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ABSTRACT

The contribu£ions of the crystalline and the noncrystalline regions
to the total orientation of stereoregular polypropylene films were meas-
ured and characterized.

Films having 2 series of draw ratios were prepared from molten
polymer; “

Average crystallite orientation angles and crystallite orientation
factors were obtained from densitometer measurements of flat-plate,
-x-ray diffraction patterns of the polypropylene films.

The average angle of total orientation and the total orientation
factor were derived from the dichroic ratios observed in the polarized
- infrared spectra of the samples.
| Utilizing the percentage crystallinities of the samples determined
from density values, together with the crystallite orientation factors
and the total orientation factors, the amorphous orientation factor ﬁas
calculated. |

This study indicates that the orientation induced in polypropylene
films by drawiﬂg can be divided into two distinct parts, the contri-
butions from the crystalline and noncrystalline regioﬁs, respectively.
Drawing was observed to abruptly inérease crystallite orientation with
a nearly maximunm value reached at a low draw ratio, followed by nearly
constant values thereafter. The noncrystalline regions, in contrast,
exhikited 3 decrease in orientation as extension began, but demonstrated

tallite

L]

an increase in orientation in the range of draw ratios where cry

orientation made little gain.



CHAPTFR I
TNTRODUCTION

Since its first synthesis by Natta, stareoregulér polypropylene has
rapidly growvn in importance in the production of films, fibers, and molded
items. The desirable physical and mechancial properties to which this
polymer owes its success can be enhanced by stretching which induces ori-
entation of the constituent molecules. Although solid polyproéylene is
known to consist of crystalline and noncrystalline regions which, in turn,
are known to exhibit differences in properties such as density and melting
point, the differences in orientation behavior of the two regions had not
been explored.

It was the purpose of this study to measure and characterize the
individual contributions of the erystalline and noncrystalline regions
to the total orientation. The method employed consisted of the follow-
ing steps: (1) measurement of the crystallite orientation by x-ray
diffraction, (2) evaluation of the total orientation from dichroic
ratios observed in polarized infrared absorption spectra, (3) deternmina-
tion of the percentage crystallinity of films from dens;ty values, and
(L) calculation of the noncrystalline contribution to the total orienta~

tion from the foregoing data.



CHAPTER TI
REVIEW OF THE LITERATURE
I. PREPARATION OF STERFOREGUIAR POLYPROPYLENE

Stereoregular polypropylene, a vinyl type, high polymer, is pre-
pared by the head-to-tail polymerization of propene with the aid of a
Zeigler-type, stereospecific catalyst. This catalyst is obtained by the
.reaction of aluminum alkyl compounds with the salts of Group IV and VI
metals in a solvent, such as saturated aliphatic hydrocarbons, to which
the polymer is inert. Triethyl aluminum and titanium tetrachloride are
commonly used (19) (20).

The action of the catalyst appears to be complex and the mechanism
is not well understood. Best substantiated is the anionic co-ordination
mechanism proposed by Natta according to which successive monomeric units

are added to the metal-carbon bonds of complexes (23).
ITI. PHYSICAL STRUCTURE OF STEREOREGULAR POLYPROPYLENE

Molecular structure. Stereoregular or isotactic polypropylene is

characterized by linear molecules consisting of alternate asymmetric
carbon atoms and methylene groups with a methyl group attached to each
asymmetric center in such a way to give each the same steric configura-

tion (20). The structure is diagrammed in Figure 1. In contrast to

ot
o

syndiotactic or atactic polypropylene, in which the asymmetric centers

along the_chain alternate in steric confipguration or vary randomly,
”~

. respectively, stereoregular polypropylene can undergo extensive crys-

tallization by intimate side-by-side packing of the molecules.
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Supramolecular structure. Solid stereoregular polypropylene is a

two-phase system consisting,of crystalline regions containing aligned,
ordered molecules and amorphous regions containing molecules in a state

of disarray (38). The exact nature of each region is still under investi-
gation. As is the case of polymers in general, the presence of a supra-
molecular structure in polypropylene is indicated by x-ray diffraction
patterns and by the spherulites visible with the aid of the polarizing
microscope.

Several models, none of which are entirely satisfactory, have been
proposed to explain the observed structure and behavior of polymers. The
earliest model to gain wide acceptance, the fringed micelle model, suggests
that -the micelle is a relatively perfect crystal, several hundred angstrom
units long, embedded in an amorphous matrix. In a crude analogy, the
molecules within the micelle can be considered W 1lie parallcl
other like a bundle of uncooked spaghetti,‘whereas the molecules of the
amorphous regions can be likened to snarled, cooked spaghetti. Each
molecule, being much longer than a micelle, could pass alternately through
several crystalline and amorphous regions.

The extended-chain crystal or miée}le model, some investigators
suggest, is not consistent with recent observations. First, single
erystals have been prepared in which the polymer chain is believed to
be folded (16) (37). These crystals are thin platelets or lamellae
with a thickness of approximately 100 angstroms. ZElectron diffraction
revealed that the polymer chain in these lamellae is perpendicular to

the plane of the lamellae. Because the chain length greatly exceeds



the thickness of the lamallae, the polyme? molecule must fold back and
forth on itself within the crystal. A second criticism of the micelle
model came from Lindenmeyer who suggested, on the basis of energy consi-
derations,'that the folded-chain crystal is more stabie than the fringed
crystal (16). Consequently, the folded chain model has gained support
as the normal mode of the polymer crystal.,

Several variations on the folded-chain, lamellar crystal theme
have been proposed, each departing from the micelle model to a different
degree. The most severe departure is exemplified by the defect model,
primarily develoned by Lindenmeyer, which regards the structure of crys-
talline polymers as similar to that of metals (15). The lamellae account
for the crystallinity and the amorphous character is attributed mainly
to dislocations within the lamellae, lamellar folds, and even voids.
Although polymer chains are assumed to pass occasionally from one lamellae
to another, the bridges are short and under tension, thus contributing
little to the amorphous character.

Another view, the interlamellar amorphous model, takes a moderate
approach according to which the stacks of lamellae are comnected by
amorphous regions (25). Having left a2 crystal, some molecules wander
about before returning or entering another lamella. The extent to which
the molecules reenter ndﬁnccnt.to the exit site or reenter at some distant
point is unknowm. Flory and llandellkern have proposed models that assume

the switchboard arrangements (5) (18).

Spherulites, the star-like structures visible under the polarizing
microscone, are generally assumed to result from the growth of lamellae

outward from the point of nucleation. During crystallization the lamellze




grow by addition of molecules to the.edge; with branching of the platelet
occuring frequently.

Choice of the model that is most satisfactory depends on the method
of preparation of the sample being considered and its subsequent thermal
and mechanical treatment. In the case of films prepared as in this study,
aspects of each of the above mentioned models may be accurately applied
(12},

Orientation. Because drawing is widely used to increase the strength
and stiffness of polymer films and fibers, the orientation effects that
accompany the drawing process are of great practical and theoretical im-
portance. Interpretation of the changes occurring within the sample
depends somewhat upon the model chosen, but the following generalizations
are widely accepted.

During the drawing operation the polymer chains of the amorphons
region depart from their random orientation and become progressively
more nearly aligned parallel tq the direction of draw. As would be
expected, the vibrational modes within a chain that are either parallel
or perpendicular to the chain allow the chain allignment or orientation
to be monitored by means of polarized infrafea radiation.

If a portion of bigger than microscopic dimensions in an undrawn
polymer sample is considered, the lamellae or crystallites are assumed
to lie in 2ll possible orientations. Stretching of the sample causes
the lamellae to align with their planes approaching a perpendicular
orientation relative to the draw axis as the draw ratio - increases (7)
(2L4) (26). The crystallographic planes in the lamellae allow changes in

orientation to be measured by means of x-ray diffraction techniques.



IIT. METHODS OF INVESTIGATTON

X-ray diffraction studies. Several pertinent studies of oriented

polymer film vsing x~-ray diffraction have been reported in recent years
(1) (3) (L) (10) (25) (32) (3L) (39%).

In an undrawn poiymer sample the crystallographic planes are ran-
domly oriented so that some of the planes will by chance satisfy the
Bragg's law relationship when irradiated with a beam of x-rays (3).
Under these circumstances a flat-plate, x-ray diffraction pattern (fiber
diagram) can be obtained which shows concentric rings similar to those
seen in the polypropylene pattern of Figure 2a (see results).

If the polymer sample is stretched, the crystallographic planes
tend to become oriented with respect to the dirsction of draw. Planes.
that beﬁd to orienv perpendicular to the direction of draw are referred
to as diatropic planes whereas those pafallel to the draw axis are called
paratropic planes. In Figures 3 and U £he diffraction spots of certain
parétropicreflections are seen to both the left and right of the center,
the draw axis corresponding to the long dimension of the figure. The

Miller indices of the three paratropic planes responsible for these spots

m

have been reported as (110), (0LO), and (130), considered consecutively

.

from the center out. The svot at approximately L8° from the draw axis

(corresponding to the azimuthal angle) is the superposition of diffractions

g

from the (111), (131), and (OL1) planes, while the arcs near the top and

2

bottom of the diagram are attributed to the (110) planss as a result of

biaxial orientation (1).

These planes will allow diffraction of the x~-ray besam if and only



if they are aligned at specific, critical angles relative to the incident
x-ray beam, as dictated by Bragg's law. However, each Bragg angle allows
an infinite number of azimuthal angles which, for the sake of comprehen-
sion, can 5@ achieved by mentally rotating fhe plane in question around
the x-ray beam axis while maintaining a fixed angle\petween the plane
and the beam axis. In Figure 2b the Bragg angle is ;epresented by ©
and o represents the azimuthal angle.

In an undrawn sample the alignment of planes at any giveh azimuthal
angle is equally probable. A plot of probability versus azimuthal angle
would, therefore, be a straight line. Because the-diffracted intensity
depends on the concentration of aligned planes, a plot of intensity versus
azimuthal angle of a given diffraction is also a straigh£ line.

When the sample is subjected to drawing the ranaom orientation of
the crystallographic planes is destroyed. Preferred orientations become
increasingly apparent at progressively higher draw ratios. Both the
probability versus azimuthal angle plot and the diffracted intensity
versus azimuthal angle plot would show a peak having increasing sharpness
at the preferred orientation angle.

The relationship of diffracted intensity to plane orientation
provides a method for the quantitative evaluvation of the crystallite
orientation. An important approach to this measurement is the method
of P. H. Hermans (9). He;mans suggested a crystallite orientation factor,

r. e p
Fe, calculated by using the formula, Fc=l - 3/2 5in¢B, in which sin‘B

J is the diffrac-

axis.



In this study, becausp of the greater intensity and sharpness of
the paratropic planes than the diatropic planes, the paratropic planes
were employed. 1t was assumed that the course of orientation of the.
paratropic planes corresponds to the course of crientation of the diatro-
pic planes. Also, it was assumed that the sine square of the average
angle of orientation will not be greatly different from the ;EEZE given

by Hermans (9).

Studies of dichroism with polarized infrared radiation. Several

studies of orientation in stereoregular polypropylenc utilizing polarized
infrared radiation have been published (6) (13) (1L4) (29) (30). These
studies have provided information on band assignments, relative intensity,
and polarization effect. Of particular interest in this study is the

oL0 cm'l band which shews pronounced parallel polarization effects. is
crystallinity sensitive, and appears to result from carbon--carbon band
stretching or CH, wmgging or rocking (13) (23).

Molecular vibration involving electrically polarized bands produce
an oscillating dipole which is called a trausition moment (L4). A definite
relationship exists between transition moment of a given vibration and‘the
rest of the molecule. In the case of high polymers the transition moment
.can be either parallel of perpendicular to the main chain backbone and
be of interest in orientation studies. When the frequency of the inci-

dent infrared radiation coincides with that of the molecular vibration,

energy absorotion can occur. The magnitinde of the interaction is a
function of the square of the cosine of the angle between the transition

moment of the molecular vibration and the electric vector of the radiation.
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Consequently, maximum absorption occurs when the electric vector of the
polarized infrared radiation is parallel to the transition moment vector.

In a stretched high polymer film the wmolecular chains tend to line
up parallel to the direction of draw (6). Thus, infrared radiation that
has been plane-polarized in’a known direction can be used to determine
ﬁhich absorption bands have their transition moments preferentially para-
1lel to the chain and which are preferentially perpendicular to it. More
importent in the application at hand is the fact that the extent of
orientation of the chains caﬁ be determined from the proper absorption
data.

The dichroic ratio, R, defined by the formula, R=A, , where As
and Ay represent the absorbances when the electric vecﬂﬁ; of the polarized -
infrared radiation is aligned parallel and pefpendicular, respectively,
to the draw axis, is a useful measure of orientation (38). When the

polymer chains are randomly oriented, as is t

he case in undrawn filmé,
their transition moment vectors have a summation of zero yielding a
dichroic ratio of unity. Drawing aligns the transition moments producing
a vector summation that is no longer zero and thus a dichroic ratio that
varies with the extent of draw.

The average orientation angle, ©, which represents the angle between
the group transition moment vector and the draw axis, is calculated accord-

3

. ) -1 . - —_p
ing to the formula: G=cot y, , derived from the preceeding equation

(F).

Because the polypropyvlene chains pass through hoth erystalline
o)

and amorphous regions, the value of @ represents the total average orien-

tation angle in the sample, inclusive of crystalline and amorphous orientation.
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Crystallinity determination. Methods for determining the percent-

age crystallinity of stere&regular polypropylene include an x-ray method
developed by Natta, Corradini, and Cesare (37), several infrared absorp-
tion methods developed by Heinen, Luonge, Brader, Quymn, and others (2)
(8) (17) (27), and a density method used by Quynn (27).

The density method, used in the current study, allows calculation
of the percentage crystallinity of each sample from its experimentally
determined density and the densities of completely amorphous and complete-
ly crystalline_ stereoregular polypropylene reported by Natta (37) (38).
The following formula, #X=Dc (Dx - Da) x 100, expresses the relationship

Dx D¢ - Da ' .
between percentage crystallinity, %X, and the densities of the completely

amorphous, Da, and the completely crystalline, Dc, polypropylene, respect-

ively. The value of Dc was reported as 0.936 g/cm and Da was stated as

0.859 g/cm.



CHAPTER ITI
EXPERIMENTAL
I. FILM PREPARATION

Pellets’of stereoregular polypropylepe, Escon 125, obtained from
Enjay Chemical Company, were used in this study. A 0.5 g sample of the
pellets, placed on a L" x L" aluminum plate, was melted at approximately

168°C under a nitrogen atmosphere to minimize oxidative degradation. A
.second metal plate, preheated to the same temperature, was pressed down
upon the melt to produce a thin film of the desired thickness. The
pressed melt was subsequently dropped into a beaker of water at about
10°C. Finally, with the aid of a stream of water, the film was gently
peeled from the metal plates. The films thus prepared were stored to

await orientation treatment.
ST ORIENTATION OF POLYPROPYLINE FILMS

Film strips, 0.5 in wide, were marked along each edge at uniform
intervals and clamped at both ends in a drawing frame. Heat was applied
to the film strip by means of a heat lamp until a thermometer 0.5 cm
below the strip indicated a témperature of 95-100°C.

Fach sample was drawn, individually, at a rate of about 50 cm per
min, then air-ccoled at room temperature, and subsequently maintained
at the extended length for one hour. After removal of the film from
the frame, twenty-four hours was allowed to elapse befcre final spacings

of the reference marks were measured. The draw ratio, defined as the
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final length divided by the original length, was calculated for each
selected segment. This data from variously oriented samples is shown in

Table I.
ITI. X-RAY DIFFRACTION STUDIES

Flat plate x-ray diffraction patterns were obtained for the oriented
films having various draw ratios. This was done by placing the film in a
.microsample holder so that the axis of draw of the film was vertical and
parallel to the flat plate cassette containing IlFord, high speed x-ray
film. The collimated beam of nickel-filtered, copper K« radiation
obtained with a General Electric XRD-5 x-ray diffraction unit with a
copper target x-ray tube operated at 35 kV and 15 mA impinged on the
sample for L5 minutes.

The film was removed from the cassette, developed according to
recognized procedure, washed and dried. . .

The developed.films were centered on the stage of a Nonius micro-
densitometer and azimuthal scans of the intensities of the (110) reflec-
tion performed. These data we;o recorded and plots of intensity versus
azimuthal angle were made. After background correction, the average angle
of crystallite orientation, B, was determined. This parameter is defined
as the breadth of the peak at half-maximum intensity. These angles of
orientation were recorded. Finally, the crystallite orientation factor,
V Fx, for each sample was calculated in accordance with the following

2

B

equation derived by P. H. Hermans (9): Fx=1 - 3/2 sin

, . o - . ¢
Intensity and azimuthal angle data for representative scans are
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given in Table II. Table III presents ihe average angles of crystallite
orientation and Table IV displays the crystallite orientation factors.

Selected graphs of the data are shown in Figures 5 through 9.
IV, STUDIES OF DICHROISHM WITH POLARIZED INFRARED RADIATION

In order to obtain information on khe total orientation (crystallite
plus amorphous) in the samples, polarized infrared absorption spectra
from 600-4000 cn™! were obtained. The optimum gain, period, scanning
speed, and slit program were set for double-beam operation.

By means of a microsample holder, the samples were mounted, in turn,
at the focal point of a beam condenser usaed in association with a silver
chloride polarizing element and a Beckman, IR-7, infrared spectrophoto~
meter. Consecutive scans were obtained for each sample with the electric
vector of the polarized infrared radiation first parallel to the direction

of extension of the film and then perpendicular to the draw axis.

Absorbancies at 8LO em L for parallel and perpendicular scans, like
those deterhined by the base-line metbod and are given in Table V. The
dichroic ratios, R, for the various samples were calculated from these
data in accordance with the relationship R=Ay, Where Aw and A. represent
the parallel and perpendicular absorbances,A;espectivcly. Also, the
average angle of total orientation, @, was determined from the equation
B=cot llf—t ally, the total orientation factor, F+, was calculated

2
: e . - - - . { o
from tuc Hermans equation mentioned previously: F=1-3/2 sin” 0 he

values of © and Fs are given in Tables IV and VI, respectively. Graphi-

cal representations are shown in Figures 12 and 13.



V. DETERMINATION OF CRYSTALLINITY

The density gf each polymer film sample was determined by a flotation
method. Water =nd Fisher Certified 95% ethanol were mixed in such pro-
portions that a given polymer sample would remain suspended at any chosen
depth in the liquid. By means of a pycnometer, the density of the liquid
was then determined. This density value was recorded as that of the
polymer film. In these measurements, a constant temperature of 25.0°C
ﬁas maintained by means of a Precision Scientific Co. constant tempera-
ture water bath. The densities, Dx, thus measured were used to calculate
the percentage crystallinity, %X, in the polymer films by utilizing the
- following equation: %X=De (Dx - Da) x 100. The densities of totally

Dx (Dc - Da)
amorphous polypropylene, Da, and total crystalline polypropylene, Dc,

have been reported by Natta as 0.856 2/cm® and 0.936 ?/cm3, respectively.
Densities and crystallinities are presented in Table VII. A plot

of percentage crystallinity versus draw ratio is shown by Figure 1k.
VI. DETERMINATION OF AMORPHOUS ORIENTATION FACTORS

The primary purpose of this investigation was to obtain information
on the qontribution, if any, of the disordered regions to the orienta-
tion induced by drawing.

Based on the assumption that the total orientation factor consists
of additive contributicns from both the crystalline regions and the dis-
orded regions, the following equation should be valid: F =XFc + (1-X) Fa.
The terms I+, I'e, Fa and X represent total, crystallite, and amorphous

.

orientations and fractional crystallinity, respectively.
J P - o



The data for F3, Fe, and Fa are given in Table IV. Figure 15

presents a plot of the amorphous orientation factor versus draw ratio.

16



CHAPTER 1V
RESULTS AND DISCUSSION
I. X-RAY DIFFRACTION STUDIES

“Visuval ingpection of the developed {lat-plate x-ray films for each
of the samples listed in Table I readily révgaled a pronounced relation-
ship between draw ratio and crystallite orientation. The concentric
rings apparent in the unoriented sample convert to arcs which decrease
in angular spread as the draw ratio is increased. This transition is
apparent in Figures 2a, 3, L and is also revealed in the intensity data
of Table II obtained from the azimuthal scan by means of the microdensito-
meter. Representative plots of these data are found in Figures 5 through
Te

The average crystallite orientation angles, defined earlier, are
presented in tabular and graphical form in Tables III and Figure 8,
respectively. Figure 8 indicates a rapid drop in average crystallite
orientation angle until a draw ratio of approximately 2.L is reached,
at which point the slope abruptly decreases and the curve appears to
approach zero angle orientation asymntotically. The crystallite orienta-
+ion factors, displayed in Table IV and Figure 9, similarly demonstrate
a relatively large gain at low draw ratios, with an abrupt change to
nearly constartvalues above the draw ratio 2.L. Consequently, it is
clear that most of the crystallite orientztion occurred during the early
stages of draw, and little occurred thereafter. The importance of this

observation will emerge in later discussions.



TMEEI.

THE LENGTHS AND DRAW RATIOS OF YHE EXPERIMENTAL
SAMPLES OF STEREOREGULAR POLYFROFPYLENE FILM

Original Final Draw
Sample length, cm length, cm ratio
Iy 0.500 0.500 1.00
5 0.318 0.750 2.36
7 0.500 1.75 3.50
8 0.500 2.00 );.00
9 0.500 2D li.26
L 0.500 2.10 .80
2 0.318 1.55 l;.88
3 0.318 1.78 5.61
3 0.318 1.8) 6.08
6 0.500 3.25 6.50
12 0.500 3.28 6.56
10 0.500 3 .83 7.66
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TABLE II

DIFFRACTED INTENSITIES AND AZIMUTHAL ANGLES OF
SELECTED STEREOREGULAR POLYPROPYLENE FILMS

Intensity, arbitrary units
Sample L Sample 7, OSample 10
& b i L L 3

Angle, draw ratio draw ratio draw ratio
degrees of 1.00 of 3.50 of T7.66
0] 118.0 91.0 25.7
10 121.9 90.2 20.0
20 117.4 - 86.5 2.6
30 116.7 89.3 26.8
LO 116.3 91.0 22.1
50 116.1 98.3 26.2
60 11h.1 103.2 2h.0
(0 118.4 108.6 25.1
75 118.7 117.1 25.3
s - H&za ol 30.2
o 119.0 13h.3 L0.9
82 - .- 1h3.1 52.3
83 - 148.7 T70.7
8l - 154.0 93.0
85 119.3 158.7 118.6
84 - 161.9 145.0
87 - 165.5 163.4
88 120.8 166.9 172.4
89 119.7 167.7 176.6

90 120.2 168.1 177.7
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TABLE IIX

AVERAGE CRYSTALLITE ORTENTATION ANGLES AND DRAW
RATIOS OF STEREOREGULAR POLYPROFYLENE FILMS

Orientation angle

Sample Draw ratio degrees
i 1.00 90.0
5 2.36 _ 15.0
7 3508 AR
8 11.00 10.2
9 .26 9.2

L L. 80 6.6
2 L.88 9.1
3 5.61 8.4
L 6.08 1.2
6 6.50 T2

12 6.56 Ig. 9

10 7.66 5.6
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TABLE IV

ORIENTATION FACTORS Of STEREOREGULAR
POLYPROPYLENE FILMS

Draw Orientation Factors
Sample ratio Total Crystalline Amorphou
N 1.00 -0.00h -0.500 0.32L
5 2.36 -0.035 0.900 -1.013
T 3.50 0.089 0.942 -0.708
8 1;.00 0.07h 0.953 -0.88L
9 )i.26 0.085 0.962 -0.843
il 11.60 0.162 0.980 -0.60h
2 l;. 88 0.216 0.962 -0.713
3 5.61 0.361 0.968 -0.1149
1 6.08 0.370 0.976 -0.440
6 6.50 - 0.568 0.976 0.132
12 6.56 0.743 0.989 0.476
10 7.66 0.675 - 0.986 0.332

29



30

THHT L

diad LA

SNSHIA

\

404

e
Ll

N

ek O\

-

—

@)

g

L}
!

o



31
II. STUDIES OF DICHROISM WITH POLARIZED INFRARED RADIATICN

Comparison of the absorption scans in Figures 10 and 11 indicates
that drawn polypropylene films exhibit anisotropy with respect to the.
absorption of polarized infrared radiation. The absorbancies of each
Sample with the electric vector of the radiation first parallel to the
draw axis and then perpendicular to the di;ection of draw are given in
Table V along with the corresponding dichroic ratios. Table VI presents
the total average angles of orientation calculated from the dichroic
ratios of interest in this study is the fact that the anisotropy mention-
ed above becomes more pronounced at higher draw ratios. This trend is most
apparent in Figure 12 where the total average orientation angle is observed
to decrease as higher draw ratios are considered. Also worthy of note is
the concave downward character of the curve, which indicates that early
increments of draw are less effective in increasing orientation within
the film than are later increments of equal size. The total corientation
factors of the various films are listed in Table IV and plotted in Figure
13. In Figure 13 it can be seen that the toital orientation factor makes
no gain in the early stages of draw, even hinting at a decrease in value,
but exhibits a relatively steady.upward trend at draw ratios greater than
2.4 It should be noted that the relationship between the total orienta-
tion and the draw ratio deronstrated in these findings bears little simi-
larity to the crystallite orientation versus extension observed by means

of x-ray diffraction.
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TABRLE V

ABSOHBANCIES AND DICHROIC RATIOS OBSERVED IN THE INFRABED
STUDTES OF STEREOREGULAR FOLYPROPYLENE FILMS

Absorbance Dichroic

Sample Perpendicular Parallel ratio
L 0.060 0.600 1.00
5 0.055 0.050 0.91
T 0.06hL 0.083 1.30
8 0.059 0.073 1.2
9 0.063 0.081 1.29
i 0.0556 0.09h 1.68
2 0.050 0.092 1.8L
3 0.050 0.135 2,70
X 0.0l9 0.13L 2.7h
6 0.023 0.11} .96
1.2 0.018 0.169 9.66
10 0.019 0.13% Toed 1
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TABLE VI

TOTAL AVERAGE ORIENTATION ANGLES DICHROIC RATIOS, AND
DRAW RATIOS OF STERFEOREGULAR POLYPROPYLENE FILMS

s

Orientation engle

Sample Draw ratio degrees
L 1.00 54.8°
5 2.36 56.0
7 3.50 51.2
8 l.00 51.8
9 .26 51.3

11 L.80 g
2 l:.88 h6.2
3 5.61 ho.T7

-1 6.08 40.3
6 6.50 32.0

12 6.56 2L.5

10 7.66 27.8
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TIT. DENSITIES AND PERCENTAGE CRYSTALLINITIES

The densities and percentage crystallinities of the polymer films
are listed in Table VII. Figure 1ll, which contains a plot of percentage'
. crystallinity versus draw ratio, indicates a poor correlation of the two
parameters. A slight increase in crystallinity with increased draw is
hinted, but it asppears that variations in other factors such as the rate
of cooling following the drawing process, the rate of draw, and the
percentage crystallinity in the films prior to drawing may have obscured
any significant correlations, if any, between exténsion and percentage

crystallinity.
IV. AMORPHOUS CONTRIBUTION TO ORIENTATION

It was stated earlier that the contribution of the amorphous
regions to the total orientation could be evaluated from orientation angles
obtained respectively from appropriate x-ray and infrared data provided
the percentage crystallinity was known.- For each sample, the amorphous
orientation factors thus calculated are presented in Téble Iv.

The graph of amorphous orientation factors versus draw ratios,
presented in Figure 15, reveals some interesting trends. During the

“early stages of draw the amorphous regions experienced a decrease in
orientation reaching a minimum at a draw ratio of approximately 2.4.
Beyond the minimum, amorphous orientation increased with increased exten-
sion.

Comparison of the orientation factors, crystallite total and amor-

phous, indicales that the increased orientation of crystallites at low



TABLE VI];.

PERCENTAGE CRYSTALLINITIES, DENSITIES, AND DRAW
RATIOS OF STEREORHGULAR POLYPROPYLENE FILMS

Draw Density Percentage
Sample ratio g/cm? crystallinity
L 1.00 0.8861 39.78.
5 2.36 0.9019 59.60
7 3.50 0.8928 8. 30
8 11.00 0.8953 51.38
9 .26 0.8953 51.38
Ll .80 0.8939 19,6l
2 .88 0.8991 56.17
3 5.61 0.900h 57.22
1 6.08 0.900), 57.22
6 6.50 0.8955 51.65
12 6.56 0.8957 51.92
10 7.66 0.8963 52.58
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L2

draw is more than offset by an accompanying decreasing in orientation
of the amorphous regions. 'However, beyond the draw ratio 2.); the increszsed
orientation of crystallites is negligible and the increased amorphous

orientation is almost entirely responsible for the total orientation in-

' crease.



CHAPTER V
CONCLUSIONS

It was found in this investigation that the total orientation of
drawn stereoregular polypropylene films could be divided into two distinct
parts, the contribution from the crystallites and the amorphous contribu-
tion. Alsoc observed, were two draw regions characterized by different
orientation behavior: The low-draw region which extends from a draw ratio
of unity to approximately 2.4, and a high-draw region extending from
~ approximately 2.4 to the highest attainable draw ratios.

Crystallite orientation was observed to be extremely sensitive to
film extensicn in the low-draw region reaching a nearly maximum value at
draw ratio 2.4, followed by a slight upward trend in the high-draw regicn.

The amorphous portion of polypropylene, in contrast, exhibited a
decrease in orientation in the low-draw region that slightly more than
offset the orientation increase attributed tc the crystallites. Through-
out the high~draw region the noncrystalline orientation was found to

increase with increased draw.
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