d d o n ,  X2 in the transverse direction, 
and XI in the thickness direction. The value of XI is close 
to that of X2 and the product X1X2X3 becomes unity. This 
indicates that the deformation mode of the stretched 
sample is uniaxial. Accordingly, the multilobed patterns 
in Figure 11 cannot be associated with a hiaxial component 
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( a 1  x = 1.2 ( d l  A = 2.0 

( b l  A =  1.5 

i f )  A=2. .5  
Figom 10. H. light acattering pattern of amorphous PET T i  
stretched to an extension ratio of A = 2.5. The stretching d M o n  
U vertical. 

of inner stress (or strain) due to onedimensional stretch- 
@. 

The change of the scattering patterns in Figure 10 and 
11 is thought to be due to crystallization under uniaxial 
stretching and as such obviously reflects the growth of 
sheaflike superstructures"" and their characteristic ori- 
entation with respect to the stretching direction. Figure 
12 shows that the sharp narrow streaks at large azimuthal 
angles. aa shown in Figure 11, are dependent upon the 
degree of crystallinity. The crystallinity is almost constant 
below an extension ratio of A = 2.5, but it increases beyond 
this extension ratio. This critical extension ratio is con- 
nected with the appearance of the sharp narrow four-leaf 
pattern as streaks, and the change in slope between A = 
2.5 and X = 2.7 is believed to be due to the effect of 
strain-induced crystallization. 

It has been suggested above that the change in the 
scattering patterns during sample elongation is due to 
atrain-induced c r y d l h t i o n  Thii should be accompanied 
by increased molecular orientation and there should be a 
corresponding increase in birefringence. In order to test 
this suggestion. we have measured the birefringence 85 a 
function of extension ratio. The results are shown in 
Figure 13. The birefringence shows a gradual linear in- 
crease at smaller strains up to A = 3.0 and a considerable 
linear increase beyond A = 3.0. This change in slope a t  
mound A = 3.0 is associated with the crystallite orientation 
89 well aa the growth of crystallites. In order to verify the 
presumption discussed above, we obtained a wide-angle 
X-ray pattern for undrawn and drawn PET films as shown 
in Figure 14. Figure 14a shows a characteristic amorphous 
halo obtained from an unknown amorphous sample of 

I 
1 1 1  k - 4 . 0  

(kl A-4.5  

( i l  x.3.5 
Figure 11. H, light wttering patterns of amorphous PET fh 
stretched to an extension ratio of A = 5.5. The stretching direction 
is vertical. 
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Figure 12. crystallinity measwed 88 a function of extension ratio. 

PET preheated at 95 OC for 15 min. This amorphous halo 
waa observed up to an extension ratio of A = 2.5 and then 
aasumes an ellipsoidal shape with the long axis in the 
equatorial direction. This behavior indicates the orien- 
tation of amorphous chain segments in the direction of 
stretching. This is in agreement with the gradual linear 
increase of birefringence up to about X = 3.0 shown in 
Figure 13. Figure 14d is a diffraction pattern a t  A = 3.0 
and shows diffuse lobes in the equatorial direction. This 
indicates the existence of crystalline or semicrystalline 
material in the sample. With further increasing extension 
ratim, the diffraction pattern becomes clearly defined as 
arcs; this suggests that an increase of crystallinity and a 
higher orientation of crystals are attained in the samples. 
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Figure 13. Birefringence measured BS a function of extension 
ratio. 

Figure 14. Wide-angle X-ray diffraction patterns for drawn 
amorphous PET. The stretching direction is vertical. 

This is completely consistent with the considerable linear 
increaae of birefringence in Figure 13 and the increase of 
crystallinity in Figure 12. The (010) and (100) crystal 
planes give diffraction linea in the equatorial regions, which 
indicates their preferred orientation parallel to the 
stretching direction. This tendency is similar to the ori- 
entation of the (100) and (010) crystal planes of the 
specimen at A = 3.8 shown in Figures 4 and 6. Thus it is 
concluded that the crystal c axes are preferentially orien- 
tated in the direction of stretching. Unfortunately, the 
crystallite orientation cannot be evaluated in terms of the 

Macromolecules 
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Figure 15. (a) O p t i d y  anieotropic seetor as a model for the 
sheaflike tertura (b) Schematic diagram of assembly of nheaflike 
textures. 

second-order orientation factor of the three crystallo- 
graphic axes beeause of the weak X-ray diffraction inten- 
sity due to the low crystallinity of the sample. 

Now considering again the scattering patterns in Figures 
10 and 11, we may explain the sequence of deformation 
by the existence of a row-nucleated sheaflike superstruc- 
ture whose rows are preferentially oriented at a particular 
angle (*ao) with respect to the stretching direction. The 
analysis of this kind of problem has already been carried 
out by Hashimoto et al." using tubular-extruded ply(1-  
butene) fh. They reported that the lamellar overgrowth 
from the nuclei gives a sheatlike crystalline superstructure 
aligned regularly along the nuclei and nearly side by side 
with their axes preferentially oriented perpendicular to the 
extrusion direction. In their report,= the depolarized and 
polarized components of scattered light from such an as- 
sembly of sheaves were analyzed in terms of a paracrys- 
talline model of the Hoseman type.26 We believe it is 
reasonable to adopt the method of Hashimoto et al." to 
account for the change of the scattering patterns in Figures 
10 and 11. 

In order to facilitate Understanding of the above concept, 
we refer to the schematic diagrams proposed in Figure 15. 
Efforts were made here to preserve the notation used by 
Hashimoto et al." Figure 15a shows an idealized 'fan" 
model for an isolated sheaflike superstructure.n The fan 
is composed of two identical opposite sectors with an 
aperture angle 2yo and radius Re The optical axis makes 
polar and azimuthal angles w and B with the radius of the 
fan. Figure 15b shows a similar schematic diagram pro- 
posed by Hashimoto et al.n to account for the scattered 
intensity from the onedimensional assembly of anisotropic 
sheaves. In this model system, if the assembly contains 
N particles and orients a t  an angle a with respect to the 
stretching direction, the scattered intensity I(h,a) may be 
given by 

I(h,a) = czx( f j fk*  expl-i(h.zjk)l) (10) 
J h  

where ?jk is a displacement vedor between the jth and kth 
scattering centers and f' denotes the complex conjugate 
off. C is a constant. h is the scattering vector defined 

(11) 

A' is the wavelength of light in the medium, and the vectors 
so and 8' are unit vectors along the propagation direction 
of the incident and scattered beams, respectively. If there 
is no orientation correlation between the individual par- 

by 
h = (2r/A)(so - s') = ( 2 ~ / A ) s  
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ticles and the orientation fluctuation is independent of the 
correlation in the position of the centers of each particle, 
eq 10 may be rewritten as follows: 

I(h,a) = C(N(f12) 4- (lf1)2 c C(eXp{-i(h.Zjk)))) (12a) 

I(h,a) = 

j + k  

C(N[(lfl2) - l ( f ) l 2 I  l(f)I2[N c C(exp(-i(h.zjk)))]) 
j # k  

(12b) 

The angular brackets denote an ensemble average, i.e., the 
average over all possible distributions of particles in the 
assembly with respect to the spatial distribution of scat- 
tering units and orientation of the individual particles. 
The double summation in eq 12 may be rewritten as fol- 
lows: 

N j-1 N 

As derived already by Hashimoto et al.,25 the right-hand 
side of eq 13 is given by 

j-1 j-1 j-1 

k = l  k = l  c=k 
Il = (exp(-i(h.zjk))) = (nexp{-(h.dJ)) = 

j-1 j-1 j-1 

C rIF(h)= C F j - k = ( F - F j ) / ( l - F )  (14) 
k = l  i=k k = l  

and similarly, the left-hand side of eq 13 is given by 

N k-1 N 
C IIF*(h) (F*)k-j = (F - (Fc)N-j+')/(l - P) 

k = j + l  i= j  k = j + l  
(15) 

where di is a displacement vector between the i and i + 
1 particles and P is the complex conjugate of F. F(h) may 
be written as 

F(h) = (exp(-i(h.di))) = JHl(z) exp(-i(h.z)J dz (16) 

The function Hl(z) is the probability of finding the 
nearest-neighbor particle a t  a displacement vector z and 
is represented by the function introduced by Hoseman.26 
The function is given in Appendix 111. Carrying out the 
somewhat complicated calculations proposed by Hashi- 
mot0 et al.,25 we reduce eq 12b to 

I(h,a) = [(lf12) + l(f)I21 + I(f)12[zi(h,a) + I,(h,a)/N] 
(17) 

where Zl(h,a) and Ic(h,a) are described in Appendix IV. 
The scattered intensity I = I(h,a) in eq 17 and the particle 
scattering amplitude f = f(h,a,[) may be calculated for a 
given orientation a of the assembly or nucleus (02,) axis 
and for a given orientation 5 of the sheaf (02,) axis. 
Following Hashimoto et ala,= we consider two special cases, 
viz., (i) when the assemblies are oriented a t  a particular 
angle a. with respect to the stretching direction and there 
is no orientation disorder with respect to the assembly axis 
and the sheaf axis, and (ii) when the assemblies assume 
the same orientation as in case i but the sheaf axes have 
some independent orientation fluctuation. In the former 
case, eq 17 reduces to 

= C~lf(h,~o,50)12[zi(h,~o) + Ic(h,ao)/ lV1 (18) 

In the latter case, eq 17 reduces to 

Under H, polarization conditions, the total field f(h,a,[) 
from a sheaflike texture may be given by 

f(h,.,5) = f h 5 )  = 
*/2+ro 

C(1/2)(3 COS, wo - Lo sin [2(a + 5 + y)] X 

sin (-(2nR/X) sin 0 cos (a + y + [ - p)) 
-(27rR/X) sin 0 cos (a + y + 5 - II) 

cos (-(27rR/X) sin 0 cos (a + y + [ - p)) 
(-(27rR/X) sin 0 cos (a + y + 6 - d )  

1 
(-(27rR/h) sin 0 cos (a + y + 5 - p)) ,  

+ 

+ 

d r  (22) 

In this model system, the optical axes are fixed at a polar 
angle wo with respect to the radial direction but randomly 
oriented around the radial direction. The derivation of 
eq 22 was carried out by using a method similar to that 
proposed by Clough et a1.28 p2(5) is, as proposed by 
Hashimoto et al.,25 the orientation function for the sheaf 
axis and is given by 

(23) 

The size distribution of the assembly or distribution of N 
in the assembly is LUSO considered by assuming the dis- 
tribution function P(N),29 which may be written as 

1 

p2([) = exp[-ut(sin [ - sin 

(24) 
where R and uN2 are the average number of particles in 
the assembly and its standard deviation. Then the average 
zero-order scattering, (I,),, is given by 

2N-1 

In actual calculation, the disorder in the interparticle 
distance is assumed to occur only along the assembly axis 
(02,). The angle wo in eq 22 is defined as 90° from the 
Vv scattering pattern in Figure 7a. 

Figure 16 shows the light scattering patterns for an 
assembly of finite size, N = 10. Pattern a is calculated 
without interparticle effects in the case where the 2, axis 
is parallel to the Z1 axis. The scattering lobes show a 
maximum in the 0 direction along the azimuthal angle of 
highest intensity and are extended in the stretching di- 
rection (i.e., the 2, axis), and this pattern closely resembles 
the ones observed a t  an extension ratio of 1.5 < X < 2.3 
as shown in Figure 10. Pattern b is calculated by using 



996 Matsuo et al. Macromolecules 

a. rf " 

0. 90. 

( C )  ( d )  
Figure 16. Calculated H, scattering patterns for the following 
assemblies: (a) The assemblies with yo = 30' are perfectly oriented 
along the vertical direction. (b) The assemblies with yo = 45' 
are oriented at a particular angle f8' and the sheaf axes are 
perpendicular to the z1 axis. (c) The assemblies with yo = 30' 
are oriented at a particular angle f8' but the sheaf axes have some 
orientation fluctuation with respect to the assembly axis. (d) The 
assemblies with yo = 30' are oriented at a particular angle f35' 
but the sheaf axes have some orientation fluctuation with respect 
to the assembly axis. 

eq 18 in the case when the assemblies are oriented at a 
particular angle a,, = 8' and the sheaf axis is perpendicular 
to the 2, axis. That is, it corresponds to case i. This 
scattering pattern shows broad four-leaf lobes extended 
in the stretching direction at small azimuthal angles and 
sharp narrow four-leaf streaks a t  large azimuthal angles. 
The four streaks are, as a whole, attributed to the assem- 
blies that are oriented preferentially a t  a particular angle 
a. with respect to the stretching direction. This pattern 
is close to the ones observed a t  extension ratios between 
X = 2.7 and X = 4.0. Patterns c and d are calculated by 
using eq 19, which corresponds to case ii. That is, the sheaf 
axes have some orientation fluctuations within the assem- 
blies oriented at a particular angle a,, with respect to the 
stretching direction. The values of a0 are given as 8' and 
35O, respectively. The pattern calculated at a. = 35' is 
rather close to the one observed a t  X = 2.5. 

The good agreement between the observed and calcu- 
lated patterns indicates row-nucleated sheaves composed 
of branched lamellar overgrowth. The lamellar branching 
arises predominantly perpendicular to the stretching di- 
rection. This may be deduced from the four scattering 
lobes whose elongation in the stretching direction increases 
with extension ratio A. This tendency, as discussed earlier 
in this paper, is connected with an increase in the degree 
of crystallinity. With a further increase of extension ratio, 
the lamellar branching seems to increase, as suggested by 
the increase of crystallinity shown in Figure 12. In this 
process, it may be postulated that rows of nucleating points 
assume specific orientations a t  a particular angle with 
respect to the stretching direction. However, we must 
recognize that this characteristic arrangement of sheaves 
involves, more or less, orientational disorder. Thus, the 
assemblies of sheaflike textures must be arranged with 

some orientational disorder in terms of orientation of the 
assembly axis and the sheaf axis. This disorder decreases 
with increasing degree of crystallinity and with decreasing 
values of a. as the film is further elongated. Beyond X = 
2.7, the scattering lobes become broader and the pattern 
closely resembles a four-leaf-clover type. I t  seems as 
though the aperture angle 27, increases due to the increase 
of lamellar growth. This means that the sheaflike texture 
becomes close to a spherulitic texture. The pattern beyond 
the extension ratio X = 4.5 becomes small and its scattered 
intensity becomes very weak. This implies that the 
transformation from the sheaves to fibrillar structures is 
due to the lamellar overgrowths disintegrating into small 
lamellar fragments. 

IV. Conclusion 
The deformation mechanism of PET under uniaxial 

stretching was investigated. Two kinds of specimens were 
used. One was of about 43% crystallinity and was 
stretched at 90 "C. The orientation was evaluated in terms 
of the second-order orientation factors of the three crys- 
tallographic axes and of amorphous chain segments. The 
orientation factors for the crystallographic axes were ob- 
tained from the orientation factors of the five crystal planes 
( O i l ) ,  (OlO), ( T l O ) ,  (loo), and (111). The orientation of the 
amorphous chain segments was obtained by subtracting 
the crystalline contribution from the total birefringence, 
the calculation being carried out by assuming random 
rotation around the amorphous chain segments. The 
crystal c axes assumed preferential orienation in the 
stretching direction and this tendency became pronounced 
with increasing extension ratio. At  an extension ratio of 
X = 2.0, the amorphous chain segments also assumed 
preferential orientation but the orientational degree was 
not so pronounced as that of the crystal c axes. By con- 
trast, with further elongation up to X = 3.8 the amorphous 
chain segments attained considerable preferential orien- 
tation and the orientational degree was much more ef- 
fective than that of the crystal c axes. Moreover, the light 
scattering patterns were accounted for by an affine de- 
formation mode of spherulites that has been usually ob- 
served for crystalline polymers. 

The other specimen was amorphous PET with about 3% 
crystallinity and was preheated at 95 "C for about 15 min 
and stretched a t  the same temperature. The scattering 
lobes of the H, scattering pattern were elongated in the 
stretching direction up to X = 2.7. With further increases 
of the extension ratio, the scattering pattern showed a 
broad four-leaf lobe pattern at small azimuthal angles and 
a sharp narrow four-leaf streak pattern at large azimuthal 
angles. These changes of the patterns were different from 
the results for the specimen with 43% crystallinity. The 
difference is due to the mechanism of crystallization under 
uniaxial stretching. The sequence of scattering patterns 
with increase of extension ratio may be analyzed by as- 
suming the existence of a row-nucleated sheaflike structure 
in which the rows are preferentially oriented at a particular 
angle with respect to the stretching direction. The theo- 
retical patterns were close to the observed ones. This 
indicates that the row-nucleated assemblies arising from 
branched lamellar overgrowths are oriented at a particular 
angle with respect to the stretching direction. This 
characteristic orientation was associated with an increase 
in the observed crystallinity and birefringence. 
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Appendix I 

of the j t h  crystal plane, Amj, is given by 
According to the method of the orientation factor 
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dipole moment M’ and the vector 0 along the polarization 
direction of the analyzer for the horizontal polarization; 
assuming an affine organization of the optical axes, M’.O 
is given by 

1 

n=-1 
E [Almn cos naj - Blmn sin @nj]l I ln(cos Oj)  (Al) 

where lIr(cos ej) is the normalized associated Legendre 
polynomial and Almn and BImn are the coefficients that are 
given by the series expansion of the crystallite orientation. 
Now let us consider the following orthogonal biaxial sym- 
metry of the orientation distribution function qj(cos gj,4j) 
of the reciprocal lattice vector Uj of the j th  crystal plane. 
Equation A1 is simplified as 

2 (Almn cos naj - Blmn sin na j ) I I~(cos  € I j ) )  (A2) 

For the uniaxially oriented system with respect to the X 3  
axis, eq A-2 reduces to 

m = l  

1 

2 (Alon cos naj - BIOn sin n~j)lI1n(cos ej)) (A3) 

The coefficients AIO], Alan, and BIOn may be considered as 
a sort of orientation factor, Le., an average degree of ori- 
entation distribution. Therefore one can define the gen- 
eralized orientation factors as follows: 

n=l  

Substituting eq A4 into eq A3, we may rewrite eq A3 as 
follows: 
F , ~ J  = F~&~(COS ej) + 

1 (1 - n)! 
n=l ( l  + n)! 2 c -  (Flon cos naj - GI,, sin naj)Pln(cos ej) (A5) 

where Plm(x) and Pl(x) are the associated Legendre poly- 
nomial and Legendre polynomial, respectivley (not nor- 
malized). In the case of 1 = 2, eq A5 reduces to eq 2. 

Appendix I1 
The H, scattered amplitude from a two-dimensional 

spherulite with the optical axes lying in the plane of the 
spherulite is given by 

E = K N ’ I z r I R ’ ( M . O )  cos [k(r’.s)]r’dr’da’ (A6) 
0 0  

E = KNo12‘IR’ (M’-O)  cos [k(r’-s)]r dr da  (A7) 

where M’.O denotes the vector product of the induced 
0 0  

sin (a -t wo) cos (a + wo) 

hz sin2 (a + wo) + h, cos2 (a + oo) 
M’*O = Eo60 (A8) 

where Eo is the field strength of the incident beam and J0 
is the anisotropy of the scattering element defined by all 
- a l ,  which is assumed to be uniaxially symmetrical with 
polarizabilities all and a L  along and perpendicular to the 
optical axis. No and N‘ are the densities of scattering 
material for the undeformed and deformed spherulites, 
respectively. X3 and h2 are the extension ratios parallel and 
perpendicular to the stretching directions, respectively. 
The angular coordinates of the radial vectors r and r’ to 
a given scattering element are (r,  a) within an undeformed 
spherulite and (r’, a) within a deformed one. The vector 
s is given as so - s’, where so and s’ are unit incident and 
scattered ray vectors. The term cos [k(r’.s)] was given by 
Clough et aLZ8 in the case where the spherulite deforms 
according to an affine mode. 

Appendix I11 
As discussed by Hashimoto et al.,25 the function H l ( z )  

denoting the distance statistic is represented as the H- 
function introduced by Ho~ernan,’~ which may be given 

Hl(z) = (2~)-~/~(Ad,~Ad,~Ad,,)-’/~ X 

by 

where d is the average distance between adjacent particles 
and d,i_is the average fluctuation of the displacement 
vector di between the two adjacent particles in the ith 
distance (i = x 2 ,  y2, and z2 axes). If there is no fluctuation 
of the displacement in the direction of the x2  and y2 axes, 
eq A9 reduces to 

H l ( z )  = (2~Ad, ,~) - ’ /~  exp[-(z2 - d)2/(2Ad,,2)] (A10) 

H l ( z )  = (27rAd2)-l/’ exp[-(z2 - d)’/(2Ad2)] ( A l l )  

The calculation in this paper was carried out by using eq 
A l l .  

Appendix IV 

are given as follows: 
Zl(h) = Zl(h,a) = Re [(l + F)/( l  - F)] = 

and 

I&h) = I,(h,a) = -2 Re [F(1 - FN)/(l - F)’] = 

Zl(h) and I,(h) were derived by Hashimoto et al.25 and 

[1 - lF12]/[1 + 21FI COS (h-d) + 1F12] (A12) 

21Fl([l + 1F12] COS (hod) - 21FI - lFlN X 
COS [ ( N  + l)(h*d)] + 2(F(N+1 COS [N(h*d)] - IFIN+’ X 

COS [ ( N  - l)(h-d)])[l - 2(FI COS (h-d) + 1F12] (A13) 
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Oriented Crystallization of Poly(ethy1ene terephthalate) under 
Uniaxial Stretching 
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ABSTRACT: The deformation behavior of poly(ethy1ene terephthalate) films was investigated in terms of 
orientation of the amorphous chain segments and deformation of superstructures by using small-angle light 
scattering and birefringence techniques. The elongation was done in a hot air oven and in a hot water bath 
a t  different temperatures. The orientation of the amorphous chain segments increased considerably with 
decreasing elongation temperature. From this it is concluded that the mobility of the polymer chains increases 
with increasing temperature and, therefore, the amorphous regions stretched a t  lower temperature behave 
like paracrystallites. This phenomenon was well accounted for by the results calculated on the basis of a 
model proposed by Roe and Krigbaum concerning the orientation distribution of statistical segmenta in deformed 
networks. Differential scanning calorimetry experimental results supported the temperature dependence of 
the mobility of the polymer chains. Light scattering patterns a t  lower extension ratios showed four-leaf lobes 
extended in the direction of stretching having a maximum in the polar direction along the azimuthal angle 
of highest intensity. With increasing extension ratios, the scattering exhibited multilobed patterns having 
sharp narrow four-leaf streaks in addition to the lobes. The appearance of the streak depended on the 
crystallinity of the film, which is affected by the elongation temperature. These results indicate that  the 
orientation and deformation of sheaflike textures are associated with oriented crystallization. In addition, 
the shrinkage of bulk specimens was profoundly affected by the crystallinity. 

Introduction 
In the previous paper,l the deformation mechanism of 

poly(ethy1ene terephthalate) (PET) was investigated both 
theoretically and experimentally in terms of the molecular 
orientation and superstructural deformation by means of 
small-angle light scattering, X-ray diffraction, and bire- 
fringence techniques. These studies showed that the de- 
formation mechanism is affected by the crystallinity of the 
undrawn specimens. When an undrawn film with a high 
degree of crystallinity (about 43 % crystallinity) was 
stretched, the specimen showed almost a constant value 
of crystallinity under uniaxial stretching; the H, light 
scattering pattern had four lobes extended in the hori- 
zontal direction and showed a maximum in the polar di- 
rection along the azimuthal angle of highest intensity. The 
deformation was therefore accounted for by a spherulitic 
model with an affine deformation. On the other hand, 
when an amorphous film (about 3% crystallinity) was 
stretched, the crystallinity increased with increasing ex- 
tension ratio. The H, scattering showed a broad four-leaf 
lobe pattern at small azimuthal angles and a sharp narrow 
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four-leaf streak pattern a t  large azimuthal angles. The 
analysis was carried out by comparing the theoretical and 
observed patterns. The agreement between the calculated 
and observed patterns suggested the occurrence of crys- 
tallization associated with the existence of row-nucleated 
sheaflike textures whose rows are preferentially oriented 
at a particular angle with respect to the stretching direc- 
tion. 

In order to provide more conclusive evidence about the 
oriented crystallization, we investigated the deformation 
of the amorphous PET film in t e r m s  of the relation be- 
tween crystallinity and scattering pattern as well as in 
terms of the relation between the shape of differential 
scanning calorimetry (DSC) curves and the second-order 
orientation factor of the amorphous chain segments. The 
investigation was further extended to shrinkage mecha- 
nisms of bulk specimens. 

Experimental Section 
Samples were prepared from 385-km amorphous PET films 

obtained through the courtesy of the Film Division of Toray 
Industries, Inc., Siga. The density of these films measured by 
a pycnometer, with n-heptanecarbon tetrachloride as a medium, 
was found to be 1.338 g/cm3. Elongation was done under two 
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