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oriented film with significantly
improved thermal dimensional stabil-
ity. Included is the application of lab-
oratory stretching data directly to a
tubular film process model.

DISCUSSION
Polypropylene can be considered in
two levels of order: tacticity, which is
a measure of the ordering of specific
monomer units within the polymer
chain, and crystallinity, which is a
measure of the ordering of polymer
chains with respect to themselves
and their neighboring polymer
chains. Tacticity is determined by
the polymerization conditions. Crys-
tallinity is determined in part by mol-
ecular structure as well as by the
time-temperature profile of the fabri-
cation process. In BOPP film manu-
facture, much of the thermal profile
is dictated by limitations of heat
transfer and process economics; a
smaller component can be consid-
ered truly as process variables. A
third level of order related to degree
of ordering among crystalline and
noncrystalline components in BOPP
film is an important differentiation
among orientation processes, and
some properties, including thermal
dimensional stability, are influenced
by the noncrystalline component,
which is typically on the order of 40
vol. %.

Polypropylene tacticity
Polypropylene tacticity in this work
is defined in Natta’s terms (1): atac-
tic, random stearic order that pre-
cludes crystallization; isotactic, high
steric order that allows proximity of
polymer chains for crystallization to
occur; and stereoblock, which can be

SOTACTIC POLYPROPYLENE, COMMER-
cially introduced in the late
1950s, was made by a slurry
process with low-activity Ziegler-

Natta catalyst and hydrocarbon dilu-
ent. The resulting polymer was tradi-
tionally washed to eliminate spent
catalyst and low-molecular-weight
fractions. Whole product washing
remained as a typical step in slurry
polymer production through catalyst
advancements including high-activity
and low-ash catalysts. In the early
1980s, the production of polypropy-
lene shifted to bulk process by devel-
opment of a super-higher-activity cat-
alyst and hydrocarbon diluent
replaced by a monomer in either liq-
uid or gas phase. With catalyst and
diluent removal and recovery greatly
simplified or eliminated, resin
process economics alone assured the
exit of slurry product film-grade
resin. From the perspective of the
biaxially oriented polypropylene
(BOPP) film producer, it was impera-
tive that a bulk process resin replace-
ment be identified with both pro-
cessing and end-use properties of
existing resins. As new-technology
resin presented opportunities for sig-
nificantly changing molecular archi-
tecture in terms of tacticity and mol-
ecular weight, the need arose for a
better understanding of the role of
polymer tacticity on deformation in
the partially molten crystalline state
in the time and temperature regime
characteristic of the BOPP film
process. The objective of this work
was to apply various polypropylene
characterization techniques in devel-
oping the polymer architecture that
will allow production of a biaxially
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ABSTRACT
New-generation bulk process
polypropylene resins can be produced
with tacticity and resulting crystalline
order that are higher than slurry
process resins. Since the process
operating window in biaxial film ori-
entation, whether double-bubble or
tenter, is strongly dependent on resin
crystallizability, both resin and pro-
cessing parameters must be opti-
mized for desired film properties.This
paper presents a correlation between
resin tacticity, as measured by poly-
mer solubility in xylene, as a function
of temperature and orientability, as
measured by biaxial draw stress on a
T. M. Long laboratory film stretcher.
These laboratory screening tests and
a process model were used to
develop a packaging film with
improved thermal dimensional stabil-
ity.

Application

This work presents a new approach
to optimizing polymer and processing
conditions for superior physical prop-
erties of oriented films.
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considered as a copolymer of the
two.While tacticity is now routinely
characterized by spectroscopic
methods, e.g., nuclear magnetic reso-
nance, polymerization processes are
controlled on the basis of room tem-
perature solubility in hydrocarbons,
typically xylene. The weight fraction
of room temperature xylene sol-
ubles, on the order of 1–4 wt. % of
the total product, consists primarily
of low-molecular-weight crystalliz-
able waxes as well as atactic species,
which are important to control from
the viewpoint of additive migration
and block of film surface but of
minor significance to orientability in
the film process. The higher-molecu-
lar-weight stereoblock component
has a more decisive impact on ori-
entability, since these species are
capable of melting and recrystalliza-
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tion in the normal operating temper-
ature window of the film process. In
this work, tacticity is defined in
terms of hydrocarbon solubility/
insolubility as a function of tempera-
ture after Natta (1) as follows:

• Atactic: soluble at 0°C
• Stereoblock: insoluble at 0°C, sol-

uble at 98.5°C
• Isotactic: insoluble at 98.5°C.

The Natta procedure was refined to
improve reproducibility of results by
changing solvent from heptane to
xylene and by introducing a condi-
tioning or recrystallization step to
sharpen the fractions (2). Even so,
this conditioned fractional extraction
(CFE) technique remains labor inten-
sive, and more recently, temperature
rising elution fractionation (TREF)
shows promise as a way of providing
a fingerprint of the stereoblock com-
ponent (3). It is understood that any
of these fractionation methods are
arbitrary and applicable to the extent
that they are informative as a charac-
terization tool.

Polypropylene crystallinity
Polypropylene crystallinity is based
on a two-phase model of perfect
crystalline and amorphous (noncrys-
talline) species derived by X-ray dif-
fraction and density, respectively. In
our experience, this model is of lim-
ited value in predicting and under-
standing BOPP film properties,
which are critically dependent on
the interface between oriented crys-
talline and less crystalline domains
(4, 5). More informative from a film
process standpoint is the heat of
crystallization as measured by differ-
ential scanning calorimetry (DSC) at
relatively rapid cooling rates. The ini-
tial morphology of the quenched
tube or sheet is determined in part
by the inherent crystallization as well
as by quench efficiency, which for
most of the polymer volume, is lim-
ited by thermal conductivity of the

outer quench layers. On average, the
cooling rate experienced by the bulk
of the quenched product is on the
order of 800°C/min, which can ade-
quately be approximated in a con-
ventional DSC by noting the breadth
of the crystallization isotherm and
the heat of crystallization.

Polypropylene orientability
Polypropylene orientability and final
film properties are very much depen-
dent on both the starting polymer
tacticity and the film processing
used. To effect specific changes in
film shrinkage, specific correlations
between this film property and the
starting polypropylene molecular
architecture need to be developed
through the polymer orientation
step. In simplest form, yield stress as
a function of preheat temperature
can be determined in a conventional
tensile tester fitted with a ther-
mostatted oven and cast sheet mor-
phology correlated with polymer
type. Where the material is partially
oriented, relaxation and annealing of

the material to be characterized
occurs within the preheat time
needed for consistent results. There-
fore, a more sophisticated approach,
with more realistic preheat rates and
specimen clamping, was required.

We have developed a laboratory
evaluation protocol that correlates
polypropylene tacticity to film pro-
cessing conditions by measuring film
orientation stress as a function of
web extension using a T.M. Long
(TML) laboratory stretcher, (T.M.
Long Co., Somerville, NJ). It was
instrumented by the manufacturer to
allow development of the orienta-
tion stress as a function of extension
for biaxial film stretching at a spe-
cific temperature and strain rate. The
mechanism by which clip force is
developed as the clips separate and a
strain is imposed on the web is
shown in Fig. 1. By varying the ori-
entation temperature, the shape of
the resulting stress-strain curve
changes, as shown in Fig. 2. Increas-
ing the orientation temperature

POLYPROPYLENE FILMS

1.T.M. Long film stretcher clip assembly
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results in lower orientation stress at
any given strain, and a less pro-
nounced yield stress is observed at
low strain. The yield stress (s

y
), a

maximum in the early portion of the
stress-strain curve, was found to
decrease linearly with increasing
draw temperature. A plot of yield
stress vs.draw temperature,as shown
in Fig. 3, can be used to compare
polymers at constant strain rate as a
function of temperature.

For example, the effects of poly-
mer nucleation and tacticity level
were compared. In changing from
slurry to bulk process polypropy-
lene, tacticity increased from about
82% isotactic to a range of 86–94%
isotactic, depending on catalyst, as
measured by CFE. This tacticity
change caused the yield stress vs.
temperature curve to shift upward in
temperature by about 3°C for each
4% increase in isotactic content (see
Fig. 4). Nucleation with sodium ben-
zoate allows more rapid crystalliza-
tion,which caused an additional shift
of the yield stress vs. temperature
curve by 2–3°C, as shown in Fig. 4.
Combining the effect of nucleation
and high isotactic character in the

polypropylene, the orientation tem-
perature needed to stretch this poly-
mer at any given stress is increased
significantly. The orientation temper-
ature is then a direct function of
polypropylene tacticity/crystallinity
and the process temperature used on
the film production line.

Prediction of polypropylene 
processability

Prediction of polypropylene pro-
cessability by theoretical process
modeling has been attempted over
the years by several groups involved
with double-bubble BOPP process
technology. Difficulty in getting the
equations for the geometry and
stress development to converge in
the limit have prevented a rigorous
solution, yet modeling by compari-
son has provided useful results for
guiding film polymer and process
improvements. A control polymer is
characterized in the laboratory for
orientability and process perfor-
mance documented in commercial
operation. By knowing how relative
laboratory data correlate with
required process conditions, bubble
process operating parameters can be
predicted. Bubble operating condi-

tions can readily be predicted from
the yield stress values developed on
the instrumented TML by noting the
orientation temperature required to
achieve a yield stress equivalent to
the control. As the yield stress
curves in Fig. 4 are shifted to higher
temperature with higher tacticity,
higher orientation temperatures are
required for any internal bubble pres-
sure and polymer draw ratio.

These predictions can be made,
knowing that at the point of maxi-
mum bubble size (fixed point in
terms of bubble geometry), the hori-
zontal and longitudinal stress com-
ponents are approximately equal (Eh
= EL), as shown in Fig. 5. At this
fixed point, there are no geometric
considerations, and the internal bub-
ble pressure as defined by the hoop
stress is related to the motor loads
required to draw the film in the
machine direction. Since the hoop
stress is proportional to the bubble
pressure, and the hoop stress corre-
sponds to the stress at a specific
strain as measured on the TML,
stress-strain data can be used to pre-
dict film orientation conditions. The
power of this comparative model is
in allowing the comparison of very
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different polymers in the laboratory
and predicting not only processabil-
ity, but also allowing the estimation
of actual process conditions.

Using this type of analysis, mov-
ing to higher tacticity and with the
addition of nucleation, the higher ori-
entation temperature necessary for
processing this polymer results in
film with higher thermal dimen-
sional stability, i.e., lower shrinkage
in both the machine and cross direc-
tions. Moving to higher tacticity and
higher crystallinity, which requires
higher orientation temperature,
results in a film with improved ther-
mal dimensional stability, but the
higher crystallinity should also mar-
ginally improve barrier properties;
the use of nucleation improves opti-
cal properties, as shown in Table I.
The cost of these film property
improvements lies in the increased
temperature, and therefore power
costs, required for processing and
the narrower film process operating
window, as predicted by the slope of
the laboratory yield stress vs. temper-
ature curve (Fig. 4).

CONCLUSIONS
The molecular architecture of new
bulk process polypropylene can be
measured in the laboratory using var-
ious fractionation techniques to
determine polymer tacticity. Correla-
tions between polymer tacticity and
the orientation stress-temperature
relationship allow prediction of film
process conditions needed to suc-

POLYPROPYLENE FILMS
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cessfully orient the various types of
bulk process polypropylene to biax-
ially oriented film. Using these labo-
ratory characterization techniques, a
target polypropylene film was speci-
fied for producing a more thermally
stable oriented polypropylene film
on the tubular film process.With the
continued expansion of polypropy-
lene catalyst technology, the labora-

tory characterization methods are
used to predict changes needed in
processing the resulting new poly-
mers under optimum conditions. TJ
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I. Comparison of commercial slip film properties

POLYMER/FILM PROCESS

Slurry/ Bulk/ Bulk/
Property bubble bubble tenter

Tensile properties
Strength (MD), psi 30,000 31,000 22,000
Strength (TD), psi 30,000 31,000 43,000
Elongation (MD), % 90 90 180

Elongation (TD), % 90 90 65
Shrinkage, %

At 140°C (MD) 11 4 5
At 140°C (TD) 15 4 4
At 120°C (MD) 3 1 2
At 120°C (TD) 4 0 0

Opticals, %
Haze 1.0 0.8 1.5
Gloss 92.5 91.1 90.0
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