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SYNOPSIS 

The role of in-plane crystalline, amorphous, and overall molecular orientation on various 
properties in the plane of the films was investigated using a variety of techniques. It is 
shown that for a fixed value of crystallinity the in-plane crystalline orientation and the 
nature of the constraint imposed by the crystallites on the molecules play an important 
role in obtaining isotropic in-plane expansion or shrinkage properties. Achievement of in- 
plane isotropic tensile strength and elongation at the break are found to depend entirely 
upon an isotropic distribution of the amorphous orientation; the orientation of crystallites 
plays no detectable role. Furthermore, the deformation mechanisms of sequential and si- 
multaneous biaxial stretching processes have been investigated and compared. The simul- 
taneous stretching process is considered to be a more controlled film-fabricating method 
compared to sequential stretching in achieving balanced, in-plane film properties. 0 1993 
John Wiley & Sons, Inc. 

I NTRO DU CTlO N 

This paper forms a part of our series of publications 
on morphology-property relationships in biaxially 
oriented PET films prepared by sequential and si- 
multaneous stretching processes. The first paper in 
this series dealt with the development of orientation 
in the amorphous phase' and, the second, with 
changes in the crystalline structure during biaxial 
stretching.' Studies on the development of con- 
straint on the amorphous molecules and its effect 
on properties such as  the permeability of gases is 
carried out in a third publication, 3*4 whereas the 
present communication deals with criteria for pre- 
paring films having in-plane isotropic shrinkage or 
expansion. Many practical applications require ex- 
cellent in-plane dimensional stability. 

The  microstructures produced by the simulta- 
neous and sequential stretching processes have been 
extensively studied in the past5-" and were discussed 
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in the previous  publication^.'-^ The present study 
deals with the effect of processing conditions on the 
structure of the film and, thereby, properties. 

In the film of semicrystalline-oriented polymers, 
the nature of the amorphous phase plays an  impor- 
tant role in controlling several properties like 
shrinkage, expansion, dye diffusion, gas permeabil- 
ity, and hydrolytic stability. For a particular degree 
of molecular orientation and molecular weight, the 
nature of the amorphous phase is modified by con- 
straint on amorphous molecules by the nature of 
crystallites, their volume fraction, and proximity of 
the crystallites to  the amorphous molecules. For 
several film applications, it is necessary to  control 
the in-plane properties; however, the underlying 
mechanism to achieve this is not well understood. 
In this communication, i t  is our intent to  demon- 
strate the role of distribution of the crystallites on 
the film properties with particular emphasis on 
achieving isotropic in-plane shrinkage or expansion 
of PET film. In addition, it is also our intent to  shed 
some light on the deformation mechanisms involved 
in sequential and simultaneous stretching processes. 

1635 
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EXPERIMENTAL 

Sample Preparation 

The uniaxial, biaxial sequential, and biaxial simul- 
taneous stretching processes have been defined pre- 
v i o ~ s l y . ~  The stretching operations were conducted 
at 90°C on a T. M. Long stretcher having a 4 X 4- 
in. pantograph capable of stretching up to 4.0X in 
both directions. In the sequential stretching process, 
the amorphous cast film is first stretched along a 
direction defined as the machine direction (MD) 
with a transverse direction (TD) restraint up to a 
draw ratio of 3.5X. Uniaxial stretching is carried out 
using amorphous cast film with constant width to a 
desired draw ratio a t  90°C with a strain rate of 1.5 
s-l. After completion of uniaxial stretching, in the 
second step, the film is stretched in the TD to a 
desired draw ratio (Fig. 1 ) . Four different TD draw 
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ratios (l.OX, 1.5X, 2.25X, and 3.5X) are used for 
preparing sequentially, biaxially oriented films. In 
the simultaneous stretching process, MDX and TDX 
are varied at the same time to the desired level. Once 
the simultaneous process is started, deformation 
continues without interruption at a selected tem- 
perature. Subsequently, films are heat-set at 200°C 
for 5 min with fixed dimensions. Additive-free PET 
having a molecular weight of 20,000 is utilized for 
the study. The diethylene glycol content (DEG) in 
the present PET sample is 1.5 mol %. 

Sample Characterization 

Electron Microscopy 

Morphology of the films was directly observed in 
the transmission electron microscope on micro- 
tomed samples. Detailed information regarding 
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Figure 1 Variation in dimensional changes at 50 and 105OC along the MD and TD with 
the TD stretch ratio in sequentially (SEQ) and simultaneously (SIM) stretched films. Ta, 
MD, and TD, respectively, represent annealing temperature, machine, and transverse di- 
rections. 
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sample preparation and defocused electron micros- 
copy has been discussed previously.* 

X-Ray 

The pole figures were obtained with a Picker “single- 
crystal” goniometer with Eulerian geometry and 
three axes (phi, chi, and two-theta) automated. Ni- 
filtered copper radiation was used as the X-ray 
source. Data obtained were processed by a Hewlett- 
Packard computer. A specimen is mounted in the 
instrument and aligned so that the MD is coincident 
with the direction x = 90 (the north pole-south pole 
axis) and the surface normal (SN)  or “thickness 
direction” (ThD) is directed along I$ = 0, x = 0; the 
TD is then along I$ = 90, x = 0. The value for the 
pole figure for any phi-chi pair is determined by 
measuring the intensity at the two-theta value cor- 
responding to the desired hkl reflection. Details re- 
garding sample preparation, definitions of various 
directions, and angles have been discussed previ- 

The major information regarding the crystalline 
orientation can be obtained from the pole figure 
analysis of the (100) and (705) planes. The (705) 
reflection is the most suitable for monitoring c -axis 
orientation. In uniaxially oriented films, the c -axis 
(molecular direction) is mainly along the MD di- 
rection (along the north-south direction). In such 
a case, one observes intensity from the (i05) planes 
at  the center of the pole figure. The spread in in- 
tensity indicates a deviation of the c-axis from the 
plane of the film. If crystals are oriented along both 
directions, MD and TD, then one observes a bimodal 
distribution in the intensity. Film having isotropic 
crystal orientation in the film plane will show a con- 
tinuous band of uniform intensity at the center of 
the pole figure.3 Wide- and small-angle X-ray scat- 
tering ( WAXS and SAXS) experiments were con- 
ducted in the transmission mode, using CuKa ra- 
diation and a flat-film camera. Single sheets of PET 
films (approximately 1 mm thick) were used for the 
SAXS exposures. 

ously.3 

Intrinsic Fluorescence 

Recently it has been reported’ that associated 
ground-state dimers of PET, consisting of two tere- 
phthalic moieties in the amorphous phase, can be 
used as a chain-intrinsic fluorescent label that re- 
veals the amorphous orientation. This technique 
gives the average orientation of chains in the amor- 
phous phase. PET dimers are excited at  a wave- 
length, X = 340 nm, and, with the polarizer and an 
analyzer parallel, the specimen was rotated. The in- 

tensity of fluorescence emission (at  X = 390 nm) 
from the amorphous phase was measured every 10” 
of specimen rotation, and polar plots of in-plane an- 
gular distribution of polarized fluorescence emission 
intensity were obtained. 

To achieve quantitative analysis of the proportion 
of noncrystalline chains oriented along the MD and 
TD, an “orientation ratio,” R, was calculated as fol- 
lows: 

and 

where IMD and ITD are the emission intensities ob- 
tained along machine and transverse draw directions 
of the film parallel to the polarization direction. 

Density Measurements 

The densities of the PET films were obtained using 
a gradient density column made from toluene and 
carbon tetrachloride. The percentage crystallinity 
of the films were computed from 

P c  ( P  - P a )  

P ( P c  - P a )  
X =  (3)  

where p is the density. The subscripts “c” and “a” 
denote the crystalline and amorphous phases, re- 
spectively. The density of the crystalline is taken as 
1.455 g/cc and the amorphous phase is 1.333.” 

Refractive Index 

Refractive indices of the films were carried out using 
an Abbe refractometer ( Reichert-Jung) . It provides 
information regarding molecular orientation from 
the crystalline and amorphous phases.” 

Thermal Mechanical Analyzer 

Dimensional changes in the film were measured as 
a function of temperature by a DuPont 2940 thermal 
mechanical analyzer (TMA) . The heating rate dur- 
ing TMA scan was 20°C/min and the force applied 
to the sample was 0.05 N. 

Mechanical Properties 

The mechanical measurements were carried out on 
the film samples (2.5 X 5.0 cm) with a Model 1122 
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Instron machine at room temperature using a strain 
rate of 100% /min. 

RESULTS AND DISCUSSION 

To understand how the distribution of crystalline 
and amorphous phases influence film properties, we 
have prepared two sets of biaxially oriented films 
using sequential and simultaneous stretching pro- 
cesses. Various properties manifested by these films 
were inve~tigatedl-~ and the results related to the 
in-plane crystalline orientation distribution on the 
film properties are summarized below. 

Figure 1 shows the changes in film dimensions 
as a function of TD draw ratios along the MD and 
TD measured by TMA at 50 and 105°C for sequen- 
tially and simultaneously stretched films. The ex- 
pansion of the films at  50°C along the MD reduces 
continuously with increasing TD draw ratio while 
it slightly increases along the TD. There is a “cross- 
over” point at the TD draw ratio of about 2.3X. At 
a “crossover” or “balance” point, the properties 
along the MD and TD become equal. A “crossover” 
point in the dimensional changes measured at 105°C 
is also observed at a similar TD draw ratio. However, 
dimensional changes at this temperature above the 
crossover point change from expansion to shrinkage. 
(A negative value indicates shrinkage, whereas pos- 
itive values indicate expansion.) The absolute value 
of expansion or shrinkage will, therefore, be deter- 
mined from the temperature and time of annealing 
of the films. In the present study, all the films were 
annealed at 2OOOC for 5 min. In simultaneously 
stretched films, MD and TD dimensional changes 
become equal at equal draw ratios, i.e., 3.5 X 3.5. 

Figure 2 shows the variation in tensile modulus, 
F-5 (stress at 5.0% strain), tensile strength, and 
percent elongation at break along the MD and TD 
with the TD draw ratio for sequentially stretched 
film. The extent of anisotropy in the mechanical 
property is larger in the first stretching direction 
( MD ) than in the transverse direction (TD ) for TD 
draws below the balance point; the sense of the an- 
isotropy is reversed after the balance point. At equal 
draw ratios, all properties are dominant in the TD 
direction. It is important to note that crossover 
points in various mechanical properties are observed 
at different TD draw ratios. For example, the cross- 
over point in tensile modulus occurs a t  a TD draw 
ratio of 2.7X, whereas in tensile strength and percent 
elongation at break, it occurs at a TD draw ratio of 
3.0X. In simultaneously stretched films, all the 
above-mentioned mechanical properties become 
equal a t  equal draw ratios (3.5 X 3.5). These results 

lead to the conclusion that sequentially and simul- 
taneously stretching processes promote different 
molecular deformation mechanisms. 

As seen from Figure 3, the percent crystallinity 
of all sequentially and simultaneously stretched an- 
nealed films remains almost the same. Therefore, 
any change in film properties discussed so far in the 
annealed films is not due to a change in crystallinity 
of the film. 

A question arises as to why sequentially stretched 
films show different crossover points at different TD 
draw ratios for various film properties, and why in 
simultaneously stretched films all MD and TD 
properties remain equal at equal draw ratios. To an- 
swer the above question, we have tried to understand 
the variation in film properties in terms of the crys- 
talline, amorphous, and overall molecular orienta- 
tion in the film plane. 

Orientation distribution of crystals in the plane 
of the film can be derived from the c-axis orientation 
within the crystals using the pole figure analysis. 
Detailed information regarding the pole figure anal- 
ysis has been discussed previ~usly.~ 

The first column of Figure 4 shows (i05) pole 
figures for sequentially stretched PET films for var- 
ious TD draw ratios. It can be seen that in uniaxially 
stretched films the crystals with the c-axis are ori- 
ented along the MD. Increasing the TD drawing 
leads to transformation of the MD oriented crys- 
tallites toward TD. At a TD draw ratio of 2,25X, a 
dual crystal orientation develops, whereas at an 
equal draw ratio (3.5 X 3.5), the c-axis of the crystals 
is oriented toward the TD. A balance point for crys- 
tal orientation occurs at a TD draw ratio of about 
2.3X. Such a situation was not observed in the si- 
multaneously stretched films; instead, the MD-ori- 
ented crystallites smoothly transform in the film 
plane and achieve an in-plane isotropic distribution 
at equal draw ratios. 

The above results can also be confirmed from 
WAXS and electron micrographs shown, respec- 
tively, in the second and third columns of Figure 4. 
WAXS from uniaxially stretched films shows a fiber 
pattern, i.e., a uniaxial, cylindrically symmetric pat- 
tern. All the reflections from (hkO) are on the equa- 
tor. They were indexed previously.’ The unit cell of 
the PET crystals is triclinic; the (100) and (010) 
planes are parallel to the c-axis, whereas (i05) is 
almost perpendicular to the chain axis. These re- 
flections, therefore, become a useful basis for mon- 
itoring changes taking place in the crystal orienta- 
tion with TD draw ratios. Defocused electron mi- 
crographs of uniaxially oriented films show bright 
and dark contrast, representing, respectively, the 
amorphous and crystalline phases. It shows the la- 
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Figure 2 Variation in tensile modulus, tensile strength, and elongation at  break as func- 
tions of TD draw ratio for the film drawn by sequential and simultaneous biaxial stretching 
processes. 

mellar nature of the crystals and their orientation 
in the film plane. From electron diffraction it is re- 
vealed that the c-axis in these crystals is along the 

MD. The small-angle X-ray scattering (SAXS) 
pattern presented along with the electron micro- 
graph in Figure 4 shows the presence of crystalline- 
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amorphous periodicity along the MD. It shows that 
during MD stretching, MD-oriented crystalline 
network structure develops. In such a structure, 
lamellar l3 or needlelike are embedded 
in the amorphous matrix. In other words, crystallites 
in the amorphous phase act as physical tie points. 

After stretching 3.5X along the MD, the strain- 
induced crystallized film samples were gradually 
stretched along the TD. At a TDX = 1.5, the equa- 
torial reflections in the WAXS are broadened. How- 
ever, the fiber pattern is not altered. Electron mi- 
crographs show that the orientation of lamellar 
crystals at this deformation ( 1.5X) is similar to that 
observed in uniaxially stretched film. The crystal- 
line-amorphous periodicity is also predominantly 
along the MD. TD deformation up to 2.25X induces 
orientation of crystallites along both the MD and 
TD. One family of crystallites is oriented with chain 
axes along the MD; another set of the same family 
aligned along the TD. These results confirm the re- 
sults of X-ray pole figures. At this stage, lamellar 
crystals, as seen from electron micrograph, evolved 
into equiaxial crystalline blocks. At equal draw ra- 
tios, WAXS shows that the c -axis of the crystals is 
overoriented along the TD; this fact is also noted in 
the X-ray pole figure. Electron micrographs show 
lamellar orientation similar to uniaxially oriented 
film, but in this case, the crystalline-amorphous pe- 
riodicity is along the TD. In brief, ( l)  the crossover 
point in the crystal orientation occurs at a TD draw 
ratio of ca. 2.3X and ( 2 )  the results from wide- and 
small-angle X-ray pole figures and defocus electron 
microscopy are consistent. 

Figure 5 shows the (105) X-ray pole figures, 
WAXS, and SAXS for simultaneously stretched 
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films. The c -axis orientation within the crystallites, 
as evident from the (105) pole figures and WAXS 
show a smooth and continuous transition from uni- 
axial to a planar random orientation. At the draw 
ratio of 3.5 X 3.5, isotropic in-plane crystalline ori- 
entation can be achieved. The SAXS pattern for 
uniaxially oriented film indicates a crystalline- 
amorphous periodicity, i.e., long spacing along the 
MD. It broadens out with increasing TD draw ratio 
and becomes isotropic a t  an equal draw ratio. At 
equal draw ratio, orientations of crystallites as well 
as long spacings become isotropic in the film plane. 

Information regarding overall molecular orien- 
tations can be obtained from refractive index (RI)  
measurements. Figure 6 shows the variation in RI 
along the MD and TD for sequentially and simul- 
taneously stretched films. With increasing TD draw 
ratios, RI increases along the TD while it decreases 
along the MD. In sequentially stretched films, a 
crossover point is noted at a TD draw ratio of 2.7X, 
whereas refractive indices become equal in simul- 
taneously stretched films at equal draw ratios (3.5 
x 3.5). 

Information regarding the orientation of the 
amorphous phase along the MD and TD was derived 
from polarized fluorescence spectroscopy. The "ori- 
entation ratio," which is a measure of orientation 
of the amorphous phase along the MD and TD for 
sequentially and simultaneously stretched films, is 
shown in Figure 7. In sequentially stretched films, 
the orientation of the amorphous molecules re- 
mained almost constant up to a TD draw of 2.OX; a 
cause of this behavior in annealed films was dis- 
cussed previously.' Thereafter, amorphous orien- 
tation decreases along the MD and increases along 
the TD; a crossover point is noted at the TD draw 
ratio of 3.0X. In simultaneously stretched films, the 
orientation of the amorphous phase decreases and 
increases, respectively, along the MD and TD and 
becomes equal at equal draw ratios. 

All the above results concerning the variation in 
different orientations as well as properties for se- 
quentially and simultaneously stretched films are 
schematically depicted in Figure 8. The crossover 
points corresponding to crystalline, overall molec- 
ular, and amorphous molecular orientation occur, 
respectively, at the TD draw ratios of 2.3X, 2.7X, 
and 3.0X. In simultaneously stretched film, all the 
orientation becomes equal at equal draw ratio, i.e., 
3.5 x 3.5. 

From a comparison of various orientations and 
properties, it can be concluded that when crystal 
orientation becomes equal along the MD and TD, 
the shrinkage at 105°C or expansion at 75°C be- 
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Figure 4 (i05) X-ray pole figures, WAXS, and electron micrographs for sequentially 
biaxially oriented PET films. Arrow indicates MD or c-axis direction. In the pole figure, 
the MD is perpendicular to the plane of the page (see also Ref. 2). 
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at different TD stretch ratios. 

(705) X-ray pole figures. WAXS, and SAXS for simultaneously stretched film 

comes equal. When overall molecular orientation 
becomes equal along the MD and TD, the tensile 
modulus and value of F-5 become equal, and when 

orientation of the amorphous phase becomes equal 
along the MD and TD, tensile strength and % elon- 
gation at break become equal. In simultaneously 
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Figure 6 Variation of refractive index along the MD 
and TD as a function of TD stretch ratio for sequentially 
and simultaneously stretched films. 

stretched films, all orientations become equal along 
the MD and TD at  equal draw ratios (3.5 X 3.5); 
therefore, all the film properties become equal at an 
equal draw ratio. It is apparent that dependency of 
film properties on the various types of orientations 
cannot be evaluated from the films prepared by si- 
multaneous biaxial stretching process. 

The above conclusions can be further extended 
for in-plane properties of the films. A film having 
in-plane isotropic expansion at 75°C or shrinkage 
at 105°C can be prepared by inducing in-plane iso- 
tropic crystalline orientation. Similarly, a film hav- 
ing isotropic tensile modulus and tensile strength 
can be prepared, respectively, by achieving in-plane 
isotropic overall molecular and amorphous orien- 
tation. The above facts can be strengthened by com- 
paring in-plane distributions of the expansion and 
amorphous phases. 

Variation in the in-plane distribution of the 
amorphous phase as a function of the TD draw ratio 
for annealed and nonannealed films was discussed 

previously.' Results for annealed films prepared by 
sequential and simultaneous stretching process are 
shown in Figure 9. The in-plane variation of percent 
expansion at 75°C for sequentially and simulta- 
neously oriented films is shown in Figure 10. A com- 
parison of in-plane amorphous orientation and film 
expansion manifests a reversed correlation between 
these properties. For example, in uniaxially oriented 
films, the amorphous phase is more oriented toward 
the MD; however, the expansion measured at 50 and 
75°C is lower along the MD. Note that in uniaxially 
oriented films crystals are oriented along the MD, 
so crystallites that act as physical tie points exert 
greater constraints on the MD-oriented molecules. 
This will restrict the shrinkage of the oriented mol- 
ecules. 

A situation in biaxially oriented film can be en- 
visaged from comparison of the polar plots shown 
in Figures 9 and 10. Polar plots of the distribution 
of the amorphous phase' manifest that TD stretch- 
ing of MD stretched films transform the MD-ori- 
ented amorphous phase toward the TD. Up to TD 
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Figure 7 Variation in the "amorphous orientation ra- 
tio" (AOR) along the MD and TD for sequentially (top 
figure) and simultaneously biaxially stretched films. 
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Figure 8 Schematic representation manifesting the locations of crossover points noted 
in various orientations and properties at  different TD draw ratios during the sequential 
stretching process. Note that all the in-plane orientations and properties become isotropic 
at equal draw ratios (3.5 X 3.5) in simultaneously stretched films (bottom figure). 

draw ratios of about 2.5X, the in-plane distribution 
of the amorphous phase along the MD and TD is 
anisotropic. However, below this ratio, the in-plane 
expansion at 75°C and the orientation of crystallites 
are almost isotropic. This is a further indication that 
distribution of crystallites plays an important role. 
Moreover, the distribution of amorphous phase be- 
comes almost isotropic at a TD draw ratio of 3.0X, 
but in-plane variation in the values of film expansion 
as well as orientation distribution of crystallites are 
anisotropic. At equal draw ratios of 3.5 X 3.5, the 

orientation of the crystals and the amorphous phase 
is principally along the TD, but the expansion is 
greater along the MD. In general, the expansion of 
the oriented film at  75OC is lower in the direction 
of c -axis orientation within the crystals; thus the 
directionality of orientation of crystallites plays an 
important role in controlling film properties. 

In the case of simultaneously stretched films, the 
dumbbell-shaped distribution of expansion at 75°C 
converts to hexagonal and then assumes a circular 
shape as stretching proceeds. Such isotropic distri- 
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Figure 10 
films at  75°C for sequentially and simultaneously stretched films. 

The effect of TD draw ratios on the in-plane distribution of expansion of 
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bution of the amorphous phase is not achieved in 
sequentially stretched films at a TD draw ratio of 
3.0X. At equal draw ratios, the c-axis orientation 
(Fig. 1 ) as well as overall molecular orientation also 
becomes isotropic. From the sequentially stretched 
films, it is apparent that the crystalline orientation 
is responsible for isotropic expansion of the film. 
From the polar plots it is evident that, in general, 
biaxial stretching improves the in-plane dimensional 
stability of the films. The magnitude of expansion 
or shrinkage depends on the degree of crystallinity 
as well as molecular orientation, annealing temper- 
ature, and time. It indicates that orientation of the 
amorphous molecules, the crystal orientation, and 
nature of constraint imposed on the amorphous 
molecules by the crystallites play an important role 
in achieving in-plane isotropy in this property. The 
above mechanism directs one in preparing a film 
having an in-plane isotropic expansion or shrinkage 
with its desired magnitude. 

From these results, it can be concluded that ori- 
entation of amorphous molecules in semicrystalline 
polymers alone do not provide criteria to define the 
properties like expansion or shrinkage; the con- 
straint on the molecules determines the final values 
of such properties. In the crystalline network struc- 
ture of PET for a particular molecular weight, con- 
straints on the molecules are determined by several 
factors like orientation of molecules, percent crys- 
tallinity, volume fraction of interconnecting tie 
molecules, and constraint imposed on these mole- 
cules due to the proximity of the crystallites, etc. In 
a highly oriented system, a highly constrained 
amorphous phase develops in the condition when 
the films are heat-treated sufficiently in the tem- 
perature range where the rate of crystallization is 
maximum and molecular relaxation rate assumes a 
minimum value. Usually due to strain-induced crys- 
tallization, constraints on the molecules are greater 
in the direction where molecular orientation is max- 
imum. In this direction, the expansion will be lower. 
A detailed study on the nature of the constraint on 
the molecules at different orientations of the mol- 
ecules in the PET films and heat treatment has been 
discussed previ~usly.~ 

It is also evident that certain mechanical prop- 
erties are not greatly influenced by the crystalline 
phase. In the present system, tensile strength and 
elongation at break are found to depend mainly on 
orientation of the amorphous phase; crystal orien- 
tation has no appreciable influence. However, for 
greater generalization, the role of size, perfection, 
and volume fraction of crystallites on such properties 
need to be investigated. 

The crossover points noted in various orientation 
and properties in sequentially stretched films are 
found to be a function of processing parameters and 
a study along this direction will be published sepa- 
rately.16 

CONCLUSIONS 

For achieving isotropic in-plane expansion in biax- 
ially oriented films, it is necessary to achieve iso- 
tropic in-plane crystal orientation. In semicrystal- 
line polymers, the final values of film expansion or 
shrinkage are determined from the constraints im- 
posed on the molecules and not from the molecular 
orientation alone. Obtaining in-plane isotropic ten- 
sile strength and elongation at break is found to be 
entirely dependent on achieving an isotropic distri- 
bution of the amorphous orientation; the orientation 
of crystallites plays no detectable role. 

Sequential and simultaneous stretching processes 
follow different deformation mechanisms. During 
sequential stretching of films at  a temperature and 
strain rate, the MD-oriented crystalline and amor- 
phous phase changes to an intermediate state with 
random orientation within the film plane. At  equal 
draw ratios, both orientation and film properties are 
predominantly along the TD. In this stretching pro- 
cess, the balance points for different orientation 
(crystalline, amorphous, and overall molecular ori- 
entation) occur at different TD draw ratios. There- 
fore, it is difficult to balance all the properties of the 
film by the sequential stretching process. In simul- 
taneously biaxially stretched films, the orientation 
remains isotropic at equal draw ratios; therefore, all 
the properties also remain isotropic at equal draw 
ratios. Thus, the simultaneous stretching method 
can be considered as an excellent balanced film-fab- 
ricating process. 

The author is thankful to Frank Wilson, David Salem, 
Hao Chang, John Cooper, and Me1 Simpson for their help 
in the experimental work. Special thanks to Drs. Ross Lee 
and John Barkley for the inspiration for this work. 
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